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Preface

These lecture notes are based on several courses and lectures given at different
places (University Pierre et Marie Curie, University of Bordeaux, CNRS research
groups GRIP and CHANT, University of Roma I) for an audience of mathemati-
cians. The main motivation is indeed the mathematical study of Partial Differential
Equations that arise from biological studies. Among them, parabolic equations are
the most popular and also the most numerous (one of the reasons is that the small
size, at the cell level, is favorable to large viscosities). Many papers and books treat
this subject, from modeling or analysis points of view. This oriented the choice
of subjects for these notes towards less classical models based on integral equa-
tions (where PDEs arise in the asymptotic analysis), transport PDEs (therefore
of hyperbolic type), kinetic equations and their parabolic limits.

The first goal of these notes is to mention (and describe very roughly) various
fields of biology where PDEs are used; the book therefore contains many exam-
ples without mathematical analysis. In some other cases complete mathematical
proofs are detailed, but the choice has been a compromise between technicality
and ease of interpretation of the mathematical result. It is usual in the field to see
mathematics as a black box where to enter specific models, often at the expense of
simplifications. Here, the idea is different; the mathematical proof should be close
to the ‘natural’ structure of the model and reflect somehow its meaning in terms
of applications.

Dealing with first order PDEs, one could think that these notes are relying on
the burden of using the method of characteristics and of defining weak solutions.
We rather consider that, after the numerous advances during the 1980s, it is now
clear that ‘solutions in the sense of distributions’ (because they are unique in a class
exceeding the framework of the Cauchy-Lipschitz theory) is the correct concept.
They allow for abstract manipulations, which we justify in the first section of the
chapter ‘General mathematical tools’, and we use them freely throughout the text.
Then one can concentrate on the intimate mathematical structure of the models.

It is a great pleasure for me to thank all those from whom these notes have
profited; O. Diekmann who gave a series of enlightening lectures; my colleagues
and collaborators and in particular J. Clairambault, L. Corrias and H. Zaag, who
provided a constant motivation for better understanding; St. Boatto who made
several useful suggestions; M. Desnous who helped me with figures. But mostly I
would like to thank our postdocs at E.N.S. and former PhD students; most of the
ideas emerged through discussions with them.

Paris, June 2006 Benoit Perthame



Chapter 1

From differential equations to
structured population dynamics

Many problems arising in biology may be described, in a first formulation, using
differential equations. This means that the model has been constructed by aver-
aging some population and keeping only the time variable. This average usually
hides some characteristic that can vary from one individual to another. Taking into
account this characteristic leads to the so-called structured population dynamic
equations. The aim of this chapter is to give several examples of this hidden char-
acteristic and to show that it can sometimes represent a physical or physiological
variable (ideally directly measurable). But sometimes it represents a biological or
physiological variable that is not directly accessible to measurement but helps in
a conceptual understanding of phenomena.

We give examples from ecology, which aims at understanding the relations
between organisms themselves and their environment. We also give examples from
immunology, which aims at understanding the interactions between hosts and
parasites (a reference book on the mathematical aspects is [186]), and from the
related field of epidemiology. These topics belong to the more general subject of
population biology, see for instance [95, 218].

Many elaborate questions and mathematical tools (stability, bifurcation the-
ory, Poincaré-Bendixson type theorems, index and topological concepts) can be
used to study differential equations arising in biology. Examples can be found for
instance in [217, 135, 133, 109]. Our purpose is not to present these mathematical
aspects but to give examples where differential systems directly lead to Partial Dif-
ferential Equations or Integral Equations. Therefore we only present some analysis
when a simple argument can give a qualitative property of the system.
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1.1 Invasions and space structure

The simplest model in population biology is the unrestricted growth of a population
of size N(t),

dN (t)

dt

on which Th. Malthus ([165]) based his theory at the end of the 18th century. It
represents an early stage of colonization in a virgin background where « represents,
as we will see later, an available resource that determines the population growth.
More elaborated is the logistic growth proposed by P.-F. Verhulst in the middle of
the 19th century, where saturation occurs due to a maximum possible occupation
density denoted by K,

= aN(b),

AN (1)

W =aN() (K - N(t)).

Because o > 0 here, the state N = 0 is unstable and the population density
converges monotonically to N (¢ = +00) = K. In biology, the constant K is usually
called the carrying capacity .

A further improvement in the 1950s (called Allee effect, [4]) is to suppose that
too low densities N(t) (less than K_ with the notation below) lead to extinction
by lack of encounters between individuals. This can be modeled by the so-called
bistable equation (the steady states N(t) = 0 and N(t) = Ky are stable and
N(t) = K_ is unstable)

dN (1)

h :aN(t)(l—N(t))(N(t)—1>, 0<K_ <Ky a>0

K_ K

In fact, ODEs in mathematical modeling in biology go back to early infinitesimal
calculus. For instance in 1760 Daniel Bernoulli [26] computed how many lives
would be saved in Paris by inoculation against smallpop, establishing one of the
first models of immunology.

A first natural question is how such equations can be established based on
individual behaviors and why statistical effects can be neglected. This aspect, in
the context of ecology, can be found in [183, 90, 91, 188] and in [101, 56] in the
context of evolution theory.

A second natural question is what happens if the individuals can move in
space. This leads to structuring the population by a space variable z € R? (d = 2
in practice, d = 1 is easier) and considering the population density n(t,z) which
at time ¢ occupies the location z. Assuming a random motion of individuals (more
precisely a diffusion process), we arrive at very famous equations. The logistic
equation gives rise to the equation

0

6tn(t, z) — An(t,z) = an(t,z) (K — n(t, z)).
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It is called the Fisher/KPP equation because it was introduced by Fisher ([105])
for the spread of a genetic trait, and studied by Kolmogorov, Petrovski and
Piskunov ([153]). Biology is the prime motivation even though it is now very
famous for studies of combustion and flame propagation).

The bistable equation is extended to become the so-called Allen—Cahn [1]
equation (here 0 < o < 1 is a given parameter)

0

Btn(t’ z) — An(t,z) = n(t,z)(1 — n(t,z)) (n(t,z) — a). (1.1)

It admits a traveling wave solution (front) with a speed that vanishes for a = .5.
Abusively — see (1.20) which propagates a pulse (or a spike) not a front — this
equation is sometimes also called Fitzhugh-Nagumo equation [106, 182].

The study of these equations, and why they represent the propagation of
an invasion front, has leds to numerous publications with probabilistic aspects
([110, 91)), study of traveling waves ([178, 25, 102, 188] and the references therein),
or asymptotic methods ([17, 213, 199]). Also, Turing patterns ([220, 178]) are often
obtained by a combination of such equations.

1.2 Ecology and Lotka—Volterra type of systems

1.2.1 The 2 x 2 Lotka—Volterra system

Mathematical ecology began with the model which is now known as the Lotka—
Volterra system (see [229] for the original paper) or prey-predator system. Here
F(t) represents the population size of prey i.e. food for the predators P(t). Prey
are fed by the natural environment and thus grow with a rate o and are eaten by
the predators at a rate P (proportional to the number of predators). Predators
die with a rate p but their growth rate is proportional to the population size F(t)
which represents food for them. We arrive at the equations

dF
g = oF —OFP,
(1.2)
dP
— ~PF — uP.
a =7 [

This model proposed by Volterra was successful for describing a specific ob-
servation on fishes in the Adriatic sea. The biologist D’ Ancona observed the market
for fish during the First World War when fishing had greatly decreased. According

o (1.2), the market can be modeled by the steady state
— # — o
F=", pP=_.
¥ B
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After the war, fishing increased and this led to the observation that the param-

eter a decreased by a small ratio, denoted by e, while p increased. The ratio of
predatory fishes then changed according to

P _ oy P _o(l—e)y _av,.
(F)no fishing 3 (F)ﬁshing_ pw(l+e) B Nﬁ(l 2¢). (1.3)

Therefore the model predicts that the proportion of predatory fishes is higher

without fishing as observed during the war, in accordance with the observation of
D’Ancona.

Lotka-Volterra system; F=continuous line, P=dashed line
4 T T T T T

Lotka-Volterra system; trajectories in (F,P) phase plane
4 T T T T T T

! L L
10 12 14 16 18 O

0 05 1 15 2 25 3 35 4
Figure 1.1: SoLuTioNs oF LOTKA-VOLTERRA SYSTEM WITH ALL PARAMETERS EQUAL TO 1;

LEFT: F'(t) (CONTINUOUS LINE) AND P(t) (DASHED LINE) FOR 0 < t < 18, RIGHT: TRAJECTORIES
IN (F, P) PLANE.

Another feature of this system is the possibility to understand easily the
trajectories and we prove

Lemma 1.1. For initial data F(t =0) > 0, P(t = 0) > 0, the trajectories of system
(1.2) are periodic and remain positive.

Of course this qualitative lemma is in opposition to the above interpretation
because it proves that the steady state is not locally attractive. This motivates us
to introduce more elaborated (not merely quadratic) nonlinearities (see Section

1.2.2). Notice however that the quantitative conclusion is correct as one can see
from the

Ezercise. Prove that the average of (F(t), P(t)) over one period is (F, P).
Hint: use the same change of unknown as in the proof of Lemma 1.1 below.

Proof of Lemma 1.1. Even though it is not hamiltionian, the Lotka—Volterra sys-
tem can be reduced to a hamiltonian system by a change of unknowns, and thus
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it admits an invariant quantity. Consider the new variables (¢, ) and the hamil-
tonian H,
@ = InF,| ¥ = InP,
H(p, ) = —atp + fe¥ +7e? — pgp.

The system (1.2) becomes

dy —a—pfP=a- ﬂe‘l’ = —H¢(S0(t)vw(t))7
(1.4)

=F = p=7e¥ — p="Hy(p(t),9(t)),
(this is exactly the definition of a hamiltonian system). This hamiltonian structure

implies that i p i
H _ ® Vo
1 o0, 0(0) =M, 70+ M, (1) =0,

In other words, for all times ¢ we have H(p(t), ¥ (t)) = H(¢(0),%(0)) and thanks
to the coercivity property

H(p, ) — +oo as |p| + || — oo,

we deduce that the trajectories are indeed bounded in (p(t),(¢t)). This implies
that (F(t), P(t)) are bounded and bounded away from 0.

The periodicity follows from the same hamiltonian structure because trajec-
tories are confined on the closed curves H(p(t), ¥ (t)) = H(p(0),4(0)) and one
readily checks that the velocity cannot vanish. A typical trajectory is depicted in
Figure 1.1. O

In fact the terminology Lotka—Volterra systems nowadays contains the general
class of differential systems of the form

dN(t)

g = N;(t)F;(N1(t), Na(t), ..., Ni(t)), i=1,2,...,1, (1.5)

where N; denotes the density number of individuals of the species i, and F; denotes
the growth rate per capita of the species . Among them is a generalization of the
system (1.2), where

I
Fi(nl,ng,...,nl):m—k E QijNj-
j=1

Another standard case is the replicator system which is again defined thanks to a
square matrix A,

AN (t)

dt = Ni(t)((A.N); = N.A.N), A= At
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and has the property that solutions live on the subset N; > 0, >~ N; = 1. We refer
to [136] for a survey on the state of the art for this type of these systems and
relations to game theory, see also [135].

Most of the differential equations presented in this section are Lotka—Volterra
systems.

1.2.2 Rosensweig—-MacArthur

The periodicity property of solutions to the Lotka—Volterra system, related to its
very particular form, makes it too specific because of the simplicity of the modeling.
More realistic models have been derived which involve natural saturation effects.
We present such a prey-predator model now, taken from [204], which describes
the population density F(t) of algae (food) and the density P(t) of Daphnia (a
waterflea, the predator).

dF F P

L = aP(1= ) = s " .

~ (1.6)
g~ VImaz porp P — 1P,

Here, a and K denote the maximum growth rate and the carrying capacity of the
algae, I 4. and F} are the maximum feeding rates and half-saturation food level
of the Daphnia functional response; 4 and p are the conversion efficiency and per
capita mortality rate of Daphnia. All these parameters are positive.

Lotka—Volterra is a limiting case of this system when we take the parameters
as
Imaac _ ﬁ,

Fy

In this limit, the trajectories of the Rosensweig-MacArthur system converge to
those of the Lotka—Volterra system thanks to the general theory of continuity
with respect to parameters in Cauchy-Lipschitz theory (see for instance [65]).

Of course, such a system preserves the positive cone F'(t) > 0 and P(t) > 0
and the upper bound F(t) < K. We now assume that the parameters satisfy

K, Lnaz, Fr — oo, ’YZﬁ:Y

,Uf<’7-[maa:a F<K7

where (F', P) is the unique positive steady state with F uniquely defined thanks
to

Foo_opn
Fh + F N ’VIma:L”
_ B+ F F
p="rt )
Imaac K

It is easy to check that this steady state is attractive: all trajectories, with F' (0) >
0, P(0) > 0 converge to (F,P) as t — +o00. A typical trajectory is presented in
Figure 1.2.
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Rosensweig-McArthur system; F=dashed line, C=continuous line Rosensweig-McArthur system; trajectories in (F,C) phase plane
T T T u T

0 é 1‘0 1‘5 2‘0 2‘5 3‘0 35 040,5 1 15 2 25 3 35 4
Figure 1.2: SorLuTioNs oF ROSENSWEIG-MACARTHUR SYSTEM WITH ALL PARAMETERS EQUAL
TO 1 EXCEPT K = 4, Ijmae = Fp, = 2; LEFT: F(t) (DASHED LINE) AND P(¢) (CONTINUOUS LINE)

FOR 0 < ¢ < 35, RIGHT: TRAJECTORIES IN (F, P) PLANE.

1.2.3 Chemostat (1); several nutrients

A particularly representative differential system of ecology arises in laboratory ex-
periments. A chemostat (see also Section 1.6) contains nutrients S;, i =1,2,...,1,
and a micro-organism (the example of Daphnia is frequent, see also Section 4.3.1)
which uses the nutrients to grow. The modeling is particularly simple because
S;(t) can measure the mass of chemical constituents that are either free in the
chemostat or absorbed by the micro-organism whose biomass is denoted by n(t).
Therefore we can write an exact balance equation

Si(t) = R[So; — Si(t)] — Si(t)min(t),
(1.7)

d I
g =n(t) <§_; S;(t)yn: — R) .

Here the vector with positive coefficients (So;)i=1,... 1 represents the influx of ‘pure’
nutrients and the terms —R.S;(t) and —Rn(t) represent the outflux of the mixture
with rate R > 0. The quadratic term, as usual, represents the predation, with rate
1; > 0, of the constituent S;.

As we mentioned before, this system contains a fundamental balance law for
the total mass M (t) of constituents (free or absorbed) defined by

I
M(t)= > Si(t) +n(t),
i=1
I
th(t) = R(Z Soi — M(t)),  Vt>0. (1.8)
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Several more elaborated models exist and many questions are of interest for appli-
cations in ecology (limiting constituents, degradation of n(t) after death...), cf.
[70, 203, 204].

As a mathematical result, let us just mention that the steady state (n, S1,...,Sr)
is easy to find. If n does not vanish, it is given by

I
RSy = gz[R + Uiﬁ], Z gi’f]z' =R,
i=1
which can be solved uniquely (by monotonicity in 72) as

_ RSy L
Si = s S;ni = R. 1.9
Rt ; n (1.9)

I
Of course this is only possible if Z Soin; > R.

i=1

Lemma 1.2. Consider an initial state n(0) > 0, S;(0) > 0 and assume that

I
Z Soini < R. Then the solution to (1.7) satisfies
i=1
n(t) == 0, Si(t) == Soi- (1.10)

t—o0

Lemma 1.3. Consider an initial state n(0) > 0, S;(0) > 0 and assume that

I
Z Soini > R. Then the solution to (1.7) satisfies
i=1

n(t) 7o 1 Silt) = Si (1.11)
and 71, S; are uniquely given (implicitly) by (1.9).

Notice that the model expresses a balance law. From (1.8), we deduce that

I
the quantity M(t) = Z S;i(t) + n(t) satisfies
i=1

I
M(t) =3- QoeiRta QO = M(O) -3, Y= Z SO,i~ (1.12)
=1

Such a bound implies that there are unique global solutions using the Cauchy—
Lipschitz theorem.
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Proof of Lemma 1.2. The equation for S; can be written

d

g 5i(®) = Soi] < —R[Si() — Soil,
and thus we have also found a Lyapunov functional,

d

g 15 ®) = Soil+ < —R[Si(t) — Soil+,
which proves that

T I
limsup,_, . Si(t) < So;, limsup,_, o, Z 7:5;:(t) < Z 7:50; < R.

i=1 =1

Therefore the growth rate of n, namely Zle 17:59;(t) — R is negative for times large
enough and thus n(t) vanishes exponentially. Then, we deduce from the limsup of
S; and (1.12) that in fact S;(¢) — So;. O

Proof of Lemma 1.3. We only prove that liminf;_..,n(t) > 7 and leave the reverse
inequality to the reader.
Firstly, we notice that from the proof above, we have

limsup,_, .. Si(t) < Soi. (1.13)

Then, we begin by proving that
> 0. (1.14)

Otherwise, we have Ve, 3t(¢) such that for ¢ > ¢(¢) we have n(t) < n; —2e. And
from (1.12), we deduce that for ¢ large enough

ZSz(t) Z Z—nl +€,
and then it follows that
Si(t)ZSOi_nl"’_Ea Vi:la"'vlv

(otherwise i with S;(t) < Sp; — n1 + € and (1.13) contradicts the previous state-
ment).
As conclusion, we have

sti(t) 22771501—%127714-527]1 =R+sZm-

This implies an exponential growth of n(t) which contradicts the boundedness of
M (t) and proves (1.14).
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From this we also deduce that

RSo;
limsu Si(t) < .
pt—)OO 74( ) — R“!_Thnl
Indeed, if for some i and t; we have S;(t1) > Rii?;n’ then from the equation of

S; in (1.7), we deduce that S;(t1) decreases.

Then, we can go further and deduce (in the case ny < 7 we are done),

- 1::S0i
liminf; ,oon(t) > no :=n > ny.
oot (t) > 12 1 Z R+ n;m1 1
This inequality is again a consequence of (1.13). It remains to iterate the argument
and prove that

. RSo; . n:50i
limsu Si(t) < , liminf; .on(t) > n =n > ng.
Pt oo Si(t) < R+ ming t—oot(t) > Mg k E R+ ming k
As k — oo we arrive at the conclusion. O

Exercise. Consider the following variant of the several nutrients chemostat equa-
tion (with conversion factors «;) and prove a result similar to Lemma 1.3,

jtSi(t) = Soi — Si(t) — Si(t)nin(t),
. , (1.15)
g0 =)+ Y uSitmin(®).

Hint: Change S;(t) in 1;5;(t) and choose u; properly.

1.3 Hodgkin—Huxley, Fitzhugh—Nagumo and pulse
propagation

Electric models with ODE were used very early in physiology. The first one is
maybe the van der Pol system ([222, 223]) for heartbeat. The Hodgkin—Huxley
system has remained as the first model for the propagation of nerve impulses, along
the giant squid axon in the original experiments during the 1950s (see [178, 150]
and the references therein). These models initiated the theories of electrophysiol-
ogy and cardiac or neural rhythms (see [120]). Signal regulation, bursting waves
(episodic bursts of high frequency oscillations), pulses (spikes) propagation enter
the biological observations made in these areas that sustain the modeling proposed
by Hodgkin—Huxley and simplified by Fitzhugh and Nagumo [106, 182]. We refer
to [11, 89, 133, 109] for the explanation of auto-oscillations and bursting oscilla-
tions. Here we just explain the slow-fast dynamics exhibited in this system and
the dynamics of pulses.
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1.3.1 Van der Pol equation and auto-oscillations

25 L L L L L L L L L 2 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10 25 2 15 -1 05 0 05 1 15 2 25

Figure 1.3: SoLuTIONS OF THE VAN DER POL SYSTEM (1.17) WITH A = 5; LEFT: 2(t) (CONTIN-
UOUS LINE) AND y(¢) (DASHED LINE), RIGHT: TRAJECTORIES IN THE PHASE PLANE (z,Y).

Figure 1.4: SoLUTIONS OF THE VAN DER PoL SYSTEM (1.17) WITH A = 40; LEFT: x(t) (CONTIN-
UOUS LINE) AND y(¢) (DASHED LINE), RIGHT: TRAJECTORIES IN THE PHASE PLANE (z,y).

The van der Pol equation is

i(t) = Ay,
(1.16)
y(t) = —x+ Ay(l — 22).

Here we have used an unusual scaling which is compatible with the limit A — oo
which is the case of real interest.

Usually the case when A is small is treated. Then, one can better see the
behavior on rescaled unknowns X (t) = z(t/V/A), Y(t) = VA y(t/v/A) and it
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reduces to X (s) = Y (s), Y(s) = —X(s) +0(A), i.e., the harmonic oscillator whose
solutions, (X,Y) = zg €%, are periodic with energy E(s) = E° = (X?)2 + (Y?)2.
This expresses that a slow dynamics corresponding to the term o(A) corrects the
fast dynamics X (s) = Y (s), Y (s) = —X(s). The reader will easily find additional
matter on this subject in [11, 133, 109].

When A > 0 the situation changes drastically and trajectories are attracted
by a single stable limit cycle (periodic trajectory). A qualitatively different phe-
nomena occurs called auto-oscillations or self-excited oscillations. This phenom-
ena is exhibited in Figures 1.3 for A = 5 and 1.4 for A = 40. As one can see, the
natural limit here is indeed A — oo which we explain in the next subsection and
which provides another, and more interesting, example of slow-fast dynamics.

1.3.2 Slow-fast dynamics and electric pulses

1

08

061

04f \

02

ok

02+

04

06 \

08} \

1.5

0 i P 3 : s B 7 s B 0 s E) o5 0 o5 i 15
Figure 1.5: Sovurions oF THE FITZHUGH-NAGUMO EQUATION (1.17) WITH z1 = .55, € = 0.01;
LEFT: z(t) (DASHED LINE) AND y(t) (CONTINUOUS LINE), RIGHT: TRAJECTORIES IN THE PHASE

PLANE (x,y) (CONTINUOUS LINE) AND THE CURVE y = x(1 — x2) (DASHED LINE).

As we have seen, the van der Pol system is an example of slow-fast dynamics
and the same concept applies to the Fitzhugh—Nagumo equation

@(t) = laz(1l-2?) —yl,
(1.17)
y(t) =T — 1,

where € > 0 is a (small) parameter and z; € R is a crucial parameter to be chosen
later. This system, that extends the bistable equation (see Section 1.1), describes
an electric potential and x(t) does not stay within the interval [—1,1]. Notice

that it can be derived from the van der Pol system (1.16) by Lienard’s change of
variable.

The cubic null-cline y = f(z) = 2(1 — 22) achieves a local maximum at
xo = 1/4/3 and we set yo = f(z0). Since f is odd, —x¢ is a local minimum point
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and —yo = f(—zp). Therefore, the function f can be inverted in the two stable
branches as follows:

l‘E]—OO,—Z‘o], y:f(l’) <~ x:G+(y), Z/E]—OQ—ZJOL
(1.18)
z € [zg,00, y=f(z) <= x=G_(y), YyEyo,0

When z7 €] — g, x0], the system exhibits periodic solutions (again auto-
oscillations) as depicted in Figure 1.5.

For € small, we can see that the solution approaches one of the two branches
x = G+ (y) and the system is reduced to § = G+ (y) — 1 along these two branches,
with a jump from G4 to G_ when y(t) exceeds the value f(xo) (and vice-versa).
Again, we refer to [11, 133, 109] for additional matter.

1.3.3 Fitzhugh—Nagumo and concentration pulses

Another type of Fitzhugh-Nagumo system serves to describe concentration pulses.
Therefore we now impose that x(t) > —1 in the following variant of (1.17) where
x(t) + 1 is a concentration:

#(t) =Lz -2 -1 +a)y,
(1.19)
y(t) = [Yoo(z) — 9.

The function v, is chosen, for instance, as

) =

0 for x <0,
increasing for 0 < x < 1.

0 O‘.1 0.2 0‘3 0‘.4 0‘5 0‘6 0‘.7 0.8
Figure 1.6: SoruTions oF FITzHUGH-NAGUMO SYSTEM (1.19) WITH ¢ = .005, 20 = 10~3; z(t)
(DASHED LINE) AND y(t) (CONTINUOUS LINE).

It is used to describe a (say calcium) wave. Here —1 < z(¢) < 1, y(¢) > 0 is an
invariant region. The state x = —1 refers to normal state and x = 1 refers to
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depressed cells. These are the two stable states for the equation on x when y is
taken to be 0. The relaxation function ¥ (-) plays the role of relaxing depressed
cells to their normal state with constant of time large compared to the dynamics
of x(t). With an appropriate choice of ¥, there is a single stable state T = —1,
y = 0. Typically an outside instability deviates z° from the stable state to an
initial value 2° > 0. This drives the system to the stable state x ~ 1 until y(t),
with some delay due to 7 which is chosen large enough, compensates for it and
brings back the system to its stable state. In Figure 1.6, the function ¢ (x) = 4 22
is used for x > 0.

1.3.4 Fitzhugh—-Nagumo system with space structure

Once again, it is natural to consider a space structured version of the above type
of Fitzhugh-Nagumo system. It is used to describe wave (spikes, pulses) propaga-
tions in a spatial region, as potential waves in neural communication by electrical
signaling or calcium waves in the brain during vascular cerebral incidents (see [123]
for instance).
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; 0.1 0‘2 0‘3 0‘4 0‘5 0‘6 /0‘7 0‘8 : 0‘9 1 0 0.1 0‘2 0‘3 0‘4 0‘5 0‘6 0.7 0‘8 D‘Q 1
Figure 1.7: SOLUTIONS OF THE SPACE STRUCTURED FITZHUGH-NAGUMO SYSTEM (1.20) WITH
o =.2 AND € = 0.01 (LEFT), £ = 0.001 (RIGHT); WE REPRESENT BOTH u(¢, ) (DASHED LINE) AND

v(t, ) (CONTINUOUS LINE) AS A FUNCTION OF x, AT A GIVEN TIME. THE PULSE PROPAGATES FROM

LEFT TO RIGHT.

We change notation now and denote by n(t,z), v(t,z) (they were denoted
by  + 1 and y in the previous sections) the solutions to

gin(t,x) —eAn = In[(1—n)(n —a) -],
(1.20)
gtv(t, ) = vso(n) —wv.

Notice also the analogy with the Allen—Cahn equation for invasion fronts (1.1)
in Section 1.1. Figure 1.7 shows a traveling wave solution (pulse, spike) with
Voo(n) = 3.(n — .4)+ (here the numbers are adapted to o = .2). We choose here
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« = .2 in order to propagate a wave on n in the Allen—Cahn equation and the
equation on v, with a certain delay inhibiting the pulse back to the other stable
value n = 0,

1.4 Virus dynamics and the immune system

A wide class of Lotka—Volterra type of systems arises in the study of host-parasite
dynamics. A typical example is virus/immune system competition but epidemiol-
ogy is closely related too. We now explain how differential systems can be extended
to structured population systems in the case of virus dynamics. The next section
treats epidemiology. The intent is mainly to give examples where the structur-
ing variable has a physiological meaning (these are referred to as physiologically
structured), besides the traditional space structure already mentioned for invasion
fronts in Sections 1.1 and 1.3.

1.4.1 Virus dynamics, immune response

Describing the immune response of a single individual is a domain full of differ-
ential equations. A simple idea is that virusses represent the prey and leukocytes
are the predators, then a model like the prey-predator system of Section 1.2.2 is
satisfactory. However many other effects have to be added.

One of the most general and basic facts in this domain is that not only the
free virus population size v(t) and the population size of uninfected cells f(t) (food
for virus) has to be considered, but also infected cells ¢(¢). Indeed, new viruses are
only produced by the infected cells (they enter the cell and change a segment of
DNA which then reproduces the modified code). On the other hand a free virus
can infect an uninfected cell. We arrive at a system

df

dt :a_/’[‘ff_ﬁfva

B e (1.21)
dv e

g = .

Consequences of this simple description, further models and comparisons to in
vivo data can be found in [186], [82] and the references therein.

1.4.2 Virulence structure

A major feature has been neglected in the description of Section 1.4.1. Namely,
the possible mutations of a virus which continuously changes its ‘shape’, i.e., its
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molecular conformation. A general account of these aspects can be found in the
survey paper [195]. In [186], it is proposed to take this into account by a large
(but finite) system such as (1.21); in [112] a continuous model with mutations is
proposed with a model close to adaptive dynamics as studied in Section 2.4 below.

In the case of the competition between a tumor and the immune system, a
population structured by a virulence parameter is proposed in [74, 73] (see also the
references therein). The main effect is that the new tumor cells escape continuously
from the attack of the immune system and increase their agressivity. It can also
be thought as very fast and asymmetric mutations (compared to Section 2.4), see
[112]. In a very simplified case, the model can be written as two equations on
the densities 14 (¢, ) of tumor cells with activation z > 0 and ng (¢, x) of immune
system cells with defense ability x > 0,

gut,z) + 9 [2(AL(t) — A2(t)na] = [ana — BAs ()],
Ina(t,z) + 2 [—yzAi(t)ne] = asxAi(t)ne, (1.22)

Ai(t) = f{xZO} x n(t, z)dz.

The modeling assumptions here are that there is a continuous source of nutrient
for both tumor and immune system cells with rate ;. The immune system Kkills
tumor cells with a rate (3, and also prevents their natural progression through the
As(t) term in the z-derivative arising in the first equation. Meanwhile the tumor
cells depress the immune system through the A; (¢) term in the z-derivative arising
in the second equation.

The long time behavior of this system is studied in [73, 77] (with a third
equation for the normal cells, a nutrient for the tumor cells). The outcome is that,
depending on the initial data, either the tumor cells can ‘win’ (A4; (t) — o), or the
immune system wins and A;(t) — 0. But there are several ways to express more
precisely the long time asymptotic and several points are still open. A specific
difficulty comes from the multiplication by x in several terms; this induces growth
at infinity which makes the various estimates more difficult.

1.5 Models of epidemiology

We give here another example of a physiologically structured population model
in the context of epidemic propagation. Again the structure variable represents a
biological feature.

1.5.1 Discrete states; SI, SIR, SEIR

The question in epidemiology is to describe the effect of virus infection on a pop-
ulation and no longer on a single individual as in Section 1.4.1. Simplifying again
as much as possible, one is led to define the number density per surface unit of



1.5. Models of epidemiology 17

various populations. As a first model one can consider susceptible individuals with
size S(t), and infective population with size I(¢). When the birth rate, B below, is
constant and limited to susceptible newborn (as the simpler possible model), we
arrive at the SI model

d
df =B —psS—vsS1,
(1.23)
dl
= I —purl.
gt vsS I — g

Notice the striking analogy with the Lotka—Volterra system (1.2) and the chemo-
stat system (1.2.3). Here the susceptible individuals get infected by contact with
other infected individuals with a rate g, therefore giving the quadratic loss term
S I in the first equation and the corresponding gain term in the second equa-
tion. The susceptible individuals death rate is denoted by pug and the infected
population death rate is denoted by u; > us. The total population is therefore
N=S+1.

In a next step one can also consider that a number of infected individuals
recover, and then are immune. We denote this population density by R(t) (for
Removed). Then, in this class of models called (SIR), an example is

ds
gt =Bs(S+ I+ R)— pusS —vsS 1,
dI
g =8I -l = Brl, (1.24)
dR
= Opl — .
gt Brl — purR

Here the interpretation is that uninfected individuals are born from the total
population and die with a rate pg. They get infected by contact with other infected
individuals with a rate g, therefore giving the quadratic loss term S I in the
first equation and the corresponding gain term in the second equation. Finally,
individuals of the infected population die with a rate p; (which in principle is
higher than the other mortality rates ug and pg) and can recover with a rate Sg.
This gives rise to the gain term GrI for the recovered population. Here the total
population is N = S+ I + R.

Of course, at this level, the model shares many similarities with the im-
munology system of Section 1.4.1. This comes from the common feature that they
always describe host-parasite populations. The values of the parameter differ how-
ever drastically from one situation to the other and also the extensions to more
realistic models (see [184, 218, 82, 186]).

The main question in this area is to know if an epidemic will spread or not.
This is related to the basic reproduction number, classically denoted by Ry and



18 Chapter 1. From differential equations to structured population dynamics

defined as the number of secondary cases from a single infected individual in a
‘virgin population’ with [ = R = 0, S = pgs/8s. In the case of (1.24), one can
easily check that Ry = S(0)vs/(11 + Br)-

Other typical questions in this area are: to know wether the steady states of
such a system are stable, to know the effect of vaccination on the global population,
to add spatial effects and stochasticity, to take into account other intermediary
states (continuous variables are then usually considered) and that immunity can
be lost after some time. Also a classical effect leads to the so-called SEIR models (E
for exposed, those individuals who catch the disease and are in the latent period,
they are infected but not yet infectious).

1.5.2 The Kermack—McKendrick model

In this situation, it is of course natural to postulate models where the infection
state is continuous. This has been proposed by several authors beginning with
Kermack and McKendrick [162, 151]. The book [82] is a very good and recent
account of the subject, see also the analysis of the system below in [143, 231].

d

g3 =B —psSt) = As(t)S(0),

As(t) = /O " w(@n(t 2)d,

0

o)+ ) nltn) - (ur @)t ) =0

n(t,z =0) = As(t)S(1),

d oo
dtR(t) :/0 Bn(x)n(t, z)dx.

The interpretation is that n(t, x) is the density of population at age z of infection
and this replaces the compartment I(¢) in the SIR system (1.24). Individuals are
infected (at age = 0 in the infection stage) from susceptible individuals that are
infected by encounter with the infected population at a rate Ag(¢) depending of
the time z elapsed since infection through a rate k(z). Notice again the quadratic
term for transition from susceptible to infected. The advantage of the Kermack—
McKendrick model is that one can take into account the variable infectivity level,
and removal rate, depending on the age of the disease. A variant would be to
consider that infected are Removed at a certain age zy.

1.5.3 An immunity structured model

We would like to also mention another physiologically structured model for the
spread of myxoma virus among a rabbit population that we took from [232].
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These authors take into account encounters with infected and uninfected rabbits
in a more detailed manner because susceptibles have a certain immunity level, in
opposition to the Kermack—-McKendrick model. They arrive at the system

o) D (v (2)n(t,x)) = (Ba — pa)n(t,x) — 7 [ K(z,2")n(t,2)p(t,2’)da,

e — 2 (op(@)p(t,x)) = —ppp(t,x) + 7 fy K (@, 2" )n(t, 2)p(t, o' )da
(1.25)
Here n represents the population of uninfected rabbits with an immunity level
z. They are born with a rate 3, and become infected by encountering infected
individuals with a rate . Also p(t, z) represents the population of infected rabbits
and they only come, by infection, from the n population. As usual p, and p,
denote the mortality rates in the two populations.
It can be considered as a drawback to structure the population with a pa-
rameter that is not physically measurable (as the immunity level 2 here) and age
is supposed to be an easier parameter [108].

1.6 Ecological model of competition for resources

1.6.1 Chemostat (2): several micro-organisms

We come back to the ecology problem of the chemostat already mentioned in
Section 1.2.3. We now consider a culture of several micro-organisms in a single
substrate (see Figure 1.8). In this situation, the system is given by

I
S(t) = R(So — ) = > _ n;i(S)N;,

| (1.26)
Ni(t) = N; (mi(S) - R),

S(0) =58>0, N;(0)=N?>0,Vi=1,...,1.

The variable S(¢) denotes the single substrate (in terms of the mass of a given
representative constituent), N;(t) is the biomass of the i-th micro-organism in the
chemostat (written in terms of the same constituent), R is the dilution rate of the
input flow of nutrient concentration Sy. Finally, the ability for the i-th organism
to use the nutrient S depends only on S in the simplest model, and is denoted by
n:(S) (uptake rates).

Several variants of the system (1.26) have been proposed. In particular one
can consider that intraspecific competition for the resource leads to uptake func-
tions 7;(S, N;) that decrease with N;. We refer to [159, 160] for the analysis of
such cases and for further models.
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N o

So

Figure 1.8: THE PRINCIPLE OF THE CHEMOSTAT. AN INFLOW OF PURE NUTRIENT Sg, WITH RATE
R, 1S COMPENSATED BY AN OUTFLOW CONTAINING BOTH THE MICRO-ORGANISMS AND THE NUTRIENT
AT CONCENTRATION S(t).

One usually assumes that,
7;(+) is increasing, n:(So) >R, Vi=1,...,1, (1.27)
the numbers 7; '(R) are all different. (1.28)
Then there are I 4+ 1 steady states, the trivial one N; = 0, S = Sy, and those [
states composed of a single micro-organism
(0,...,0,N;,0,...,0),  S=n"(R)<Sy, Ni=So—mn"(R).

One can prove the following result, a first example of the selection principle
Theorem 1.1. Under assumptions (1.27), (1.28), among these steady states, the
specific ig corresponding to S* = minj<;<y ni_l(R) (largest population) gives the
globally asymptotically stable state. In other words, one has N;(t) — 0 for i # io,
Niy(t) — Nji = S0 — 5%, S(t) — S* as t — oc.
Remark 1.1. In the case when 7;(-) are linear, 7;(S) = n;S, then n; (R) = R/n}
and the index iy also corresponds to the formula 7} = maxn;.

Proof. We follow ideas already used for the chemostat with several nutrients but
the additional nonlinearity in the uptake rates leads to improvement of the method.
We divide the proof in four steps. We first consider a balance law of the system,
then we prove a lower bound on > N;(t), we then prove that S has a limit and
then conclude that S(t) — S* as t — oo.

First step. A balance law. Adding the two equations on S and N;, we have

d ! !
PCIGRS ; Ni(t)] + RI[S(t) + ; Ni(t)] = RS,.
Therefore
I I
SH+Y Nit)=So+Qoe™ ™, Qo=[-S+S"+> N].  (1.29)
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‘We also notice that

S(t) >0, N;(t)>0, Vt>0,Vi=1,...,1.
Second step. A lower bound (non-extinction). We prove that

I
htrggjlf ;Ni(t) =M >0.

Indeed, we have, from the equation on N,

I
LN 2 (0S) - R) YN, with () = it (S)

1<i<I

I I
It Z N, (t) approaches 0, S(t) approaches Sq (using the step 1), and thus Z N;(t)
=1 i=1
increases, using assumption (1.27).

Third step. Asymptotic of S. We now prove that S(t) has a limit as ¢ — oo.
To do that we compute the equation on S(t). Using that, from the first step,

I
S+ Z N; = —RQoe™ ", we have

=1
d . ! o d .
dtS(t) = —Z ni(S)N; — S Z n;(S)N; — RS
=1 =1
I ) ) I
==Y (m(S) = R)N; = > nj(S)N; + R*Qq e~ ™
i=1 i=1
I ] I
== (1:(S) = R)*Ni = § Y n(S)N; + R*Qo ™.
=1 i=1

As in the case discussed in Section 6.1.2, we can multiply by sgn+(5) and arrive
at a Lyapunov functional

I
G (30), < —(300), SN0 + B

< —aM (S(t), + R*|Qo| e~

because 77; > o > 0 (by assumption (1.28)), and using step 2. From this inequality
and the fact that S(t) is bounded, we deduce that
o .
aM (S(t))+dt is finite.
t=0
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This proves also (still because S(t) is bounded by the first step) that S(t) is of
Bounded Variation on R* i.e., ftO:oO ‘S(t)|dt is finite, see Section 6.5.1 for details.
Therefore it has a limit as ¢ — oco.

Fourth step. Identifying the limits. We prove that
tlim S(t)=S5".

Indeed, otherwise we would have (i) if lim;_.o S(t) > S*, then lim;_.o 1, (S(t)) >
R and then N;, (t) has an exponential growth, which contradicts the bound proved
in step 1, (ii) if limy—oo S(f) < S*, then limy_oon; (S(t)) < Rforall 1 <i <1
and N;(t) vanishes exponentially which contradicts step 2.

Then, we conclude the lemma because lim;_, m(S(t)) < R for all 7 # g

and thus N;(t) vanishes exponentially. Therefore, using step 1, N, (¢) tends to
S0 — S, O

We refer to [211] for other results in this direction and a general view on
chemostat. As a consequence of Lemma 1.1, there cannot be coexistence of several
micro-organisms in such a model, in opposition to observations (in nature or some-
times laboratories); we refer to [160] for a variant which allows the coexistence of
several micro-organisms.

1.6.2 Continuous model of a chemostat

We now present a natural extension of the previous differential system to a con-
tinuous uptake ability. We have taken this example from [83] and from Chapter 2.
It is obtained formally by saying that the index ¢ becomes a continuous variable
denoted by x below, and this implies

S(t) = R(So — S) — Joso n(x, S)n(t,x)dz, t>0, x>0,
gn(t,x) = n(t,z) (n(z,S) - R), (1.30)

S(0)=5°>0, n(t=0,2)=n%4)>0,n"ec LN L>R").

To make this model more interesting one can add mutations as we do in Chapter
2 or [45, 83].

One can easily check that the proof of Lemma 1.1 extends to this physio-
logically structured population model,

Theorem 1.2. Assume

n(x,-) is increasing, n(z, So) > R, Yz > 0,

1

and denoting the inverse with respect to S by n~", assume that

3x9 >0, S*:=n Yxo,R) <n '(z,R) Va # .
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Then, one has, as t — oo,
N(t,z) — (So — S")d(z = o), S(t) — S*.

Such a population which has a single trait is called monomorphic. We refer
to Chapter 2, Sections 2.1 and 2.2 for proofs of a similar selection principle.

1.7 Phytoplankton (light structure)

A nonlinear model has been proposed to explain why phytoplankton does not sink
while it should, being denser than water. In this section, we present the model and
give an introductory analysis. More complete mathematical results can be found
in [144].

A good survey of the subject can be found in [117, 116] together with numer-
ical results. The word phytoplankton covers several species of photosynthesizing
microscopic (2 to 200 um) organisms (by opposition to zooplankton, a predator for
phytoplankton). For that reason it represents the first stage of an alimentary chain
and an important cause of carbon absorption from atmosphere. These species in-
habit the upper layer of oceans or lakes (50 to 100 m) where light is available,
but they are 2 to 5 percent denser than water. The reasons why phytoplankton
can sustain under these circumstances are various. Some species are able to swim
by means of flagella, some other species are endowed with gas vacuoles (in the
upper layers light creates an increase of weight and of density, but after sinking,
food restriction makes them lighter). Another explanation for up-welling is mix-
ing effects for the lake or ocean which helps minerals come from deep water to
the surface and also creates a ‘turbulent’ suspension of the population that can
reproduce before ultimately sinking. More about this wide subject can be found
in [203].

The full model is a partial differential equation but one can consider an
isolated water column of still water, and we denote by z the vertical coordinate
directed downward. Water surface is at {z = 0} and thus the model is posed for
z > 0 (z axis downward), t > 0,

gtn(t, z) + vp 8‘171(15, z) — Haa; n(t,z) = f(z,5(t, z,[n]) n(t, z),
k5 n(t,0) + vyn(t,0) =0, (1.31)
n(t,z) — 0 as z — 00.
As usual n(¢, z) denotes the population density at time ¢ and depth z. The diffusion
term takes into account the random motion due to fluctuating water motion, v, > 0

is the vertical transport velocity of gravitational sinking. The birth/death rate
f (z7 S(t, z, [n])) depends on the local light available (and thus it is a decreasing
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function of z), it is positive for small values of z and negative for large z. But it
also takeb into account the ‘shading’ effect on a layer by the phytoplankton above
it S(t, z, = [, n(t,z)dz. An example is

f(2,8(t,2,[n])) = B(z [1+ 0 [, n(t, 2)dz]),

B(0) >0, B(cx) <0, B <O0.

(1.32)

A complete analysis of the model is given in [144]. A condition on the data is
needed for existence of a (unique) stationary solution. When this condition is
fulfilled, the solution n(t, z) converges as t — oo to this steady state. When it is
not fulfilled, it means that the growth zone (B > 0) is too small, and whatever is
the initial data, the solution vanishes for large times.

Here, we restrict ourselves to the so-called layer model of [117, 116]. It consists
in a simple case where B has a (single) discontinuity. Then there are two zones, a
euphotic zone z < H and an aphotic zone z > H, and two real numbers B*, B™,
and we take

BT >0 for q< Hy,

Bla) = { B~ <0 for g¢> Hoy, (1.33)

and this leads to a discontinuity at the layer z = H implicitly defined by the
equation

Hy=H(l+o /OH n(t,z)dz). (1.34)

It admits a solution because, n being nonnegative, the right-hand side is an in-
creasing function of H from 0 to oo.

For the layer model, the stationary problem can be solved analytically.

Theorem 1.3 (Layer model). For x > 4B , there is a unique stationary nonnegative
solution n(z) € CY(R*) to (1.31)-(1. 33) iff Ho > H for H(k,vp,, B¥) a positive
parameter given in the proof below.

Remark 1.2. The general condition which replaces the above two conditions in the
layer case is simply that the solution to

vp dn(z) =k Zon(z) = f(2,0) n(z),

/{8‘9271(0) +o,n(0) =0 n(0)=1,

(1.35)

does not remain positive for all z > 0.
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Proof. First step. Fized discontinuity. We first prove that there is a unique dis-
continuity parameter H > 0 for which there is a positive solution ny to equation

kng(z)" —vpng(z) + B(z) nu(2) =0, z>0,
k' (0) —vpnp(0) =0, ng(co) =0, (1.36)
B(z) = B* for 2 < H, B(z) = B~ for z > H.

This is an eigenvalue problem and thus the solution is defined up to a multi-
plicative constant. Hence for z > H, we may choose ny(z) = e 7% with —v
the negative root of the characteristic equation kX% — v,X + B~ = 0, i.e,

v = 21,{(\/1)12j +4k|B~| — vp).

For 0 < z < H, the solution space is the two-dimensional vector space
ng(z) = Ae®® + BeP? A € C, B € C, with o and /3 the solutions to the charac-
teristic equation kX2 — v, X + BT = 0 which, under the stated condition on  are
given by,

1 1
o= QH(UP—Z\/4/{B+—UI2)), 8= QH(UP+Z\/4I€B+—UI%).

Then, we have three conditions on A and B coming from the boundary condition
on the surface level z = 0, the continuity and the continuity of derivatives at
z=H,

A(vp — ka) + B(v, — k3)B =0,

Ae®H | BePH — e*VH7
aAe®H + BBePH = —~e H

The existence of a unique nontrivial solution amounts to writing

Vp — KQ v, — K
o=t (o () )

which is reduced to the simple equation on H,
(vp — k) (y + B)e™ = (v, — KB)(y + a)e* =0.
Therefore, we find the condition that determines H,

p(B—a)H _ v+a v —kp
Y+ B vp — ko'

or, after introducing the notation

A% = Jan|BE| F o2,
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we end up with
AT A7 —1AT v, +AT
exp(u H K )_A—+2A+ vp — 1At

Because the complex number on the right-hand side has modulus 1, there is a

(1.37)

single root H with H A; € (0,27). Also we claim that its imaginary part is
nonnegative and thus
A+
H € (0,7). (1.38)
K

Indeed, the sign of its imaginary part is also that of
[(A7 1A% (vp +2AT)? = [0, A7 + (A1) +2(A7 —v,)AT]?

= real part + 21(v,A” + (AT)?)(A™ —v,)AT.
And we obtain the positivity of this imaginary part because A~ > v,.

We now claim that this is the only possible choice of H > 0 which allows
us to obtain a positive solution n. Indeed, because B = A, 8 = &, we have for
0 < z < H and by continuity at z = H,

AJr

ni(z) = 2Re (Ae®?) = e " Re (e2CGH)) = ¢ H ¢~ an (== H) cos( 9
K

(z — H)).

This quantity is positive if and only if cos(%: H) > 0, which holds true thanks to

the above condition (1.38).

Second step. Nonlinear problem. Thanks to the first step there is a single possi-
bility for having a positive stationary solution. Namely, we have to find a positive
constant C' such that n = Cnpy, recalling that ny denotes the solution built in
the first step. This is equivalent to saying that

H
Hy :H[1—|—C'U/ ny(z)dz],
0

an equation which has a solution C > 0 if and only if Hy > H. d



Chapter 2

Adaptive dynamics; an
asymptotic point of view

So far, we have given examples of physiologically structured populations, i.e.,
structured by a parameter describing a biological, physiological or ecological char-
acteristic of the individuals. Further examples are also described in Chapter 4
below. When this characteristic is inherent to the individual, i.e., it is fixed at the
very beginning of its life, we refer to it as a trait; we prefer to avoid calling it a
phenotype. The theory which focusses on phenotypic evolution driven by small
mutations in replication, while ignoring both sex and genes, is known by the name
Adaptive dynamics and is part of Evolution theory, see [172, 115, 80, 81, 169, 45]
and the references given therein. A general mathematical treatment of the general
subject of selection vs mutation can also be found in [43] (in particular popula-
tion geneticists might prefer the assumption that mutations are rare rather than
small).

The two main ingredients in this theory are (i) the selection principle which
favorizes the population with best adapted trait, and (ii) mutations which allow
off-springs to have slightly different traits than their mother. The combination of
the two effects is studied by adaptive dynamics. This turns out to be an extremely
intricate theory on which several possible mathematical approaches are possible.
One of the reasons is that it is merely impossible to consider this problem without
introducing small parameters (mutations can be small or rare for instance, pop-
ulation should be large in any case but relative death rates can vary). Therefore
adaptive evolution can be studied with various mathematical tools. Evolutionary
game theory is a standard point of view, see for instance [135, 136, 134] after
it was introduced by J. Maynard Smith (see [169]). Probability theory is also
natural because fluctuations are important at the individual level and individual
centered models are naturally stochastic. Departing from an individual centered
stochastic dynamics, several possible limits are possible as the population becomes
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large ([101]). Here we look at models which are in one special class of those limits.

In this chapter, we give a first and very elementary point of view based on
structuring an ODE and including mutations. Our main goal is to apply the cor-
responding asymptotic theory and show how the concept of monomorphic popula-
tion arises naturally in the limit of small mutations over a long time compared to
one generation length. Such rescaling has also been used for the spread of genetic
traits, in a probabilistic framework (see [110] and the references therein).

Our presentation in this chapter follows the lines of [83] but uses a simpler
framework for the population model. We begin with several simple examples of
physiologically structured population (without mutations) where a selection prin-
ciple can be proved. Then we introduce the mutations and this raises the question
of finding the appropriate scales. Here, and this is one the possible scales, we as-
sume that mutations are frequent but have a very small effect on the trait. This
allows us to state an asymptotic problem. We show that it leads to the selection of
a single trait (monomorphic population) but the dynamics of this trait is far from
obvious. A differential equation is not enough to describe it and we introduce,
following [83], a Hamilton—Jacobi equation. The possible asymptotic behaviors of
this trait (monomorphic or dimorphic) are obtained through numerical simula-
tions: continuous evolution, jump, branching from a monomorphic to a dimorphic
population or junction from dimorphic to monomorphic situations.

Our motivation for the model we use in this chapter comes from the chemo-
stat equation (1.30). Consider that the time scale for food consumption is faster
than the time scale of birth, then one naturally ends up with an algebraic equation
for the substrate that is the system

S(t) = So — [ n(z,S(t))n(t, z)dz, t>0,2>0
gtn(t, z) =n(t,z)(n(z,S) — R), (2.1)
n(t=0,z) =n%=z) >0, n® € L' N L=®(R™).
When 7 is linear in S, we arrive at the more explicit formula
5() = Qul [ n(win(t,a)do)
and this is the form we take in this chapter as a compromise between generality

and simplicity.

2.1 Structured population and selection principle:
a simple case

The first question we consider here is how to give a mathematical description of the
process in which some specific trait is selected in a given environment. It is the best
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adapted trait in terms of using resources and that trait is called an Evolutionary
Stable Strategy (ESS in short). The origin of this denomination ([170]) comes from
evolution theory; no mutant with a different trait can invade a population with the
trait corresponding to an ESS. An example of the selection principle has already
been mentioned, in the case of the chemostat, see Lemma 1.2. Here we give an
easy example that can be treated by explicit computations. In Section 2.2 we give
a more general framework.

To begin with a simple example, we look at a variant of Verhulst’s logistic
equation (see Section 1.1) which we structure with a trait z € R and we illus-
trate the selection principle on this very simple example. We consider that the
reproduction rate depends on the trait, i.e., b = b(x) > 0, and that the death rate
is proportional to the total population number (this is what happens in logistic
growth, see Section 1.1). We arrive at

dn(t,x) =b(z)n(t,z) — o(t)n(t,z),
o(t) Zf]Rn(t,x)dx,

n(t=0) =nlx)>0forx €|z, rm|, nO(x) = 0 for x €|z, xar].
(2.2)
In this situation one can guess that the best adapted trait (highest reproduc-
tion rate here) will be selected. Indeed we have the following selection principle.

Theorem 2.1. Assume that b € C(R), b(-) > b >0, n° > 0 and

b(Z) = max b(xz) is attained for a single T €|z, xMm].
TE[Tm,x ]

Then, the solution to (2.2) satisfies
o(t) — 0 =0b(z), n(t,x) = b(Z)d(x —z) as t— oo. (2.3)

Notice that the equation (2.2) admits many steady states, namely n(x) =
0d(x =y), o = b(y) for any y, Theorem 2.1 selects the stable trait, the ESS. One
should understand it as the trait that realizes

max(b(z) — o] = b(z) ~ 5= 0.

The weak limit in (2.3) also indicates that the natural setting for structured popu-
lation models should differ from that for differential equations because functional
spaces (measures here) appear to play a role.

Proof. We give a proof that relies on a simple computation, another proof is pos-
sible based on more abstract arguments and that apply to more general equations
(see Section 2.2). We define

N(t,z) = n(t, z)els o=)ds, (2.4)
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This satisfies

ng;’ ) b@)N(t, ),

and thus N(t,z) = n%(z)e’®*t. We deduce from (2.4) that

4 ofi e)s _ oyl els)ds ba)t

dt@‘og = 0? Ntxda:_ n®(z)et@tdy.
Therefore

0 0
oo e@as — [ ) g, +K, K=1 —/ D) g
R b(x) R b(a:)
/ s)ds = ln/ n°(z) @ty + K), (2.5)
- b( x) :

széﬁwwm%ﬂézgﬂmm+m,

and we notice that the constant K may be negative but the denominator is larger
than 1. This is a Laplace type formula and we can analyze it as follows. As t — oo,
we have

wmmw/wm@w%ﬂéﬁg“”W+memn

n®(z) b ; :
because fR b(x) € (®)tdy — oo. For the reverse inequality, we fix an e > 0 and
define the set

I(e) = {x; b(x) = b(Z) — e}

Then, we have

2 _ TLO((E) eb(z)t v nO(m) eb(:r)t x
= (b(@) —e) /ns) b(x) ! /[/R b(z) o
b(z) —¢
> At
with . 9 () BNty
As(t) = + - b( )

n%(@) Lb(z)t g (@) pb(@)t gy 7 1
fI(a) b(z) © x fl( ) b( ) €

Therefore, we have indeed proved the first statement, namely that

o(t)y = b(z) as t— 0.
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Finally, from (2.4) and the expression of N(¢,x), we deduce
n(t, z) = n®(z)et@te= o e()ds

and the claim (2.3) on n(t,z) follows from the limit of o(t) combined with the
same arguments for this Laplace formula. Indeed, for z # Z, we have b(z) < b(Z)
and thus

n(t,x) = no(m)e*~fg(9(s)*b(w))ds — 0, t — oo.

This proves the result. O

2.2 Structured population and selection principle:
an extension

We now prove a selection principle in a more general setting which will be used
later on and does not allow for explicit formulas as in the previous section, namely

an(t,x) = [b(x)Qu(e(t) — d(z)Qale(t)]n(t, x), z€R,
o(t) = [gn(t,x)de, (2.6)
n(t=0) =nz)>0.

The term b(x)Qp(0(t)) — d(z)Q4(0(t)) can be interpreted as the fitness of individ-
uals with the trait = being given the environment created by the total population.
Here the notation is the same as in the previous section and we assume that
b,d € C(R), Qp, Q4 € C*(RT) and there are b, by, dps and d,,, such that

bar > b() > by >0, dyy >d(-) > dp >0, (2.7)

maxger [b(2)Qu(onm) — d(z)Qa(om)] <O,
30 < gm < op  such that

minger [b(2)Qs(0m) — d(z)Qa(om)] >0,
(2.8)
there is a single pair (Z,9) € R X [9m, 0n] such that
(2.9)
b(Z)Qv(2) — d(Z)Qa(2) = 0 = maxzer [b(2)Qy(2) — d(2)Qa(2)]-

Notice that there exists a unique p that satisfies the equality

0 = max [b(x)Qb(é) — d(f)Qd(é)}

zER

in (2.9). It is indeed a consequence of (2.8) and of the additional assumption

Qu(0) <0,  Qule) >0. (2.10)
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In (2.9) we assume additionally that the maximum is attained by a single point Z;
this is unessential but simplifies the statement below. Finally, we also need that
there is R > 0 such that for g close enough to g, then

Br = max [b(z)Qs(0) — d(x)Qa(0)] < 0. (2.11)

|| >R

Again the selection principle applies in this case and gives

Theorem 2.2. With assumptions (2.7)~(2.11), and assuming that n°(z) > 0 and
om < o(t =0) < ou, the solution to (2.6) satisfies

om < o(t) <om, V>0, (2.12)

o(t) — o, n(t,z) — oé(z =), as t — oo. (2.13)

In other words, we recover that the ESS, the unbeatable strategy, is charac-
terized by (2.9) as in the previous section.

Proof. First step. A priori estimate. We first prove (2.12) using assumption (2.8).
Integrating the equation (2.6) in z, we obtain

min [b(m)Qb(Q(t)) - d(m)Qd(g(t))]Q(t) = dt olt)

z€R

< max [b(=)Qs(o(t)) — d(x)Qa(o(t))] o(t).

rER
Therefore, if o(t) approaches g,,, it is increasing and thus we have for all times
om < o(t), and similarly if o(¢) approaches gjs it is decreasing and thus we have
for all times o(t) < o

Second step. A Lyapunov functional. We consider a function P(r) satisfying

. Qalr)
CQu(r)’

a differential equation on the interval [0, oas] with several solutions given by
Py(r) + 2 (but this family is in fact reduced to a single function as far as we are
interested in the expression below) .

Then we compute

jt/[giz; — P(T)]n(t,x)da:

rP'(r) + P(r) = Q(r) (2.14)

= [0 = PO) = o) el0)] [o)@u(e(0) - ) Qul (0]t 2)ds

-~ J ()
= ! x —d(x 26 P\
‘/ d(@)Qu(oft)) V@20 = d@)Qa(e(®)] n(t, z)de
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As a consequence the bounded quantities [ [Zg% — P(r)|n(t,z)dz are in-
creasing and thus converge as t — oo,

/ [Zg)) — P(r)|n(t,z)de —— L € R, (2.15)

[ [ beauteto) - dwruten nte.arisit <. (216

Third step. The limit. We now derive a limit for another quantity (we recall the
definition of Q(r) in (2.14))

o 10— Qe ate. )i

= 12~ @te]® bio)ue) ~ Qe ntt )z

x / b(@)Qb(0(t)) — d(x)Qa(o(t))] n(t, z)d.

Therefore, using the L>° and non-extinction bound to upper bound the first term
in the right-hand side, and Cauchy-Schwarz inequality for the second term, we
also have

i ] ) = QUe)Pntt. o] < € [ [oe)@ulelt) - do)Qutelt)ntt, )i

As a conclusion of this computation and step (ii), we deduce that

jt/ [Zg; - Q(Tﬂgn(t,x)dw € L'Y(RT).

This is stronger than a mere BV bound which is enough to ensure that it has a
limit, , see Section 6.5.1 for details. Thanks to its integrability (second conclusion
of step (ii)), we conclude

[0 — @) nte.o)ts

And again the use of Cauchy-Schwarz inequality results in

/|Z§2 — Q(o(t))|n(t, x)dw —= 0. (2.17)

Combined with the first conclusion of step (ii), we also arrive at

[ 18— Platnlnte.ds = [ [ - Q(elo) + @ - Plla(t)]ate. v — L.
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and thus [Q — P](o(t)) o(t) has a limit and finally
ot) =% 0" (2.18)
Indeed, on the one hand @ — P is not locally constant because
r(P-Q)+P-Q=-rQ <0,

and on the other hand p(t) is Lipschitz continuous (to see this, integrate in = the
equation on n). Notice at this point that we do not use the full assumption (2.10)
but only the consequence that Q' does not vanish.

Fourth step. Identifying o* = o. Indeed, if p* > g, then for ¢ large enough we have
max[b(z)Qs(e(t)) — d(z)Qa(e(t))] <0,

z€R
and the differential inequality of step (i) (upper bound) implies that there is ex-
tinction which is impossible since g(t) > p,,. Also, if ¢* < g, then for t large
enough we have

max[b(x)Qs(e(t)) — d(x)Qale(t))] > 0,

z€R

and for those z’s where [b(z)Qp(0(t)) — d(x)Qa(o(t))] > 0 we have exponential
growth, i.e., blow-up for o(t) which is again a contradiction.

Fifth step. Weak limit for n(t,z). From (2.11), we have for ¢ large enough

jt/ n(t,x)dzx < ,BR/ n(t, ).
|z[>R |z|>R

Therefore sup;q f‘xbRn(Lm)dm — 0 as R — oo (because this is true initially).

This proves that the family (n(t, x)) 50 is compact in the weak sense of measures.
Therefore there are subsequences that converge weakly to measures n*(x) and
0 = [n*(x)dz (we denote integration with measures as Lebesgue integrals to
avoid specific notation).

Sizth step. Conclusion. From (2.17)-(2.18), we know that n*(x) should be con-
centrated on the set of x’s such that b(z)Qy(2) — d(x)Qq(2) = 0. With assump-
tion (2.9), this point is unique and thus n*(z) = pd(x = z). Therefore the full
family n(t,z) converges (all subsequences have the same limit!) and the result is
proved. O

2.3 Structured population: cannibalism

Models such as (2.6) are still not as general as one might wish. The simplified
model of a chemostat in (2.1) provides us with an example. Cannibalism is an-
other example of physiologically structured population where not only the total
population counts. We borrow the model from [81] and references therein.
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Here, the trait £ > 0 under consideration is the degree of cannibalism, and
0 < a <1 denotes the efficiency in offspring production from intraspecific preda-
tion, the (irrealistic) model is then written, for ¢t > 0, x > 0, as

gtn(t, z) =rn(t,z) — [, yn(t,y)dy n(t,z) + c z n(t,z) [;° n(t,y)dy,

n(t=0,z) =n’(z) > 0.
(2.19)
The parameter r is just the growth rate in the absence of cannibalism and one can
see that cannibalism acts as a negative feedback. The growth rate of the population
is indeed lower than the logistic rate r since

jt/ooo n(t, ) = /Ooo n(t,z)[r—(1-a) /Oooxn(t,x)] < r/ooo n(t,z). (2.20)

In fact, one can go further and prove that such a population will go extinct,
a behavior rather different from that of the previous sections and that can be
interpreted as an ESS located at = = oo.

Theorem 2.3. Assume that the initial data in (2.19) decays in x so that

r

9

/ no(x)exzdx<oo and / an® (x)dx >
0 0

l1—«

then there is a global positive solution to (2.19) and we have the time decay
o0
/ n(t,x)dr decays to 0 as t — oo.
0

Remark 2.1. 1. Since, as we see in the proof, fooo an(t, x)dx remains positive, we
conclude that the population is concentrated on a very large trait for large times
as announced above.

2. The assumption [;* #n®(z)dz > |”_ is not necessary (see the exercise
below).

3. Of course one can doubt the possibility to undergo unlimited growth rates
2 and this leads to pose the same problem with 0 < z < A. Then the method is
similar and one can prove that the total population converges to pd(xz = A), in
other words for this model the ESS is x = A (see exercise below).

Proof. We set my(t) = [;° a¥n(t, z)dx.
First step. Existence. From (2.20), we derive the a priori estimate mg(t) <mg(0)e
Therefore we have the upper bound

rt

TL(L 1,) _ nO(x)e'rtJraz JEmo(s)— [ m(s) < nO(x)ertJrazmo (0)e™* /r.

This proves that, after using the Cauchy—Lipschitz Theorem, the solutions do
not blow-up in finite time and thus they are global. In particular, thanks to our
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assumption on the initial growth in x, the my(¢) are finite but there is no extinction
in finite time.

Second step. A lower bound on mi. We have (using Cauchy—Schwarz inequality)
some kind of Lyapunov functional

d

dtml(t) =my(t)(r —ma(t)) + ama(t)mo(t) = mi(t) (r — ma(t)(1 — a)). (2.21)

Therefore we find that for all times
r

mq (t) >

> (2.22)

As a consequence of (2.20), we deduce that mg(t) decays with time to a limit
Lo > 0.

Third step. Limits for the my(t). We further write

d mpg1(t)  mo(t)
dt m:(t) - m2(t) (g2 (t)me(t) — mey12(t)) > 0.

Therefore the above ratio has a limit and thus m;(t) — L as t — oo.

If Ly = oo, obviously from (2.20) we deduce Ly = 0 and the theorem is
proved. We now assume, by opposition, that L1 < 400, Ly > 0 and thus ma(t)
has a limit Ls.

Fourth step. A contradiction. From the inequality (2.21), we deduce that L; = | "
and this is a contradiction with the exact solution n(t, z) given in step (i). O

Ezercise. In the case 0 < x < A, prove that Lo # 0 and that n — pd(x = A). To
do that check that in the proof above
LyLg = L2.

Exercise. Prove that, in Theorem 2.3, the assumption fooo xn(z)dx > 1, is not
needed because it will be true at some time tg.

1. Assume my(t) < ;" for all times, then prove that all m;, are increasing,
and that m; — ", ast — oo.
2. Using the equation on my, prove they are bounded, and have a limit as t — oo.

3. Prove a contradiction with the formula for the solution n(¢, x) given in step

(i).

2.4 Mutations

Until now we have seen ESS as the best adapted trait; in a population where
initially all the traits are represented the ESS is the only one selected naturally.
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We may ask what happens if a population initially does not represent all the traits
but mutations may occur and create new mutants, that might be better adapted
and thus be selected along with the selection principle we have already described,
which themselves can mutate. ..etc The end of this chapter gives a formalism to
address this question in rigorous mathematical terms.

In order to present this matter we need a more general framework than in
Section 2.2, including a more general fitness in terms of the environment created
by the total population. As we saw in previous sections, we can retain a structured
population model that contains much of the previous examples while keeping some
simplicity, writing

dn(t,x) = [b(@)Qu(0s(t)) — d(x)Qal0a(t))|n(t,z), z€R,t>0,
Qb(t) = f]R wb(‘r)n(ta (ﬂ)d.’E, Qd(t) = f]R ¢d($)n(t, (ﬂ)d.’E, (223)
n(t =0) =n(z) > 0.

Here the notation is the same as before and we assume that b, d, 1y, g € C(R),
Qp, Qq € CY(RT) and there are real numbers such that

Q) <0, Q) =0, (2.24)

by > b() > by, >0, dy > d(-) > dy > 0,
(2.25)
Uu > Up(+), Ya > Ym >0,

maxer [b(2)Qy(Vmon) — d(2)Qa(Ymonr)] <0,
30 < om < op  such that
minger [b(2)Qs(Yarom) — d(@)Qa(¥arom)] > 0.
(2.26)
If reproduction is not completely faithful, an individual with trait y may
generate offspring with trait . Let K (z,y) be the corresponding mutation kernel.
To simplify, we only consider the case K = K(z — y) with K(-) a probability
density. Also the whole birth process should not necessarily give mutations but we
postulate so in order to avoid additional parameters which would not change the
heart of the matter.
To incorporate these mutations in (2.23), we postulate the dynamics given
by

Sin(t,z) = Qu(an(t)) [ b() K (z —y) n(t,y) dy — d(x)Qalea(t))n(t, z),
ov(t) = [ u(x)n(t, x)dzx, 0a(t) = [z Ya(x)n(t, x)dx,

n(t,0) = n°(z) > 0.
(2.27)
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Our first claim is that this system is not much harder than an ordinary
differential equation in terms of existence theory. We have

Theorem 2.4. We assume (2.24)—(2.26), that K(-) € L*(R) is a probability density
and n® € L' satisfies o™ < o° < oM. Then the system (2.27) has a unique
nonnegative solution such that n, aatn € C(R*; LY(R)) and for all t >0

oh, < olt) < oy (2.28)
Proof. The method of proof is similar to that of the Cauchy—Lipschitz theorem

and the main point is a global uniform bound. We begin with this bound and turn
to the existence afterwards.

(i) A priori estimate. We first derive the inequalities (2.28) for nonnegative solu-
tions. To do that, we integrate with respect to x the equation on n in (2.27) and
notice that

/ b(y)K(z —y) n(t,y) dy do = / b(y) n(t,y) dy.
RxR R
Therefore, we obtain

QU)SL/GRMQDQMwmQUD<—d@MQAwmQ@DVKtyﬁw
o(t) max [ b(y)Qs(¥mo(t)) — dy)Qu(me(t)) ].

yeR

IA

The inequality from above in (2.28) follows directly since, whenever o(t) ap-

proaches gas (from below), then maxycr [b(y)Qb(dngM) - d(y)Qd(dngMﬂ be-
comes negative and then p(t) decreases. A similar argument applies to prove the
lower bound on o(t).

(ii) Existence. We prove existence using the Banach-Picard fixed point theorem.
To do so, we consider the Banach space

X=C(0.7:L'®),  lmlx = sup [m()]oi),
0<t<T
for some T > 0 chosen later on. Then we define the closed subset
C={meX, m>0, |m|x <Cs},
where Cg is defined, for T small enough, so that

onm +ThyQy(0)Co < Cog,

and we can always impose for instance Cg < 205
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For m € C, we define Ry(t) = [; ¢¥u(x)m(t, x)dx, Ra(t) = [; va(x ,x)dx
and the solution (z by x) to

Sn(t,z) = Qu(Re(t)) [ bly —y) m(t,y) dy — d(x)Qa(Ra(t))n(t, ),

n(t,0) =nl(x) > 0.
(2.29)
Then, we claim that the operator

m— ®(m) :=mn,
has a unique fixed point in C. We prove successively that
(a) :C —C,
(b) ® is a strong contraction for T small enough (depending only upon Cg).

Therefore we can apply the Banach—Picard theorem and deduce that ® has a
unique fixed point in C and the result is proved after iterating this argument on
time-steps [T, 2T, [2T, 371, .. .. Notice also that, because this fixed point n belongs
to X, aatn also belongs to X, and in each time-step the solution satisfies, thanks
to step (i), om < o(t) < omr-

The point (a) follows for example from the solution formula
n(tv 1’) :TLO (l’)efd(z) fJ Qa(Ra)

t
+ Qb(Rb)/ / b(y)K (z — y) m(s,y) dy e~4@) [ Qa(Ra) gg.
s=0 JR

which implies the first two properties n > 0 and n € C’([O,T]; Ll(R)). Then, we
also have

(60 < QD) [ @K@ =) m(s.9) do

Therefore we obtain for ¢t < T,

/Rn(tm)dm < /Rno(m)dm—i—/ot Qb(Rb(s))/Rb(y) m(s,y) dy ds

< om +TbyQu(0) sup R(s)
0<s<T

=om +TbynQu(0)Co
=Cs.

This proves indeed that ®(m) belongs to C.
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The point (b) is very standard. By substraction of solutions for two different
m, say m!' and m?, we obtain

oyt = %) = @R = QuED)] [ o) (o — gy )iy

+Qu(Ry) /b(y)K(x —y)(m (y) —m*(y))dy — d()[Qa(Rg) — Qa(R)n'
— d()Qa(RY)(n' —n?).
From the a priori estimates of the step (a), the right-hand side is controlled by

Cllm? —m! |l L),

for some constant that uses Cg. Therefore, since the initial data for n? — n!

vanishes,

[m* —m!| L) < CT|m* —m*|| L),

and we have obtained the strong contraction property for T small enough. Notice
that as mentioned before, this time T is independent of n°. O

2.5 Small mutations: the constrained Hamilton—Jacobi
equation
Along with the principles of adaptive dynamics, we now assume that mutations

are small and we proceed to rescale accordingly the mutation model so as to arrive
at a situation where a natural limit arises.

Hence, we introduce a (small) parameter € > 0 in the mutation kernel and
we set (and assume)

K.(z)= K( ), K()=>0, /K =1, /eZQK(z)dz < 0. (2.30)

It is very clear that the dynamics described by the system (2.27) with K. in place
of K is not interesting because the effect of mutations is too small. Indeed, we can
write after the change of variable y = x — €z,

/ by)Ke(z —y) n(t,y) dy = / blx —ez)K(2) n(t,x —ez) dz
R R
— /Rb(x)K(z) n(t,x) dz = b(x) n(t, x).

Therefore we end up with the original model (2.23).
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To circumvent this, we observe the phenomena over a long time period, rescal-
ing it with the same parameter €. Hence we now consider the system

edne(t,x) = Qulop(1)) [5 by —y) ne(t,y) dy — Qa(0a,e(t))ne(t, ),
Ov, E fR '@[Jb ns t (E)d 0d, 5 fR 'I/Jd ng t (E)d

ne(t =0) =n(z) > 0.
(2.31)
We explain below that, on this new time scale, a (or several in special cases)
dominant trait Z(t) is selected (following the selection principle of Sections 2.1
and 2.2). But now, this dominant trait evolves according to an interesting, and
not explicit at all, dynamics. This means that, typically (but not always), we have
ne(t,x) —= o(t)o(x — Z(t)). (2.32)

e—0
Such a limiting population is called monomorphic. A polymorphic population cor-
responds to the sum of several Dirac masses in this limit. This arises for instance
in a chemostat with several nutrients ([83]). We will refer to this (these) concen-
tration point(s) as the dominant trait(s).

In order to derive the limiting dynamics, we assume a monomorphic initial
population
0
ne(t,z) = eet:2)/e nd(z) = e?e(@)/e (2.33)
such that, as € vanishes, there holds
Jpnd(x)dz — M° >0, 00 — ¥ <0 uniformly in R,
(2.34)
max,er ¢°(z) =0 = ¢(2°) for a single z°.

As an example, we might have in mind a gaussian distribution of traits in the
population

1
nd(z) = e lel*/2e, ©2(x) = —|z|? — eIn(27e).

V2ore

It clearly shows that the uniqueness of the maximum point of ¢° is equivalent to
the monomorphic Dirac concentration.

The reason why the change of unknown (2.33) is useful can be guessed from
writing the equation on ¢,:

a@?ﬁ?w):e 7 Qulene0) [ B Kl =) € dy = Quln (D))

e(t,z+ez)—pe(t,x)
(000 (¢ / K(2) bz +e2) e s Quoae(t))d(z)

—o Qolon(t /K ) €25 #(2) dz — Qa(0a(t))d(2).
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Therefore the limiting function ¢ should satisfy the constrained Hamilton—Jacobi
equation

sete) = Qulen®)b(@)H (5,0t x)) - Qalea()d(z), >0, z€R,

tx)= 0 Yt >0
glggw(?x) , >0,

(P(t = O,QZ‘) = 900(75) <0
(2.35)
with

H(p) = /K(z) e dz. (2.36)
R
This function H(-) is called the hamiltonian and has the properties
H(p) >0, H(0) = [ K(2) dz =1, H"(p) = [ K(2) 2% e*P dz > 0,

H'(0) = [ K(2) zdz=0  for K(-) even,

(2.37)
in other words, H (-) is a positive convex and even hamiltonian for K even. Finally
the constraint max,cr ¢(t,2) = 0 is equivalent to saying that n. has bounded
mass and non-extinction.

The problem (2.35)—(2.36) can be understood as follows. The unknowns are
o(t,z) and the density g(¢) in (2.32). But they do not play the same role. The
parameter g(t) defines the Lagrange multipliers Qp(0p(t)) and Qg4(g4(t)) for the
constraint that max ¢(¢,-) = 0.

When the maximum of ¢(¢,-) is unique as initially (this is a monomorphic
situation), we can recover the dominant trait in (2.32) by

max ¢(t,z) =0 = (¢, 2(1)).

Also the functions Qy(op(t)) and Q4(04(t)) are then given by

ov(t) = ¥ (z(t))0(?), 0a(t) = va(z(t))o(?t).
More details are given at the end of Section 2.7 on the way to use these formulas.

The asymptotic, existence and uniqueness theory for deriving rigorously the
constrained Hamilton-Jacobi equation (2.36) has been developed in [18] in the case
p = Yq. In the general case uniqueness is an open question. The main difficulty
is the interpretation of the two Lagrange multipliers Qp (25 (t)) and Q4(04(¢)) that
makes it possible to contain the dimorphic situation of [83] where an additional
uniqueness criteria is needed, and this is an open problem to find it. Again, we
refer to Section 2.7 for more details.
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We conclude this section by a remark: this asymptotic formalism is robust
and can be extended to many situations under investigation. For instance it can
be extended to systems as in [51] where a population with juveniles and adults is
carried out, leading to a much more complicated hamiltonian.

2.6 A simple case of constrained Hamilton—Jacobi
equation

A particularly simple situation is that of Section 2.1. Then Qp =1, d=1¢yg =1
and Qg4(u) = u. Then the constrained Hamilton-Jacobi becomes

Set,x)= bx)H(J ¢t,x)) —o(t), t>0,z€eR,

— e T >
max p(t,z) = 0=t 2(), VE20, (2.38)

p(t=0,1)= @O(x) <0.

Reflecting the simplicity of the model, this situation is particularly simple because
one can reduce it to a more classical Hamilton—Jacobi equation. To do this, we
introduce two new unknown functions

R(t) = /0 o(s)ds, Y(t,x) = (t,z) + R(t).

Then, we arrive at the Hamilton-Jacobi equation (without a constraint) on %,

aatw(tvm) = b(x)H(aade(t, :U))7 t>0, zeR,
(2.39)
w(t =0, (E) = 900(1')

This is the reason why one can derive a rigorous result that we state now but that
we prove in Section 2.8. This is not possible for more complex dynamics as in [83],
see also Section 2.9.

We use the notation

Ret) = [ o)t velto) = pulto) + Rele) (2.40)

Proposition 2.1. Assume that (2.30) holds. We have, for all t > 0, the bounds

min (minb(y), of) < 0c(f) < max (maxb(y), &f)- (2.41)
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If the initial data satisfies @0 (x) < —|z| + C?, then,

Ve (t,x) < —|z| + C +t maxbh ‘m‘i)iH(p), (2.42)
JUARS

12 et )] < max |b(y)| max H( 2 2) (2.43)

ot =T = yer yeR  \Qy’ ’

Theorem 2.5. We assume that (2.30), (2.34) hold and uniform bounds on the right
hand sides in Proposition 2.1, on g’;wg(y) and on gig, Then, after extracting a

subsequence, we have

Ye(t, ) =5 ¥t ), we(t,x) c=5 ¢(t, )  locally uniformly,

Y satisfies the Hamilton—Jacobi equation (2.39) in the sense of a viscosity solution
and for all t > 0, max,er @(t,x) = 0. Also the inequalities in Proposition 2.1 hold

for (t, z).

The notion of viscosity solutions for Hamilton—Jacobi equations has been
introduced as a uniqueness criteria by Crandall and Lions (see [69] and the ref-
erences therein). Its definition, motivation and main properties can be found in
several recent surveys and books, see for instance [16, 69, 14, 98].

Theorem 2.5 gives a meaning to the system (2.35), simply the equation on ¢
has to be understood as an equation on . Again, we refer to [18] for uniqueness.

2.7 A partial canonical equation and dynamics of the
dominant trait

One can try to derive, from the Hamilton—Jacobi equation (2.35)—(2.36), an equa-
tion for the evolution of the dominant trait Z(¢). Such an equation, called canon-
ical equation was proposed by Dieckmann and Law [72] for a model based on a
stochastic process. We derive such an equation in our context and then apply it
to monomorphic and dimorphic examples.

2.7.1 Derivation of a canonical equation

As we explain now, we can do it in our formalism but we can only derive partial
information, namely the sense of variation of the trait. To do so, we assume here
that

OH(0)

op =0, ie., K(-) is even. (2.44)



2.7. A partial canonical equation and dynamics of the dominant trait 45

Our purpose is to prove

Lemma 2.1. Assuming (2.44), in smoothness regimes, a dominant trait Z(t) evolves
according to the dynamics (canonical equation)

Q1)) = Qulzult)d(z(1)). (2.45)
250 = (=TI @) ™Y 0u@un M), (26)

and because ¢ achieves a mazimum at T(t), we have 88;2 o(t,Z(t)) <0.

In the terminology of adaptive dynamics, the quantity in the bracket is called
the selection gradient.

Proof. Departing from the property that a dominant trait satisfies (¢, z(t)) = 0,
and ¢(t,z) <0, we also deduce that

DetE®) =0, 2 ptat) =0, e(ta0) <0

From the equation (2.35) we deduce directly (2.45).
We can also calculate

0= jt[ aiso(tﬁf(t))]
- aataax‘p(t’ z(t)) + (1) ;ﬂ@(t, Z(t)).

Next, we differentiate in z the equation (2.35) and arrive at

PPo(t,x) _ ob(x) ., 0 0 | 0%p(t,x) _ ad(x)
SO0 — ot D E () o)+ v E() 97 PG~ Qutaat) Y.
At the point Z(t) we have, along with (2.44), 8[;](30) = 0 and thus we obtain simply
o 0 Ob(Z(t)) od(z(t))

ot axw(t’f(t)) = Qu(0n(t)) or Qa(0a(t)) oz

With the above information on Z(t) we arrive at (2.46). O

2 -
Notice that one cannot close this by another equation on 9 “’éi;g(t)). Indeed

3 _
such an equation involves a higher order derivative 9 ‘pga;?(t)) and so on. Also, it

o
might turn out that o “’éi;g(t)) vanishes or that ¢ achieves several maxima at some

times. These are singularities where the canonical equation does not apply.

Nevertheless we can infer from the equation (2.46) the dynamics of the dom-
inant trait and we distinguish the monomorphic and dimorphic cases.
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2.7.2 Monomorphic adaptive evolution

We assume that the population is monomorphic, i.e., there is a single trait z(t),
at each time, such that ¢(¢,Z(t)) = 0, or in other words that the limit of n. is a
single Dirac mass. Then, we obtain in (2.31) that

o(t) = o)vu(2(t)),  0a(t) = o(t)va(Z(t)).

Therefore, using (2.45)

Qo (a(t)¥e(2(1)))0(2(t)) = Qa(a(t)va(Z(t)))d(Z(t)) V> 0.

This relation defines (say by continuity) g(¢) as a function R(Z(t)) which can be
inserted in (2.46) to obtain a differential equation on Z(t) (once D%y is known).

At least, we can use the canonical equation (2.46) to deduce that Z(t) evolves
in the direction of increasing values in x of the quantity

Quv(a(t))b(z) — Qa(0a(t))d(x).

This explains the denomination selection gradient for its x derivative. Therefore,
(0v(t), 2a(t), Z(t)) will generically reach a point (g}, 25, Z*), where

0= Qs(2;)b(z") — Qa(g3)d(z") = max [Qy(2;)b(x) — Qa(2g)d(z)],  (2.47)

zeR

with
0, = u(T7)0", 05 = Ya(T")0" (2.48)

These two formulas (2.47)—(2.48) on the two unknowns z* and g* are typical char-
acterizations of the ESS as we have already seen it rigorously in specific examples
(see Sections 2.1 and 2.2).

We recall that the logic behind these formula has been explained in Section
2.2, when v, and ¥4 are constant. Then the function

p = max [Qu(¥p0)b(z) — Qa(vao)d(x)]

is monotonic (when @ is decreasing and @, is increasing) and can vanish at a
single point g*. Then, if b/d is monotonic, then the max, is attained itself at a
single point z*.

2.7.3 Dimorphic adaptive evolution

A dimorphic population can occur if there are two dominant traits

ne(t, ) = 01(t)o(z — 21(1)) + 02(1)d(x — Z2(1)),
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which also means
0 = max p(t, z) = p(t, 71 (1)) = ¢(t, T2(t))-
According to the relation (2.45) this means that we should have

Qu(as(t))  d(@i(t))  d(z2(t)
Qa(a())  b(z1(t))  b(Z2(t))

In other words, a condition for dimorphism is that b/d is not one-to-one. If it
has a ‘parabolic profile’, the above ratio R(t) determines Z(t) and Zz(t). Which
themselves constrain g1 (t) and ga(t) by a first relation

Qu(21(6))0n(T1 (1)) +02(1) )b (22(t))) = R(£)Qu (21 ()1 (Z1 (1)) +22(t)) o (Z2(1))).

This also means that the two differential equations given by (2.46) are in fact
reduced to the same dynamics (say for instance on Z;(t)) through the inverse of
the second derivative of (.

The evolution of two such traits is therefore highly constrained and it is not
as easy as before to characterize the dimorphic ESS. The same logic leads to

0 = max [Qy(2))b(x) — Qa(2id(x)] = Qu(2})b(#}) — Qu(gn)d(x7),  i=1,2,

0p = 01%u(x7) + 03¢ (25),

0q = 01%a(a1) + 03¢a(w3).

Again, we can analyze these formulae in the case where ¢, and ¥4 are con-
stant (and these constants should be different!). Then g; and g} are two indepen-
dent Lagrange multipliers and we may expect a one-parameter family of dimorphic

ESS.

Also, the constrained Hamilton—Jacobi equation (2.35) is clearly not enough
to decide between the monomorphic interpretation and the dimorphic equation
and this is a reason for non-uniqueness. In the monomorphic case ¢(t, ) achieves a
single maximum with a single Lagrange multiplier in the interpretation n(t,z) =
0(t)d(x — Z(¢t)). In the dimorphic case ¢(t,-) achieves two maxima that require
two independent Lagrange multipliers provided by the interpretation n(t,z) =
01(t)d(x — Z1(t)) + 02(t)d(x — Z2(t)). It is an open problem to find a criterion for
uniqueness.
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2.7.4 Adaptive evolution: cannibalism

As an example we can treat the simple model of cannibalism from Section 2.3.
This corresponds, after rescaling and introducing mutations, to the equation

egme(t,x) = [o (r+ ayoe(t)) Ke(x —y) ne(t,y) dy — oa.-()ne(t, o),

0:(t) = [ ne(t, z)d, 0d,c(t) = [ ane(t,z)dx, (2.49)

The limit € — 0 gives the constrained Hamilton-Jacobi equation

o o(t.m) = (r+ azo(t) H(Ve) ~ 0alt). (2.50)

Therefore the dominant trait should satisfy the relation (2.45) which here reads
r+az(t)o(t) = ea(t)-

Since there is a single possible solution Z(t), the population can only be monomor-
phic (see [79] for more elaborate models with possibly dimorphism). Also as we
already had it intuitively from Section 2.3, the canonical equation (2.46) gives the
evolution )
d 920(t, Z(t))\ 1
5(t) = (_ p(t,a( )))
dt Ox?
(here the selection gradient is simply co(t)) which tells us that the trait increases
(to infinity in principle).

ao(t) > 0,

2.7.5 Adaptive evolution: chemostat with two nutrients

In the case of two nutrients with simplified predation function and for fast response
of the nutrients, the system (2.1) becomes

Si(t) = So

1+ Ul(r)lrl(t,z)dm’ t>0, x>0,

_ S
Sz(t) 14 ng(:co)Qn(t,:c)d:L”

gtn(tm) = _Rn(ta (E) + f (nl(y)Sl(t) + 772(y)52(t))n(t7y)Ks(x - y)dya

n(t =0,2) =n’(x) >0, n® € L* N L=°(R™").

(2.51)
One can deduce the constrained Hamilton—Jacobi equation

0 t,2) = R+ (1 (2)81(1) + ma(x)S2(1) H(Vep).



2.8. A rigorous derivation of the Hamilton—Jacobi equation 49

In the present case the selection gradient is nj(x)S1(t) + nh(x)S2(t).
Therefore the dominant traits should satisfy the relation (2.45) which here
reads

R=m(21(t))51(t) + n2(21(8))S2(t) = m (22())S1(t) + n2(22(2)) S2(2)-

It is possible to achieve dimorphism if the function n;(z)S1 + n2(z)S2 has a
‘parabolic profile’. This is possible for instance when 7; are positive convex func-
tions with n; decreasing and 7, increasing.

2.8 A rigorous derivation of the Hamilton—-Jacobi
equation

This section is devoted to the proofs of the results stated in Section 2.5.

Proof of Proposition 2.1. The first statement, (2.41), is nothing but the a priori
estimate (2.28). For the second statement, (2.42), we write the Hamilton—Jacobi
equation on .

Gve(t,z) = [bla+ez)eWebrteal v oM (2)dz == K. (2, 4e(t, ),

Ye(t=0,2) = (pg(l‘)
(2.52)
We just notice that 9. (t) := —|z|+ C? +t maxb max), <1 H(p) is a supersolution
to this Hamilton—Jacobi equation (and also to (2.39)) since

0 - _ 9 -
8t1/}5(t7m) = maxb ‘rg‘ng(p) > K (z,9(t,-)) and > b(:v)H(axzp(t, z)).

For the last statement, (2.43), we consider ¥.(t,z) = gt e (t, x) and differentiate
the equation (2.52) to obtain

0 1
ot U (t,x) = . /b(m + e2)eVe(batez)—ve(t,)) /e (Ve(t,x+e2) — U (t,2)) M (z)dz.
At the maximum point, ¥, (¢, z9) = max,er V. (¢, x), we deduce that

0

8t\115(t, 3;‘0) S 07

and thus max,cr Ve (¢, ) < max,egr Ve(t = 0,2). The same argument leads to
control the minimum. Finally, we use the equation (2.52) at t = 0 to obtain

W (t = 0,2) = /b(x + en)e @2+ /2 1 (1)

9 o
<
< max [b(y)| max H(, ¢c(®)),

and the third statement is proved. O
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Proof of Theorem 2.5. As a first step, we now derive a bound on the z derivative
of ¥.. To do so we fix a time T > 0 and set D.(¢,x) = aawz/)e(t,x). We write the
equation (2.52) as

0 Ye(t,z) / b(T +€2) (p(tates)—v.(t2))/e
ot blz) b(z) e M(z)dz.

Next, we compute

9 ®(t,x) _ 0 ) 1y
ot by oteBT g, /M@
9 (T +E2)\  (y(tater)—ve(ta))/e
n 636( o) ) e M(z)dz
. &1: /b(a; (+m )ez) (e (baten) v (L) /e(§_(1, 1 4 e2) — B (t, 2)) M(2)d2.

Again, we consider the maximum point
@ (t,r0) = max |P.(t,y)| := Qe(t),
yeR
and estimate

d°b(y)
Oy?

ob(y)
dy

max

b
nax max [b(y)| + max

yeR

2
]/b(x)Q.

0 blx+ez)
8x( b(x) )‘_5[

Multiplying by b(z) we deduce again, because at the maximum point the last term
in the right hand-side is non-positive, and at the minimum point it is nonnegative,
that

9 o ob(y) Qa(t)/
dt TR at%@)’ o TeQue M{z)dz

d Q:(t) < max [

/ b(y)‘

2
with Q, = [maxyep |7 | maxyer [b(y)| + maxyer | “5 2]/ [minyer b(y)]. This
provides a uniform bound on Q. (t) which proves that v is locally compact thanks
to the Ascoli-Arzela Theorem.

Therefore we may extract subsequences such that R (¢) (which is uniformly
lipschitz continuous) and . (¢, z) converge locally uniformly. This is enough to
pass to the limit in the viscosity sense in the equation (2.52) and to recover (2.39)
(see [16, 69, 14, 98] for basic handling of the Hamilton—Jacobi equation). Finally,
the statement maxger ¢(t,z) = 0 follows from the bound (2.41) which would
not hold/if maxger ¢(t, ) would be positive or negative in view of the definition
ne = e¥e/c, O
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2.9 Numerical results and examples of adaptive
evolution

In this section we present several numerical experiments that illustrate possi-
ble evolutions of the dominant traits and that allow comparison between the di-
rect simulation of the structured population equations (2.31) and the constrained
Hamilton—Jacobi equation (2.35). The advantage of the latter is that it requires
very few points compared to the former which require several mesh points per e.

We first present several possible behaviors for monomorphic situations. They
correspond to the general formalism (2.35) with Qq =1 and Q, = ¢ = [ n(t,z)dx
with a trait which is chosen, for numerical treatment in [0,1], and we present
various cases of function b(z). A continuous evolution is presented in Figure 2.1
for the function b(x) = .5 + z(2 — ).

U‘J 0‘2 0‘3 0‘4 O.‘5 0‘6 0‘7 0.‘8 019 1 0.1 012 0‘3 0.‘4 015 0‘6 0‘7 U‘vB 0.‘9 1
Figure 2.1: CONTINUOUS EVOLUTION OF A TRAIT ACCORDING TO DIRECT SIMULATION OF THE
STRUCTURED POPULATION EQUATIONS (2.31) (LEFT) AND THE CONSTRAINED HAMILTON-JACOBI
EQUATION (2.35) (RIGHT). THE HORIZONTAL COORDINATE IS THE TRAIT & AND THE VERTICAL
COORDINATE IS TIME.

In Figure 2.2 we illustrate the possibility of a discontinuity of the dominant
trait and this corresponds to the choice b(z) = min(.45 + 22, .55 + .4x), with the
same values of Q, and Q4 as before. The main interest of this example is to show
that a mere differential equation cannot be enough to describe the evolution of
the dominant trait.

Finally in Figure 2.3, we show the bifurcation from a monomorphic to a
dimorphic population in the case of the chemostat with two nutrients (2.51), fol-
lowing the theory and example developed in [83].
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Figure 2.2: SaME As FIGURE 2.1 FOR A TRAIT EVOLUTION WITH A JUMP IN A MONOMORPHIC

L
0.1 0.2

POPULATION (THIS SHOWS THAT A DIFFERENTIAL EQUATION CANNOT BE ENOUGH TO DESCRIBE THE
EVOLUTION OF THE DOMINANT TRAIT).
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Figure 2.3: SaAME As FIGURE 2.1 FOR A TRAIT EVOLUTION WHICH EXHIBITS BRANCHING. THIS IS
THE CASE OF A CHEMOSTAT WITH TWO NUTRIENTS.

Another and in some sense opposite example of possible evolution for a di-
morphic population, is that it evolves toward a monomorphic situation because the
ESS is attractive for both monomorphic and dimorphic populations. We borrow
the Figure 2.4 from [51] where a system for adults and juveniles is treated.
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Figure 2.4: A DIMORPHIC POPULATION BECOMES MONOMORPHIC. TAKEN FROM [51] WHO CON-
SIDER A SYSTEM FOR ADULTS AND JUVENILES.



Chapter 3

Population balance equations:
the renewal equation

In the next chapters we focus our attention on particular models of physiologically
structured population dynamics where the structure leads to a Partial Differen-
tial Equation (compared to the models in Sections 2.4 and 1.5.3 for instance).
Therefore they involve a different mathematical formalism. But these models also
differ by their biological meaning; the variable x is no longer a trait inherited from
the birth of individuals, but a variable (age structure, size structure, maturity or
maturation structure) that can evolve all along their life.

Another typical property is that these models that are written so as to com-
bine in a non-conservative way, various conservation laws (total mass, total number
of individuals). Also additional terms (death, maturation speed, mixing of several
conservation laws) makes the overall balance law not visible (compared to the case
of the chemostat in Section 1.2.3 for instance). We refer to such models as popula-
tion balance laws by analogy with the conservation laws of physics or continuum
mechanics (see [71]). A natural question is: how should the mathematical tools for
these models be modified to take into account these birth and death processes?

An outcome of our presentation is that a common concept with those models
arising in physics, namely entropy, plays a role here and can be extended to what
we call generalized relative entropy. This kind of model describes unrestricted
growth of the population and thus a Malthus parameter gives the exponential
growth. Once renormalized by this exponential factor, the entropy dissipation
drives the system to a steady state that minimizes the entropy. Of course this con-
clusion is at odds with observations. Biological systems exhibit a strong variability
(certainly due to inherent mutations and adaptation facilities as modeled by adap-
tive dynamics in Chapter 2). But the explanation is simple. Here, the regime is
described by linear equations and thus as mentioned earlier it is limited to the ini-
tial unrestricted growth, when a species is introduced in a favorable environment
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without nutrients limitation, neither competition nor selection. We refer to Sec-
tion 6.4 for the general concept of Generalized Relative Entropy (following [176])
in the framework of second order PDEs or integral equations.

As a warm-up, this chapter deals with a first example, we consider that the
population under consideration is only physiologically structured by age, following
the so-called McKendrick-Von Foerster equation or renewal equation (see [9, 162,
230, 171] for instance). The model was originally introduced for epidemiology and
is now commonly used in demographic studies, however with more ingredients
than we use here (immigration, sex, cultural classes, etc.) but it is also used in
various other applications, [64]. The next chapter deals with the more interesting
case of size structure.

3.1 The renewal equation

Consider a population density n(t,z) > 0 with an age structure x € (0, c0) at time
t € (0,00) which is only subject to aging and birth, ignoring the death rate for
the time being (see the exercise for an extension with a death rate). Denoting by
B(x) the birth rate, we arrive at the equation

gtn(t,x) + ;mn(t,x) =0, t>0,z>0,

n(t’ T = O) = f B(y)n(t’ y)dy’ (31)

n(t=0,z) =n’(z).

We give here a method to analyze the existence, the main properties and the long
time behavior of (3.1) based on the general relative entropy method. More pre-
cisely, we use the method developed in [177]. We also point out that the equation
(3.1) is a special case of the cell division equation (4.16), but it is the only case
where all calculations can be performed explicitly and thus allows very easy anal-
ysis. This explains that it has been commonly used either using the method of
characteristics or following a Laplace transform method due to Feller [100].

The method we develop here is easier, more general because we do not require
that B(x) = 0 for = larger than some z* and expresses results in precise weighted
norms. To illustrate it, we just use the assumptions

B() >0, B € L¥(R"), 1< /Oo B(z)dr < +oo0. (3.2)
0

See Sections 3.8, 3.9 for extensions of this assumption.

3.2 Eigenelements

Before we state our existence result for the age structured model (3.1), we need
some notation and equations that are used later to state natural results. First of
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all, we look for (Ao, N, ¢), first eigenelements associated to the renewal equation
(3.1). These are defined (see Section 6.4) by

o N@) + X N(@) =0,  z>0,
N(0) = [ B(y)N(y)dy, (3:3)
N()>0,  [N(y)dy=1,

— 5. 6(x) + X0 ¢(x) = p(0)B(z), x>0,

(3.4)
o) 20, [ N(y)o(y)dy = 1.

0 0‘5 1 15 u0 0“5 1 15
Figure 3.1: SOLUTION ¢ OF THE DUAL EIGENVALUE PROBLEM, NORMALIZED DIFFERENTLY THAN
IN (3.4), CONTINUOUS LINE. THE DASHED LINE 1S B. LEFT: B(z) = 1.2 Iy, <1}. RIGHT: B(z) =

31 5<a<ty-

The function N is the eigenvector associated with the operator in (3.1) and
¢ the eigenvector associated with the adjoint operator. Notice that there is no
boundary condition for equation (3.4), because it should be given at = co and
it is replaced by the positivity and integrability conditions. The parameter \g is
also called the Malthus parameter.

The existence is easy thanks to explicit solutions as we state it now.

Lemma 3.1. Under assumptions (3.2) there is a unique solution (Ao > 0, N, ¢) to
equations (3.3)~(3.4) and ¢(x) < ||B||L=/[No [yB(y)e~*¥dy].

Proof. First step. The unique solution to the equation for N gives the formula
N(x) = Mge~ %, (3.5)

We have to check that it satisfies the boundary condition, i.e.,

/B(x)e_’\oxd:c =1. (3.6)



58 Chapter 3. Population balance equations: the renewal equation

This is possible, with the assumptions (3.2), because the function A — B(z)e™*

is integrable for all A > 0 and thus continuous, it is clearly deceasing, and by the
Lebesgue monotone convergence theorem, we have

lim B(x)e Mdx > 1, lim B(x)e *dx = 0.

A—0+ A—4o00

Therefore there is a unique value Ao which fulfills the condition (3.6).
Second step. The equation on ¢ can also be written on Q(x) = ¢(x)N(z)/[¢(0)N(0)]
as

2 Q(z) = —B(x)N(2)/N(0), x>0,

Qx=0)=1, Q >0, J Q(x)dx < o,

and the choice of ¢(0) then allows the normalization [ N¢ = 1. It has a unique
solution, thanks to (3.5) and the condition (3.6), given by

(3.7)

Q@) =1~ [ By = [ Bye vy,
0 T
And we notice that
0<Q(z) <1

Third step. The normalisation [ N¢ = 1 is also possible and gives (because B is
bounded) the choice of ¢(0). We write, using the Fubini theorem,

1 / o0 N
~ Qs = [ yBeray.
N(0)9(0) 0
Therefore
d(x)N () /OO Y Bl _x
— < | Bll 7 Yy = o
Noro() = Q@ < 1Bl [ eonay = 10 oo
and the upper bound on ¢ follows from N(0) = A. O

Notice that the solution N is trivial, but ¢ can have a more complicated
shape. Two examples are depicted in Figure 3.1. Especially, when B has a compact
support, ¢ has also a compact support (the convex hull of the support of B and
{0}).

Notice also that the threshold 1 in the integral condition of (3.2) is sharp in
order to ensure an expanding population (but the theory does not use it so much).
See the calculation leading to formula (3.6) of Ag.
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3.3 Existence theory

We are now ready for our first existence result where it is convenient to use the
notation
n(t,z) = n(t, x)e ot

The function n satisfies
Satz)+ 2alt,z) + Non(t,z) =0, t>0,z>0,
n(t,z =0) = [ B(y)n(t,y)dy, (3.8)
n(t =0,2) =n(z).
Theorem 3.1. Under assumptions (3.2) and for an initial data satisfying
3Co, |n°(z)| < CoN (),

there is a unique solution in distribution sense n € C(RT; L'(RT;¢(z)dx)) to
(3.8) and we have

(i) the mazimum principle

7i(t,z)] < CoN(z) V>0,

(ii) the comparison principle

n(l) < ng =  n(t,x) < ng(t,x),
(iii) the conservation law and the L'(¢p(x)dx) contraction principle hold,
/0 it a)o(r)dr = /0 " 1 (@) (e)d,
| ol < [Tt wlos

Remark 3.1. The interested reader can check a curiosity here which shows that
the renewal equation is not completely evident. Under the assumption (3.2) and

[ i@l éla)ds < o
there is a weak solution . € C(R*; L'(R"; ¢(x)dx)) to the equation written on
n¢. This solution is built as the limit of the Cauchy sequence as in the proof below.

Surprisingly, it can satisfy n(t,0) = oo, i.e., [p B(z)n(t, z)de = +o0 at t = 0 but
a regularizing effect (in fact closer to a hypercontractivity effect) occurs. We have

T [e’e)
/0 / B(@)[fi(t, 2)|[$(0) — (x)]dz dt < C(T, ) < oo,
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for all decreasing, lipschitz continuous test functions 1. To prove it, choose simply
the test function % in the equation on |n2| ¢ (see below) and notice that, because
[ In(t,z)] p(z)dz < [ |n°(x)| ¢(z)dz, all the other terms are under control because
they contain ¢(x). As a consequence, with ¢ = ¢, we also have

// D)t 2)|dz dt < C(T /|n )| é(z)dz) <

Proof of Theorem 3.1. We divide the proof in several steps.

First step. We begin with an existence result for n® € L!'(R*;dz). It can be
obtained using the Banach—Picard fixed point theorem in the Banach space

X =C([0,T; L' (R*;dx)),  |nllx = sup [In(t)]| L@+,
0<t<T
assuming that
1
T || Bl ooty < o (3.9)

With this assumption, we obtain n as the fixed point of the following operator
7. Being given m € X, we define n := 7 [m] as the solution n € X of the equation

n(t,x) + aaxn(t,x) +Xn=0, t>0,z>0,

n(t,x =0) = [ B(x)m(t, z)dz,

Therefore, for two functions my, ma, and ny = 7 [mq], ng = 7[me] and n = na—nyq,
m = meo — m1, we have

atn(tm) + ;mn(t, x) + Xon(t,z) =0,
n(t,x =0) = [ B(z)m(t,z)dz,
n(t=0,2) =0,
and thus (see the Appendix 6.1)
gIn(t, )| + 5. n(t,x)] + Xoln(t, )| =0,

n(t,z = 0)| = | [ B(z)m(t, x)dx|,
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From this we deduce, after time integration,

t
In(®)ll 2y < / In(s, x = 0)|ds

_ /Ot | /B(x)m(s,x)dx|ds

< t||Bllro+) sup [[m(s)]lig+)-
0<s<t

Taking the sup on 0 <t < T, we have proved that

1Bl o)

) [m1 —mal|x,

[n1 —n2fx <
and this means that the operator 7 is a strict contraction in the Banach space
X which proves the existence of a unique fixed point. As usual we can iterate the
operator on [T, 2T, [2T,3T], .. ., since the condition on T does not depend on the
iteration. With this iteration process, we have built a solution in C' (R*; LI(RJF)).

Second step. The comparison principle (ii) follows from the construction of the
Banach-Picard fixed point. To show this, consider two initial data n{, n9 and
denote by 77, 73 the corresponding operators of step 1. If nd < n9, then for all m
we have 71[m] < T3[m] and thus the fixed point itself (recall the Picard iteration
process) satisfies n1 < no.

As a direct consequence the maximum principle holds true because =Cy N (x)
are solutions and can be used in (ii).

Third step. Consider now n° € L! (OR+;¢(x)dx). By density (recall that ¢ is

bounded) we can find a sequence n} € L!'(R*;dz) such that n{ — O in
— 00

LY(RT; ¢(z)dx). We denote by n(t, ) the corresponding solution to (3.8). Com-
bining (3.8) with the dual equation (3.4), we compute for the solution n = ny —n,p,

0 0 -
e (n(t, z)¢(z)) + 5 (n(t, z)p(z)) = —¢(0)B(2)n(t, z). (3.10)

T

This implies (see the Appendix 6.1 again) the identity

0, - 0 /- ~
o (A D)[6(@) + o ([t 2)|6(x)) = —¢(0) B(x)[a(t, )],

and after integration in z we deduce that

o Dl = —00) [ Bl + 60 [ Bl <o

Therefore, after time integration,

[ o) = my(olods < [~ ndjoa. (3.11)
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and thus (7x) is a Cauchy sequence of C(R™; L'(R*; ¢(z)dz)). Notice also the uni-
form bound |7t (¢, z)| < Co N (z). Therefore it converges in C'(R*; L*(RT; ¢(z)dz)),
and weakly in L= (Rt x R") to a solution in the distribution sense to (3.8).

It is unique because the contraction principle (3.11) shows that two possible
solutions coincide on the support of ¢, thus on the support of B. Then we arrive
at two transport equations with the same boundary condition at = = 0, with the
same initial data so these two solutions are equal.

Hence we have proved the well-posedness in C'(R*; L'(RT; ¢(z)dz)) and the
contraction principle in (iii).

Fourth step. We also deduce from (3.10), after integration in x, that

jt /ﬁ(t, x)o(z)dx = —¢(0)/B(x)ﬁ(t7m)dx + ¢(0)n(t,0) = 0.

Thus we have recovered the conservation law in (iii). O

3.4 Regularity of solutions

Later on, we will need some regularity results that we state now. We restrict
ourselves to the uniform bounds but any LP bound on the derivative could be
proved as well using the GRE property on the time derivative as we explain it
now.

Theorem 3.2. Assume (3.2) and that the Lipschitz continuous z'm'tial data satisfies

|n®(z)| < CoN(z), |88mn0(m)| < C1N(z) and n°(0) = [ B(z)n°(z)dz. Then the
solution to (3.8) satisfies

|§tﬁ(t7m)| < (Cy + Xo)N(x) YVt >0, z>0, (3.12)

|aaxﬁ(t, Z‘)l < (Cl + Ao + AoCo)N(l‘) Vit >0, z>0. (313)

Proof. We differentiate in ¢ the equation on n and, setting ¢ = aatﬁ we see that
q(t, x) satisfies also the renewal equation (3.8). Hence we can apply the maximum
principle to ¢ (point (i) of Theorem 3.1) and obtain (3.12) noticing that it is true
initially because, using equation (3.8) at time ¢ = 0,

0 -

0 _
|q(t=0,x)|:|atn0|=| —|—/\on0|<(C’1+)\o) (z), x> 0.

On the other hand there is no time jump at ¢t = x = 0 because we have assumed
= [ B(z)n®(x)dz, and thus (3.12) holds up to z = 0.
The second ebtlmate (3.13) follows because, using again equation (3.8), we have

- 0 -
|amn(t,x)| = |atn(t,x) + Aon(t, )| < (Cy + M) N(x) + ACoN (z). O
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If we do not assume the compatibility condition n°(0) = [ B(x)n°(z)dxz, then
we cannot use the equality gtﬁo =— 831 nY — X\on? which fails at = 0 because n°
has a discontinuity at = 0. In other words | 8‘1 n%(x) has a Dirac mass at z = 0

and we cannot use the comparison principle.

3.5 Generalized relative entropy

The contraction principle, (iii) of Theorem 3.1, is a special case of a much more
general inequality. It applies to several other equations and all convex functions
can be handled rather than the mere absolute value. We present it here and refer
to Section 6.4 for a more general setting. It turns out that we could derive here
several properties by explicit formulas, but the deep reason they hold true is the
generalized relative entropy property. Many other models share several properties
with the renewal equation and that is because they also satisfy the GRE property.

Theorem 3.3. Under the assumptions of Theorem 3.1, then

(i) for all convex functions H : RT — RT with H(0) = 0, and for all t > 0,

n(t,x e n(z
(* ))darg/o (b(x)N(x)H(N( ))dac,

(ii) for the probability measure du(x) = B(x) %Eg; dz, and for all convex functions

H
e °  n(t,x) n(t,x)
/0 [/0 H( N(z) Ydu(z) — H(/O N(z) du(m))] dt

= O(x)

7

Proof. We use that

so that P At ) 9 At z)
ot O ) T oe Oy ) =0
and finally
0 n(t, ) d n(t,x)
pB@N@HC LD+ o B@N@H( )]
- AN (g ()
= —¢(0)B(z)N(z)H ( N(z) ).
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()dx(

After integration in z € RT we find, still denoting by du(z) = B(x )N(O)

probability measure in view of (3.6)),

n(t,x)
dt / o N(x) )dz
— —6ONO) / 1" auto) + s o)
—ooN O - [ HCyauto) + 1[N aut)) <o,

= -

for all convex functions H with H(0) = 0. The statements (i) and (ii) follow from
this inequality. O

3.6 Long time asymptotic: entropy method

In practice one observes the Stable Age Distribution, i.e., the long time limit of
n which is expected to be proportional to the steady state N given by equation
(3.3). In this section, we prove a general statement without a rate. Exponential
rate of convergence is treated afterwards in Section 3.7 where we give a simple
method using a restrictive hypothesis which is improved in Section 3.9.1.

We recall the notation 7 = ne~*°! which satisfies equation (3.8).

Theorem 3.4. Under assumptions (3.2) and |n°(x)| < CN(x), the solution to (3.1)
giwen by Theorem 3.1 satisfies

/000 [n(t,z) —m°N(x)|p(x)dz | 0 as t — oo, (3.14)

with m® = [n°(z)¢(x)dz (a conserved quantity).

Proof. First step. We can always regularize the initial data n® in L(¢(x)dx so as
to satisfy the assumptions of Theorem 3.2. Call nQ the corresponding new initial
data, then, using the contraction principle we have

/OO [n — ne|(t, x)d(x)dx < /OO [n® —n0|p(x)dx :=r. — 0,
0 0

and also |m® — m?| < r.. Therefore it is enough to prove the result for the regu-

larized initial data. Indeed
/ it 2) — mON(2)|p(a)de < 2. + / e (t, ) — mON (2)|6(z)de
0 0

and thus lim¢ oo [3° [7(t,2) — mON(z)|¢(x)dz < 2r. for all € > 0, which proves
that the limit vanishes because r. — 0.
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Second step. In the regularized case, we set h(t, z) = n(t, z)—m°N(x), which is also
a solution to equation (3.8), satisfies |h(t,z)| < CoN(z) and [ h(t,z)¢(x)dz =0
(using the conservation property (iii) of Theorem 3.1). We prove that such a
solution vanishes over a long time. Notice that, by the GRE property, we have

/‘X’ |h(t, z)|¢(z)dx | L, as t — oo.
0

And it remains to show that L = 0.

Third step. Always in the regularized case, we define the solution to equation (3.8),
hi € C(RY; LY(RT; ¢(x)dx)), by

hi(t,z) = h(t + k,z), and thus |hx| < CoN.

Using Theorem ii, for H(-) convex with H(0) = 0, we know that

o0 hi(t, z) °° hy(t, x) o
/0 [/H( Zk;f(a:) )dﬂ(m)—H(/O Zk;f(a:) du(z))]dt :== I, — 0, as k — oo.

(3.15)
Indeed, from the very definitions of I and hg, we have
*° h(t, z)  h(t,x)
Ik:/ {/H ’ d/,L(m)—H/ ’ dﬂ(m)}dt
o L) Uy vy @)
and the integrand is nonnegative and integrable.
We also notice that hy satisfies equation
S hi(t,x) + 2 hi(t, ) + Ao hi(t,x) =0, t>0,2>0, 16
3.16

hi(t fB Yhi(t, y)dy, fO x)hy(t, x)dx = 0.

Next, using the regularity of h (via Theorem 3.2), we may extract a subse-
quence (still denoted hy) such that, for all 7' > 0,

hy —g in C([0,T] x RY), 0<|g|] <Cy N(x),
[ By)hi(t,y)dy — [ B(y)g(t,y)dy in C([0,T]),
I o(x)g(t, z)dx = 0, I o(@)lg(t, x)|dx = L

We pass to the limit in the entropy relation (3.15) and obtain, by convexity in
weak limits,

e

k
- [ e

(3.17)
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But from the Jensen inequality, the reverse inequality is also true thus showing

that
- g(t, z) - gt x)
/0 /H( N(z) Ydp(z)dt > /0 H(/O N(z) du(z))dt.

This equality for H strictly convex shows that for almost all ¢ > 0, on the support
of u, i.e., that of B,

g(t,x) o)

N) (independent of = € supp B).

Inserting this information in the limit in distribution sense of equation (3.16),
namely

Sglt.x)+ 2 g(t,x) +Xog(t,z) =0, t>0,2>0,

g(t,x=0) = [ B(y)g(t,y)dy,
and thus
dg(t,x) | 0 g(t,x)

ot Nz) T ox N@)

Therefore g]\(,t(’j)) = C(¢) and C(¢) is in fact a constant in ¢;

g(t,z) = G° N(z) Va > 0.
Using that fooo g(t,x)p(z) = 0, we find that G° = 0. Now we can conclude that

the limit L of the second step vanishes because, passing to the limit £k — oo we
have L = [ |g(t, z)|¢(x) — 0 for t — oo. O

3.7 Long time asymptotic: exponential decay

Theorem 3.5. Under assumption (3.2), and

Juo >0, st. B(x)> o o(z)

> 110,40 (3.18)

the solution to (3.1) satisfies
/|ﬁ(t7m) —m°N(z)|p(z)dx < e Hot / [n°(x) — m°N (x)|¢(z)dx (3.19)

with m® = [ n®

0 (z)¢p(x)dx a conserved quantity, see Theorem 3.1 (ii).

The assumption (3.18) is restrictive if we have in mind that B can vanish
for © ~ 0 and be positive afterwards because ¢(x) > 0 on the convex hull of the
support of B. But for x large, or close to the end point of the support of B, in
general the quantity ¢(x) vanishes faster than B. See Figure 3.1.
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There are two proofs of exponential time convergence that do not use (3.18).
One is through the Laplace transform, and gives a representation of the solution
but not a precise time decay in functional spaces ([171, 143, 100]). The other one,
[124], is based on the invariants of the renewal equation (surprisingly there are
several conserved quantities like [ ng(x)dz).

Proof. We define
h(t,z) = n(t,x) — mN(z).

By linearity it still satisfies the equation
Sh(t,z)+ 2 ht,x) + Ao h(t,z) =0, t>0,2>0,
h(t,z =0) = [ B(y)h(t,y)dy

Since equation (3.4) is the dual equation, we have again by a simple combination
of these two equations,

g [t 2)o(2)] + 5, [p(t, 2)é(x)] = —¢(0)B(2)h(t,z), ¢=0,z>0,

¢(0)h(t,x = 0) = ¢(0) [ B(y)h(t, y)dy

Therefore (see Section 6.1)
& [t 2)|o(2)] + 3896 [h(t, 2)|6(x)] = =¢(0)B(x)|h(t,z)|, >0,z >0,

¢(0)|h(t, x = 0)| [ B(y)h(t,y)dyl.

After integration in z, we obtain since [ ¢(x)h(t,z)dz =0,

4 [ h(t, ) |g(x)de = —¢(0) [ B(x)|h(t,z)|dz + ¢(0)| [ B(x)h(t, )dx|
—¢(0) [ B(z)[h(t, z)|dx + | [[$(0)B(x) — po(x)]h(t, x)dz|
< =¢(0) [ B(x)|h(t, x) Idx+f 0)B(x) — pod(x)]|h(t, z)|dx
= —po [ |h(t, z)|¢(x)dx
We conclude using Gronwall’s lemma. O

We conclude this section by an explicit example. We take
B(z) =ve ™ v >,
and thus, assumption (3.2) is satisfied. One computes
Xo=v—p, ¢a)=0)e ", N(x)= e "

Therefore the assumption (3.18) is satisfied with py = v.
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3.8 Extension: death rates

As an extension of the previous section, we consider the renewal equation with a
death rate d(x) > 0,

Snt,z)+ 2 n(t,z) +d(x)n(t,z) =0, t>0,z>0,
(3.20)
n(t,x=0) = [ By)n(t,y)dy.

In practice, the death rate d(z) can vary drastically for different species: for trees it
is often constant, for fishes it decreases for small values of = (smaller fish are easier
targets for predators) and increases for larger x, for mammals it is often increasing
and unbounded; Gompertz’s law gives a linear growth of d(z) (this is ‘aging’, the
probability of death increases with age) after some age before which it is constant
(when death arises only by stochastic events independently of age). More recent
theories tend to show that after some age d(x) becomes again constant.

We define "
D) = [ di)dy.
0
Then the equation on m(t,z) = n(t,z)eP® is

gtm(t,x)—kaawm(t,x) =0, t>0,z>0,

(3.21)
m(t,x=0) = [B(y)e "Wm(t,y)dy.
Therefore we are in the simpler situation studied so far.
Exercise. Assume that
B>0, BeL®R"), /B(x)e*m)da: > 1. (3.22)

Write the eigenvalue problem (A N, ¢) for equation (3.20) and show that there
exists a solution with A\g > 0 and fooo N = 1. Extend the existence theory and the
generalized relative entropy inequality. Make the relation between the eigenele-
ments of equation (3.20) and those of (3.21).

FExercise. Assume that

B >0, B € L=(R"), d(x) 3=55 0.

r— 00
Show that there exist eigenelements (Ag, N, ¢), Ao € R (no sign condition in this
case) with [[° N = 1.

At this level we would like to remark that there is no reason to look for a
positive eigenvalue \g. Species can also go extinct in certain conditions, a situation
which corresponds to A\g < 0. However in the case d = 0, the condition A\g > 0
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is necessary otherwise the equation on N only has growing exponential solutions
which do not really make sense (in terms of biological interpretation), and which
would require very specific assumptions on B such as B(z) = 0 for z > 2.

We also refer to Section 3.9.1 for a more specific example with a death rate.

3.9 More realistic models around the renewal equation

Many variants of the renewal equations have been used and studied in various
areas of biology. We give here several examples and explain roughly the modeling
behind them. They are often nonlinear and we recall that such models were already
mentioned in Section 1.5.2 with the Kermack—McKendrick model in epidemiology.

3.9.1 Renewal equation for cell division cycle (one phase)

This section presents some improvement of the arguments in Section 3.7 to obtain
exponential time decay. We show that it is possible to prove an explicit exponential
rate of convergence, in the natural norm, for situations more general than the mere
assumption (3.18). We illustrate the idea on a model for cell division cycle with
a single phase, see Section 3.9.5 for a motivation. This is a special case of an age
structured equation written as

Snt,z)+ 2 n(t,z) +k(@)n(t,z) =0, t>0,2>0,
n(t,x =0) =2 [ k(y)n(t,y)dy, (3.23)
n(t=0,z) = n’(z),

where the function k(-) can be interpreted as a mitosis rate. When cells undergo
mitosis, they are withdrawn from the balance equation at age x with a rate k(x)
and create two daughter cells at age x = 0 with the same rate.

For our theoretical study, we take for simplicity the mitosis rate
k(l’) = ,6' I{acZac*}v ﬂ > 0, T, > 0. (3.24)

We recall here the definitions of the eigenelements, and readily check that they
exist here because condition (3.22) is fulfilled,

2 N(@)+ (k(z) + Xo) N(z) =0, 2>0,
N(z=0)=2[k(y)Ny)dy, N>0, [N(z)de=1,
2 ¢(x) — (k(z) + Xo) d(z) = —26(0)k(z), x>0,

¢ >0, J ¢(x)N(z)dx = 1.
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Because k vanishes close to 0, assumption (3.18) does not hold here. Never-
theless we can obtain an exponential rate of convergence.

Theorem 3.6. We assume (3.24) and
e Pr/2 5 i, (3.25)

then, for some positive function ¢ and uo given in (3.27), we have

[ ftt.0) = mN@d()dz < et [ jna) - mON@)lbahde,  (3.20
with m® = [n°¢ and some py > 0 given in the proof below.

Proof. First step. We compute the eigenvalue Ag. The basic functions N, Q = N¢
are given in this case by

—Xo f <
e or v < Ty,
N(l’) = { 6_(>\0+5)x eﬂx* fOI' X 2 Tx,
O) { 1 for z < x,,
T
2>\oﬁ-ﬂN( ) for x > x,.

Especially, A is defined by 2 [ k(x)N(x)dz = 1 which gives
o + 3 = 20e 0 @, (3.27)

an equation which always has a solution 0 < Ag < S.

Second step. We consider a function ¢(z) to be chosen later (that replaces 2k(z)
in the right-hand side of the equation defining ¢) such that

c(x) >0, /c(x)N(x)dx =1. (3.28)

And we set

qmzl—éﬁwwwm% 0= No. (3.29)

As in the proof of Theorem 3.5, we consider the function h = n(t,z)e 0t —
mYN(x), which still satisfies equation (3.23) (with a different Cauchy data) and
[ h(t,z)¢(x)dz = 0. We have by a simple combination of the equation on h and

the equation ~
o 0(@) = k(x) (2) = —c(),

& [Int o) |d(x)de = — [ |t z)|c(z)dz + [ h(t, z)2k(z)dx

|e(x)
= — [|h(t, z)le(z)dz + [ h(t,z)[2k(z) — po(x)]dx
— [|h(t, z)|e(z)dz + [ |h(t, z)||2k(z) — po(x)|dz.
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In order to choose c(z) = po@(w) + |2k(z) — pd(z)|, for some o > 0, and since ¢
is only constrained via (3.28), it is enough to be sure that

/|2k(x) — pd(x)|N(z)dx < 1.
But, assuming 2k(x) > pu¢(z) for > x,, we have

ﬁz e—)\o €T
(Ao + B)? 7

and this quantity is less than 1 iff 8 < 2\, which is satisfied, in view of the
definition (3.27) of Ao iff

Ty o 6 e o
zes| k(o) po@IN @ = (1) 412

Y
which itself is equivalent to (3.25) and is compatible with the sign condition used

above for z > z,. O

3.9.2 Cell division cycle: numerical results

We now present (Figures 3.2 and 3.3) some numerical results in order to illustrate
the time decay result of Theorem ii.

0 0.‘5 1‘ 1‘5 é 215 3 0 0‘2 O‘A 0.‘6 oje 1‘ 1‘2 1.‘4 1‘6 1‘3 2
Figure 32 SOLUTION OF THE RENEWAL EQUATION IN CASE 1 (PEAKED RENEWAL KERNEL).
LEFT:THE TOTAL POPULATION DENSITY AS A FUNCTION OF TIME. RIGHT: THE STEADY STATE N(a;)

We consider the equation (3.20) with a death rate d(z) = 2. * z/xp + k(2)
where we have fixed an adimensionalisation parameter xs, the birth rate b(z) =
2xk(x) (see the choice of k(x) below) is motivated by a simple case of cell division
cycle (Section 3.9.1). We consider the solution up to the final time ¢ finq = 3*zas.
The eigenvalue Ag is computed numerically (and thus depends upon the discretiza-
tion). One can observe that, after renormalization, the solution converges to a
steady state but with an initial oscillatory behavior. This kind of behavior has
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0.‘5 '; 1‘5 é 215 3 0 0‘2 O‘A 0.‘5 O.‘B '; 1‘2 1.‘4 “5 18 2
Figure 3.3: SOLUTION OF THE RENEWAL EQUATION IN CASE 2 (UNIFORM RENEWAL KERNEL).
LEFT: THE TOTAL POPULATION DENSITY AS A FUNCTION OF TIME. RIGHT: THE STEADY STATE
N(z).

been confirmed and matched to experiments on various types of cells in [221], [60]
.. etc.

As one can see in the numerical tests below, these oscillations are related to
the form of the kernel k(a) used above. We can see that the more ‘peaked’ is the
kernel K, the more oscillations the solution exhibits, thanks to the two cases:

o First case. k(x) = 4% 1, j2o<z<z, ), see Figure 3.2.

e Second case. k(x) = 2 * Ljop<z<azy}) see Figure 3.3.

3.9.3 A renewal system with quiescent/proliferative cells

With the same convention as before, we consider another example of an age struc-
tured model. We let = > 0 denote the age of cells but we now assume two states
for cells: the proliferative state with cell density p(¢,x) and the quiescent state
with cell density ¢(t,x) (this can be also called ‘phase GO’ with the terminology of
Section 3.9.5), thus extending the model presented in Section 3.9.1. The balance
equations for the two compartments are

aatp(t, x) + 8‘9;”10(15, x) + [B(z) + d(z) + o1(x)] p(t,x) = o2(x) q(t, x),

Satx)+ L q(t,x) + oa(z) qt,2) = o1 (x) p(t, @),
(3.30)

p(t,z=0) =2 [ By)p(t,y)dy,  q(t,z=0)=0,

p(t=0,2) =p°(x),  q(t=0,z)=q"(x).

Here o; are the transition rates from one state to the other and B(z) is the mitosis
rate for cells in the proliferative state, since it is assumed that in the quiescent
state there is no birth.
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This model has been studied in [10] and in particular its long time behavior.
It is however easy to study it along with the general theory developed here. There
are eigenelements (Ao, P, @), with Ao > 0, P(z > 0), Q(z > 0) under fairly general
conditions; the formulas are explicit but long to write. Then one has a Generalized
Relative Entropy inequality, following Sections 3.5, 6.3 and 6.4, that explains why
(pe”‘ot, qe”‘ot) converges to a multiple of (P, Q)), again in spaces with the correct
weights given by the adjoint equation.

3.9.4 The renewal equation with diffusion

We now consider the renewal equation with diffusion and show that the General-
ized Relative Entropy method developed in Section 3.6 applies directly.

The equation with diffusion is written

On(t,x) + 2nt,z) +d)ntz) = 2 [v(z) I n(x)], t>0,2>0,

n(t,z = 0) — v(0) aax = [ B(y)n(t, y)dy,

(3.31)
Our notation follows those of Section 3.6; Ag, N and ¢ are the first eigenele-
ments of the stationary problem and dual problem

o N (@) + (d(x) + 20) N(2) = . [v(2) 5, N(2)], =20,
(3.32)
N(z=0) - v(0) 2 N(z=0) = [ B(y)N(y)dy, [ N(z)dz =

— o d(@) + (d(x) + Xo) d(2) = 3 [v(x) 83$¢(x)] +b(z)$(0), = =0,

H0)260)=0, 620, [N(@)da)dr =1
(3.33)

Theorem 3.7. The entropy equalities hold, for all convex functions H(-) and with
the notation 1 = e~ *oln,

o | M@ (" o = Dl ) - D () <0,

where the entropy dissipation due to diffusion and to the renewal terms are

Difa(i(0) = [ 1) N @it (5, ")) 20,
pi ) = 00) [ [y ) - ()
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Proof. We deduce from the equation on N(z) the additional equality

8896 Nzx) —(d(z)+X0) Nix) = ;x [v(x) ai: Nzx)]—%(x)N(m)( ;i Nzx))? (3.34)
Combining equations (3.31) and (3.34) gives us

8 n(t, g n(tx) _ 9 o n(t,
ot T]L\(/( x)) * oz TJL\E(;:)) oz V() 5, TIL\(I(;))]

—2v(z) 3axﬁ(t’ x) aax N(z) = 2v(z)n(t, x)N(m)(aax N%ﬂc))z
_ 0 o n(t,x 5] o n(t,x
= 5 V(@) 5, 1\(/(x))] —2v(z)N(z) 5, N%x) o zé(x))

For any function H(-) we deduce an equality similar to the above, namely

GH(D) + 2B () = 2l 2 H ()] () vl (7))

(z) N(z) oz Y 9z 1\ N(2) N(z) 9z N(z)
—2v(z)N(z )8833 N%ac) aaxH(TJL\(rt(f)))
And it remains to combine it with the equation for IV to ‘undo’ the conservative
form on ?;\([t(f)) and arrive at
(’iatN(x)H(?JL\(/t(f))) +aaxN(x)H(?1L\(ft(f))) + d(z) N(f”)H(?\(fif)))
= S S N@HCNE) - B OV vN @) (5N

We are now close to the entropy inequality for this problem. Using the dual solution
¢ gives the entropy form

50 N(@)ote) H O e = — [ B (NG2) v@)N @)o(e) (3, W) da
O NOHCND) ~ ] H(D)M@N @)z
0)

—v(0)[H ( 1\(/(0))) Ba(c P+ N (Y 0) ) o a%(()()))]
(3.35)
The first line represents the entropy dissipation by diffusion Dd &, and the bound-
ary terms can be treated as follows. Combining the boundary terms on n(t) and
N we first deduce that

V(0)N/(0) Bax 87}0 “) / b(@)N (2)dz — / b@)i(t, @)de

and we arrive, in (3.35), at the term

$(0)[H (g ) IN(0) = (0) 2 N (0)]
+ e FH (NG + H (X)) (M) = Nioy ) Ib(@) N (2)da],

which is the term — DX

qon and which sign results from convexity of H(-). O
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Figure 3.4: PRINCIPLE OF THE CELL DIVISION CYCLE AND ITS PHASES.

3.9.5 A system of renewal equations for cell division cycle

The cell division (mitosis) is the result of a full cycle that a cell should undergo
successfully ([150], Ch. 13). It is usually accepted that the cycle consists in four
phases as depicted in Figure 3.4, (i) a growth phase, denoted G1 (but G stands for
gap), where approximately the cell doubles its size (this is at least well reported
for yeast), (ii) a synthesis phase, denoted by S, where the DNA is duplicated, (iii)
a rest phase, denoted by G2, a usual interpretation is that it is used to check
and repair the errors in S phase, (iv) the mitosis itself, phase M, where the two
DNA folds separate (anaphase) and the cell divides finally. It was discovered in
the early 1980s that the cell division cycle progression is related to variations of
the concentration of certain proteins called cyclins (cyclin B in phase M, cyclin A
in phase S, cyclin C to F in phase G1) and thus we wish to keep this notion in the
mathematical model, see [206]. Also many of the cells stay at rest in a quiescent
phase called GO, typically, skin cells are constantly in the cycle but endothelial
cells are known to stay at rest in phase GO (also called quiescent state) and may be
activated by Vascular Endothelial Growth Factors when angiogenesis occurs (see
Section 5.5.6). On the other hand, the cell division cycle duration is also extremely
variable, from several minutes to several days, depending on the cells [150], [120].

To fit with the above description, the cell population model uses the density
of cells in the phase i, denoted by n; (¢, x), at time ¢t and structured with age z in
the cell, and say i = 0 for the rest phase GO, and i = 1,2...,I with I = 4 in the
above scenario. We call K;_.;y1(x) > 0 the transition rate from phase i to phase
i + 1 depending on the age z in the phase i (K;_ ;41 stands sometimes for Kj_,q
in order to simplify some notation). As a simple model we can have in mind

Ki_,1'+1(3,‘) = klI{CDZL}7 k; >0, (336)

a constant rate after some age x; is attained. These transition rates could be
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controlled by drugs or by the circadian clock, thus leading to a variant
Ki%z#l(tv :L’) = k; (t)I{QCZﬂCi}’ (337)

then k;(t) is switch activated periodically at certain times in the circadian control,
by a therapy in case of therapeutic control. In the case when k;(t) are periodic,
one can apply Floquet theory in order to extend the results of this chapter along
the lines of Section 6.3.2.

Then the evolution of the density in the phase is modeled via a renewal
equation as studied in Section 3.1. We denote by d; > 0 the death rate in the
phase i : as mentioned earlier, it could also be controlled by drugs and incorporate
a circadian rhythm; v;(x) > 0 is the evolution speed in the phase which could also
be controlled by some cyclin level for instance. Hence, for 1 < ¢ < I, ¢t > 0 and
a > 0, we have

St ) + S lvi(@)ni(t,@)] + [di(x) + Kiip (2)]ng (¢, 2) = 0,
vi(O)ni(t,x = 0) = fw’ZO Kz'_l_,i(l‘/) ni_l(t,x’) dl‘/, 2<:1 < I, (338)

v1(0)ny(t, 2 = 0) = 2707 [ o g Kr—1(2") ny(t,2’) da’,

where the factor 2 expresses the doubling of cell number after mitosis phase M
and 0 < 7y < 1 is the rate of cells which continue the cycle after mitosis. For the
sake of simplicity we have not described the phase GO which receives the extra
cells after mitosis and possibly can introduce new cells in the phase G1. Of course
our model is completed by a set of Cauchy data

ni(t=0,2) =nd(x) >0, Vi=1,...,I, VYo >0. (3.39)

This model thus retains some aspects of Rotenberg’s [205] model (see Section
3.9.6) with a discrete set of maturation states (p in (3.40) corresponding to ¢ in
(3.38)) while keeping the main feature that enough phase progression is needed
for transition to the next phase. Several variants exist and in particular age is not
always the best variable. For instance during the S phase, one can measure the
DNA content that should be doubled at the end ([20]). Also the content in cyclins
is a better structuring parameter than age ([22]).

One can develop a theory similar to that of Section 3.2 for the existence of
eigenelements and the long time convergence to the first eigenvector. Namely we
have (assuming that all coefficients are bounded and v; does not vanish)

Theorem 3.8. There is a unique first eigenelement (A9 > 0, N; > 0, ¢; > 0)

(normalized as usual) under the condition

Ki it

1 z di+
QTMH / Ki_)z'_;_l(l‘)e_ Jo Vi dx > 1.
i=1 J*20
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This condition, that replaces (3.2), is obtained by an exact integration of the
steady state equation and following the arguments of Section 3.2.

3.9.6 Maturation structure

Somewhat related but more general is the maturation structured model of Roten-
berg [205]. Then, the physiological structure comes from a maturation velocity
i € [0,1], and the observable state x is the biological age, more relevant than the
physical age, in other words, the degree of maturity (and then x/u is the physical
age in the previous models). Then, the density of population n(t, z, u) satisfies the
transport equation

0 0

M@ 1)+ p g n(t @, p) + D, pn(t o, p) = /K(x, p 1 )n(t, 2, p')dp
(3.40)

with again boundary conditions at = 0, and initial data at t =0,

n(t,x =0,pu) = /b(mﬂyﬂﬂ)n(t, o, p')dy da’

n(t = O,.’II,M) = no(x,u).

This model enhances stochasticity in time evolution of the population thanks to
the kernel K which allows a random change of the maturation velocity, and also,
as in the previous models, in the birth process. This type of equation is called a
kinetic equation because it arises in kinetic physics, see [53, 196]. We also refer to
[92] for other models with the notion of maturity and to [177] for a Generalized
Relative Entropy approach.

3.9.7 Stem cells and hematopoiesis

A model of Mackey and Rey (see [163] and further papers of the same authors)
has been widely studied ([3] and the references therein). It aims at describing the
production of human red blood cells in the bone marrow structuring it in the age
a of cells and their maturity m. Maturity m = 0 represents pure stem cells and
should be present in order to produce the different blood cells. Mackey and Rey
propose to model it with a coupled system of two nonlinear transport equations
that extend the renewal equations. For ¢t > 0, a > 0, m > 0, they write

aatp(ta a, m) + aaap(tv a, m) + G?n [V(m)p(ta a, m)] +d1 (m)p(ta a, m) =0,
p(t,a=0,m) = bg(m, N(Lm))N(t, m),

N(t,m) = [;° n(t,a,m)da;

(3.41)
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Int,a,m)+ Sn+ 2 [V(m)n] + [de(m) + ba(m, N(t,m))]n = 0,
(3.42)
n(t,a=0,m) =2 [bi(a,m)p(t,a, G"*(m))da.

Here, p and n denote the population density of proliferative cells and resting cells,
and Dy, ds their death rate. Cell division occurs according to the term with bq
from proliferative cells (and are born in rest phase).

This system allows us to see at least two interesting features. Firstly, to avoid
boundary condition at m = 0 (which would suppose making explicit a ‘reservoir’
of stem cells with its own independent dynamics, a hypothesis without biological
support), it is assumed that V' (0) = 0 and

™ol
/0 V(m,)dm/ =400 Vm >0, V(m) is increasing.

Secondly, cell division is assumed to push backward the cells in their maturity
state, which is the aim of the term G~1(m) with G € C1([0, 0o[) and

G:RT — RY, increasing, G(0) =0, G(m) < m.

The nonlinear term by(m, N) is decreasing in N.

Important to notice here is that p(¢,a,m = 0 does not vanish but has a
dynamics inherited from (3.41) by contrast with the model for the ovulary process,
still structured by maturity in Section 3.9.8.

This model exhibits interesting behaviors as non-vanishing steady states and,
possibly related to known diseases, periodic solutions [2].

3.9.8 Model for ovulary process

A model involving maturating cells has also been proposed by [93, 94] in order to
describe the ovulary process. Here we just present a simplified version which keeps
some flavor of the model and its nonlinearity.

We denote by n(t,a,m) the density of granulosa cells (it should be also
parametrized by the follicle under consideration and the phases should be taken
into account but we do not do it for the sake of simplicity). Again ¢ is the current
time, a is the age in the cycle as usual and p is a marker for the cell maturity.
Then, the density evolution is driven by the equation

gtn(t, a,m) + 880, [g(w)n(t,a,m)] + Q?n [h(m,u)n(t,a,m)] + dn(t,a,m) =0,

n(t,a =0,m) =2n(t,a = 1,m).
(3.43)
As in the model of hematopoiesis (Section 3.9.7), there is no boundary condition
in the maturity variable because it vanishes at m = 0. Typically it has the form

h(m,u) =m(B(u) —m),
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where u = u(t) = U(U(t), M(t)) is a ‘control’ parameter driven by the level U (%)
of Follicular Stimulating Hormone (FSH in short). More precisely

/ / n(t,a,m)da dm,
a=0

d
dt

where S(M) = Sy + 1+J\1/I(t) denotes the FSH release (from pituitary gland for

and

U(t) = S(M(t)) — kU(1).

instance) and k its degradation rate.

3.9.9 Exercises

Erercise 1. Consider the age structured model for B € C1(R™),
atn(t, x)+ 8‘Zn(t7m) =0, t>0,2>0,
n(t,z =0) = [ B(z)n(t,z)dz, (3.44)
n(t=0,2) =n(z) € C’éomp

1. Give the solution n(t, z) derived by the method of characteristics for the two
cases x < t, T > t.

2. Assuming n° fo x)dx, show that it is a C'! solution.

3. Show that it can be reduced to the Lotka equation on 5(t) = n(t,x = 0),
/ B(s)B(t — s)ds,

4. Give a definition of solutions in a distribution sense for the case when the
compatibility condition on n°(0) is not satisfied.

and identify 3°.

Ezercise 2. For a function V(x) satisfying the Cauchy-Lipschitz conditions of
Section 6.1.1, consider the maturity structured model

{ Sn(t,x)+ 2 [V(z)n(t,z)] =0, t>0, >0,
n(t=0,z) = n’(z).

1. Show that it admits a solution, without need of a boundary condition at

x =0, if and only if
1
d =
/o vy
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2. Prove that the solution is continuous at z = 0 if n? is.

3. a) For V(x) = x, prove there are eigenelements (with infinite mass), i.e.,
Ao >0, N > 0 such that

0

or [V((E)N(x)} + )\oN(:L') =0 z > 0;

b) compute the adjoint state
-V ¢(m) + A d)(x) =0 x > 0;
9 0 — )

¢) is it possible to normalize them with [;° N(z)¢(x) do =17

Ezercise 3 (Cell division cycle with proliferative/quiescent states). The following
model is based on the same type of idea as in Section 3.9.7 for cells with two
states.

Consider the model for ¢t > 0, z > 0,
ip(t.x) + g.p(t.) + B p(t,x) = vq(t,z),
gtq(t7 x) + &q(t, x)+vq(t,z) =0, (3.45)
p(t,z=0) =0, q(t,2 =0)=2B fooo p(t, z)dx.

1. Give a condition on the parameters (B > 0,v > 0), B # v, so that there
exist first eigenelements (Ag > 0, P > 0,Q > 0,¢, > 0,¢4, > 0) and compute
them explicitly, i.e., solutions to

o P(@)+ o+ Bl P(x) =vQ(z),  5.Q(x)+ Mo+ Qz) =0,
P(z=0)=0, Q(z =0) =2B [* P(z)dx;

— 4 9(@) + o + B] ¢(x) = 2BY(0),

— o ¥(@) + Do + ] P(2) = vo(x).

2. Give the conserved quantity and the family of generalized relative entropies
for this system.

3. Give the natural weight for the L' estimate; Give the L™ estimate.

Ezercise 4 (Cell division cycle with several phases). Compute the eigenelements
and prove the result of Theorem 3.8. Write the Generalized Relative Entropy
Inequality.



Chapter 4

Population balance equations:
size structure

For unicellular organisms the renewal equation does not apply, mainly because
age is not the most relevant parameter that determines mitosis (the reproduction
stage). The mass of the cell, its length, its DNA content, the level of certain
proteins as cyclins or some other biological parameters are often more relevant
(see Figure 4.1 for a comparison between budding yeast and bacterium E. Coli).

)

@
\~ ®

Figure 4.1: PrINCIPLE OF CELL DIVISION IN E. COLI (LEFT), AND YEAST (RIGHT).

This chapter deals with size structured models as motivated in [171], which
lead to a different type of equations than age structured. It turns out that these
models are much more interesting in terms of their mathematical analysis, as long
as we stay away from the usual assumption ‘the smallest mother cell is twice larger
than the biggest daughter cell’.
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We call ‘equal mitosis’ the case when a cell of size x divides in two cells of
size x/2. We treat it first because the model is simpler than the general case of
asymmetric division. In both cases we base our analysis on the generalized relative
entropy method, once the model has been renormalized by the exponential rate
inherent to its unrestricted growth. Throughout this chapter, we follow arguments
taken from [198, 176, 173].

4.1 Equal mitosis

In this section we restrict ourselves to ‘equal mitosis’ where cells of size x divide in
two equal pieces of size x/2 with a rate B(x). Hence, we now consider the evolution
equation

n(t,x) + 2 n(t,) + B(z) n(t,z) = 4B(2z) n(t,22), t>0, x>0,

n(0,2) = n(x) > 0.
(4.1)
Again B(z) denotes the division (birth) rate. The boundary condition here means
that cells are not introduced in the system with the smallest possible size x = 0.

In order to explain the factor 4 in the right-hand side we have to argue that
n(t,z)dz is the cell density and when mitosis occurs at size 2z it thus creates
2 % n(2x)d(2z) cells. More rigorously one may consider two quantities, the total
population number and its total size (mass). As it is clear from the modeling,
the transport term ;mn(t, x) leaves the population number unchanged while the
fragmentation term 4B(2x) n(t,2x) — B(z) n(t, ) increases it with rate B(z). To
see this, we integrate in x the equation and obtain

& In( tmdm—4fB2m n(t,2z)dz — [ B(z) n(t,z)dzx

= [ B(z) n(t,z)dz. (42)

Then, we consider the total mass which is increased by the transport term and
left unchanged by the fragmentation term, as we see it also by integration in z
after multiplication by x,

& [an(t,z)de = [n(t,z)de +4 [ 2B(2z) n(t,2z)dz — [ 2B(z) n(t,z)dz
= [n(t,z)dx
(4.3)
In order to understand the global effect of these two partial conservation

laws for each term, we consider again the eigenelements associated to this equa-
tion. They are the solution (Ag, N(x), ¢) to the stationary equations (again, Ag is
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sometimes called the Malthus parameter)

2 N(z)+ (Ao + B(z)) N(z) = 4B(2z) N(2z), x>0, w
4.4
N(0) =0, N(z)>0 for x>0, JoS N(z)de =1,
(@) — (Ao + B(2)) ¢(x) = —2B(z) ¢(3), = =0,
(4.5)

¢(z) >0 for x>0, IS N(z)¢(x)dx = 1.

In this section we do not give the existence theory of solutions to equation
(4.1) because it is recalled in Section 4.2.3 for the general cell division equation.
Let us just point out that it provides us with weak solutions (in L' spaces), with
the weight x, but regularity can also be proved easily for smooth B.

4.1.1 An example: B constant

By contrast with the renewal equation studied in Section 3.1, the equal mitosis
equation has rarely explicit solutions and the existence theory for the eigenvalue
problem (4.4)—(4.5) is more elaborate. Hence we begin with the example (see
Section 4.1.2 for another) of B constant for which a solution is known explicitly
(see [13]).

Lemma 4.1. For B(x) = B a constant, then, the solution (Ao, N(x),¢) to (4.4)-
(4.5) is given by
A0 = B7 ¢($) = 17

N(z)=N i(—n” an e 2" BT, (4.6)
n=0

with ag = 1, ay, = 2”271 an_1 and N > 0 an appropriate normalization constant.

One can easily notice that this function NV vanishes with all its derivatives
at 0 and at infinity. It is depicted in Figure 4.2.

Ezercise. For the fragmentation equation, with k € N*,
2 N(z) + kB N(z) = k*B N(kz), = >0,
N(0) =0,

determine the solution with a formula analogous to (4.6).

Proof. The statement on (Ao, @) is obvious and we only consider the construction
on N being given that \y = B.
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Figure 4.2: STABLE SIZE DISTRIBUTION GIVEN BY (4.4) WITH B CONSTANT. THE SECOND CURVE
SHOWS THAT PREDATION ON SMALL SIZES, MODELED BY AN ADDITIONAL DEATH TERM d(z)N(z),
INCREASES THE AVERAGE SIZE.

We firstly prove that the equation is satisfied. We have

0 e n n+1 —ontlipy
0 N (@) :an_:o(—l) 2" Be

= —2BN + N> (~1)"a,2(2" — 1)Be 2" B2

n=0

= —2BN +2N) (~1)"2ay,_1Be > %
n=1

— —2BN + 4BN(2z).

Secondly, we prove that N(0) = 0. We have
2TL

so that

and

WA=, e y@io1) T (2—1)@ 1)

One can readily check by induction that

n=0

which proves the result as k — oc.
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Thirdly, we prove the positivity of N(x). Multiplying (4.4) by sgn(N(z)) we
obtain

aam |N(x)| +2B|N(z)| = 4BN(2x) sgn(N(z)).

After integration over the half line x > 0, we find

QB/O |N(z)|dx :43/0 N (2z)sgn(N(z))dz.

Thus, dividing by 2B and changing variable y = 2x in the second integral, we
obtain

h = - Sgn y
| N@lae = [ Nwse (v

This proves that sgn(N(z)) = sgn(N (%)) for all z > 0.

On the other hand, the series (4.6) defining N is alternate for, say, 2Bz > 1,
and thus N(z) > 0 for large x, combined with the above sign property we conclude
the positivity of N. O

Uniqueness for the positive solution to (4.4) can be proved also and we refer
to the more general case of Section 4.2.

The principle behind this construction can be understood in a more general
framework that allows us to cover a large class of functions B(z) (see [173]).

4.1.2 A counterexample: size condition on B

We consider another example which can be computed explicitly and which aims
to prove that a size condition on B is still necessary as in (3.2) or (3.22). As
a consequence of this section, notice however that, from this example, the size
condition is no longer [ B > 1! A general result in this direction is stated in
Section 4.2.3 (Lemma 4.4).

We choose
0 for 0<z<1,
B(z)=¢ b for 1<z<2, (4.7)

0 for 2<ux,
and we have

Lemma 4.2. Forb > In2 in (4.7) there is a unique solution (Ao, N(z),®) to (4.4)-
(4.5) and Ao =0 for b=1n2.

For b < 1In2 there is no solution.

Notice that in the case b < In2, the solution corresponds to Ay < 0 and N

with an exponential growth at infinity that we discard here because we cannot
have [N = 1.
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We only consider the existence of (Ag, N) and leave the proof as an exercise.

Ezercise. Consider the value N(1) and try to find the parameter Ag by testing the
possible values A of Ag in (4.4).

1. Show that a solution to (4.4) (with X in place of A\g) is given by
N(1)eMbe=OAt0)z for 1 <z <2,
N(z) =14 e *2b ff‘r N(y)dy for 1/2 <z <1,
0 for  <1/2,

(the value for z > 2 does not play a role here) and conclude that a solution
to (4.4) exists only if there is a solution Ag > 0 to

T(N) := A+ 2b — 4b[eM? — e MY = 0.
2. Show that for e® > 2 then ¥(0) < 0 and that ¥/(\) > 1 and conclude that
there is a unique A\g (and N).
3. For e’ < 2, we write
TN :=1+20X[1—r(D)X], O0<X=e2<1, rb)=2e">1.

Show that ¥(0) > 0, and that the equation ¥'(A) = 0 has at most one
solution A, and that, if this is the case, U(\,,) > 1+ A, > 0 and conclude
that T(A) > 0 VA > 0.

4.1.3 The conservation law and generalized relative entropy

The equation (4.1) admits also a family of entropy inequalities which generalizes
the usual conservation law

jt / (@)(t, 2)dz = 0, (4.8)

A

where we use again the notation n = e~*°'n, a function that solves

aatﬁ(t, x) + Baac n(t,z) + (Ao + B(z)) n(t,xz) = 4B(2z) n(t,2z), t>0, z >0,

(4.9)
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Theorem 4.1. Assume there exist eigenelements (Ao, N, ¢) solutions to (4.4)-(4.5),
then for all convex and Lipschitz functions H : R — R with H(0) = 0, we have,

jt / H(ﬁj\(ft(’ ;)))N(x) 6(z)dx < —Du(t) <0, V>0,

where the entropy dissipation Dy (t) > 0 is given by

Dp(t) = —4/N(2x)B(2x)¢(x) [H/(ﬁ(ta x)) (ﬁ(t, 22) At x))

N(z) N(2z) N(z)
n(t,x n(t, 2z
+H( J\(T(x))) _H( ]\(T(Qm))ﬂdx 2 0.

Proof. Using (4.9), we have

a n(t,x) a n(tx) _ N(2z) [n(t,2z) _ n(tz)
o Ny T 8:1:~7]LV(:Z) =4B(27) () [TZLV(%;) - 7;\1(;) ], )
aatH(TzL\(rt(f))) + aamH(%t(f))) = 4B(2x) JXI((Q;) H’(T;\(ft(f))) [T;\(ft(;;)) - T;\(ft(f))]

On the other hand
o (N(2)¢(2)) = 4¢(2) B(22)N(22) — 2N (2) B(2)$( ).
Therefore
GIN@e@H (NG +4 N@e@H(N)
= 4B2e)N o)) ' (N ) (v = W)
+[46(x) B22)N (2z) — 2N (2) B(2)6(5) H ('N(5)).

After integration in x we arrive at

d > ﬁ(tv :L’) _ > T T z / 9 _ ’ :L’)
) verCyi)) = || sepeontan (y DUy, =i
+ /0 4¢(x) B(22)N (2x) [H(%tgg)) - H(’;\(rt(’;;) )] da.
This is exactly the announced result. O

4.1.4 Exponential time decay to Stable Size Distribution

We set again
n(t,x) = n(t, x)e ot h(t,x) =n(t,z) — /no(y)(b(y)dy N(z).

As we will see in Section 4.2 the entropy inequality implies directly that h(t)
vanishes for ¢ — oo under very general conditions on b(-,-). In this section, we
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give a direct exponential rate of convergence for the case B(x) = B (constant),
therefore justifying that N is a Stable Steady Size Distribution. The following
theorem is borrowed from [198] where one can also find an extension of the method
to non-constant division rates B.

Theorem 4.2. Assume B(x) = B, i.e., Ao = B, ¢ = 1, then solutions to (4.16)
satisfy
1At @) || ey < e PR (@)l ey + 6BIHO| La )], (4.10)

with "
H(z) = / RO(y) dy — 0 as x — oo.
0

Proof. We set
H(t,x) =/ h(t, y)dy.
0
These functions satisfy

0

ot ih(t,x) + 2Bh(t,z) = 4Bh(t,2x), t>0, x>0,

h(t,z) + P

N (4.11)
h(t,z = 0) = 0, / ht,2)de =0, V>0,
0

and

66 H(t,z)+2BH(t,z) =2BH(t,2z), t>0,z>0,
z (4.12)

H(t,x=0)=0, H(t,o0) =0, vt > 0.
First step. We begin with a study of H. We have

0 0
S )P+ 7 [H( )] + BIH(t, 2)e™] = 2B[H(1, 20)e™),
and thus
9 Bt 0 Bt Bt Bt
at|H(t,x)e | + ax|H(t,3c)e |+ B|H(t,xz)e”"| < 2B|H(t,2x)e”"|.
We find after integration in x, using that H vanishes at infinity that
d

dt/ |H(t,z)ePdr <0, / |H(t7m)|da:§e*Bt/ |HO(x)|dz.  (4.13)
0 0

0
Second step. We work on K (t,x) = gtH(Lm). We have

0

0
ot K(t,x) + 2BK(t,x) =2BK(t,2z), t>0, x>0,

Oz (4.14)
K(t,z=0)=0, K(t,00)=0, vt > 0.

K(t,z) +
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Therefore, as in the first step, since
K°%xz) = —h°(z) — 2BH (x) + 2BH"(2x),
we deduce that
S 1K (@) de < e B [ |KO(2)|da
< e Bt [ [|n0(x)] + 2B|H ()| + 2B|H(22))|]dz  (4.15)
e B [ [|n0(x)| + 3B|HO(2)|] d.

Third step. We deduce the time decay of h from this time decay property of H.
Indeed, we compute from (4.12)

0 0

h(t,z) = axH = _8tH(t7m) —2BH(t,z) + 2BH(t,2x),
and thus
fooo |h(t, z)|dx < fooo |K(t,x)|dz + 3B fooo |H(t,x)|dx
<e B[ [In°@)] + 6B [y~ |H(x)|dz} .
From this, we directly deduce the estimate of the theorem. O

4.2 Size structured model for asymmetric cell division

For asymmetric division, the equation (4.1) can be generalized as (x represents
again the mass or volume of the organism)

gtn(tm) + aamn(tm) + B(x)n(t,x) = fxoo b(z,y)n(t,y)dy, t>0, z>0,

(4.16)
which means that a mother cell of size y > 0 divides in two daughter cells of sizes
x >0 and z —y > 0 with rate b(z,y).

For consistency with the modeling one has to impose (it turns out that it is
easier now to invert the variables x and y, and thus to consider the division rate
of a cell with size y giving two cells of size z and y — z)

b(z,y) >0, b(z,y) =0 for y <z, (4.17)
/b(ny)dw = 2B(y), (4.18)
/a:b(m7 y)dx = yB(y), (4.19)
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b(z,y) =bly — z,y). (4.20)

The first assumption takes into account that after division we should have cells of
nonnegative sizes and thus y — z > 0, the second allows us to say that division
occurs giving two cells since, after integration in x we have

o [ntwe = [ [ty e~ [ Bentoi= [Benpa

(4.21)
The third assumption takes into account mass conservation in the division process;
we have, multiplying equation (4.16) by z, and integrating

jt/xn(t,x)da: —/n(t,x)da:—k/xB(x)n(t,@dx = //xb(x,y)n(t,y)dy da.

and thus J
it /mn(tm)dm = /n(t, x)dx. (4.22)

The last assumption just expresses that the model is the same by accounting only
for the size density n(t,z) or n(t,y — x).

This equation also arises in physics to describe fragmentation processes,
[161, 30, 27]. Then the drift (growth) term aamn(t,x) is not present and this is
a fundamental difference. Also, there is no reason to stick with assumption (4.18)
and the number of fragments could be anything (larger than 2 say).

We can recover the renewal equation and the equal mitosis equation as two
particular examples of this equation, for appropriate choice of b,

b(xz,y) = B(y) [0(z =y) + 6(z = 0)], (renewal equation), (4.23)

b(xz,y) = 2B(y) é(x = y/2), (equal mitosis). (4.24)

These choices satisfy the assumptions (4.17)—(4.20). More generally, one can con-
sider, for a parameter 0 < o < 1, the case

b(z,y) = B(y) [6(x =oy) + 6(z = (1 — o)y)], (general mitosis). (4.25)

4.2.1 Existence, regularity and comparison principle

A general, and suboptimal, result can be proved in applying the Banach-Picard
fixed point method as we did in Section 3.3. We state it for the sake of completeness
but do not (re)prove it (see Sections 3.3, 6.6.2).

Theorem 4.3. Assume that B € L>°(RT), B > 0 and that b(-,-) is a measure sat-
isfying (4.17)~(4.18), and (1+ |z|)n°(z) € L*(R"), then there is a unique solution
in distribution sense n € C(R*; LY(R")) to (4.16) and we have

n(l) < ng = nl(ta (E) < nQ(ta x)a
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() Lr@sy < 0| pr@eyel Bl t,

jt/n(t, x)dx = /B(m)n(tm)dx.
If (4.19) also holds, then, with m® = [n°(z)dx,

/mn(tm)dm = /mno(x)dx +tm° vt > 0.
The natural spaces for existence and contraction principle are however some-

what different. Using some stronger assumptions, we also have

Theorem 4.4. With the same assumptions as in Theorem 4.3 and those of Theorem
4.6 for the existence of eigenelements (Ao, N, @), there is a unique solution n €
C(R*; LY (¢(z)dx)) to (4.16) and we have

[ e toterts = [ @t

R+
n(t,z)|e ' p(x)dx = n®(z)|p(z)dx
[ intletofe)ds = [ @)t

C_N(z) <n’(z) <C.N(z) == C_N(z)<n(t,r)e " <C,N(z).

These results follow again from the Generalized Relative Entropy principle
which we give below for the cell division equations. We refer to Sections 6.3, 6.4
for a general derivation of this type of results.

Also for later purpose, we can mention a regularity result similar to that in
Theorem 3.2 for age structure

Theorem 4.5. With the same assumptions as in Theorem 4.4 and with initial data
satisfying

W@ < CNG), () € L (p(a)de),
the solution to (4.16) satisfies, setting n = ne=ot,
/000 |gtﬁ(t, z)|p(z)dxr < C(n°) vt > 0, (4.26)
/000 |6(1ﬁ(t7m)|gb(x)da: < C1(n?%) vt > 0. (4.27)

It is more demanding to establish L> bounds for those derivatives; this
requires a control by CN (z) of the initial birth term [ b(z, y)n°(y)dy, a condition
that is incompatible with the examples 4.23-4.23 we have in mind.

As it is, Theorem 4.5 provides Bounded Variation (BV in short) regularity of
the solution. This low regularity is compatible with discontinuities and thus with
the discontinuity at x = 0 in the age structured case. It also provides local strong
compactness of families of solutions, see for instance [41, 71, 99].
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Proof. First step. Time derivative. We recall the equation

0

atn(t, x) +

0 . ~ o -
)+ o Bla))i(t.) = [ b, y)ict. )y

x
We obtain the equation on ¢(t,x) = aatﬁ(t,x), by differentiating it in time, and
thus ¢ satisfies the same equation. From the contraction principle in Theorem 4.4,
we conclude

/ " lat, 2)| () < / " latt = 0, )| 6(a)da
0 0
But

0

alt = 0.) = = ) 00) = Qo + B)n'@) + [ oy @)y

We may bound [n°| by CoN, replace [° b(z,y)N (y)dy by the other terms of the
equation on N and we arrive at

/0 lg(t =0,2)|p(x)dx < /0 [|6xn0(x) + |6xN(x)|} o(x)dx 4+ 2Co(No + Bur).

Second step. Space derivative. We have

n(t,z) = — _ n(t,x) — (Ao + B(x))n(t,z) + /OO b(z,y)n(t,y)dy.

ox ot

The control of gtﬁ(tm) in the first step and |n(t, z)|||egqCoN (see Theorem 4.4)
gives us a control similar to that on the time derivative. 0

4.2.2 Generalized relative entropy (1)

We follow our computation of Section 6.4 and begin with a general abstract cal-
culation that does not involve the eigenelements. Namely we consider a solution
¥ (t,x) to the dual equation

9 d
PRAGEIR PN

As in the parabolic case, this equation should be understood as a backward prob-
lem. Also we do not assume any relation between B and b(z,y) in this section.

bt 2) — Bla)b(t,z) = — / St y)dy, £ 0, 2> 0.

Lemma 4.3. For smooth functions n, p, ¥, with sufficient decay in x at infinity
and for n(t,x) (no specific sign), p(t,x) > 0 solutions to (4.16) and ¥(t,z) > 0 as
above, we have, for all convex functions H : R — R,

& [t a)p(t, o) H (") ) de = —DT(t) <0,

p(t,x)
D) = [ [ it 2)p(t )bl {HCD) —H(WD)  (4:28)

n(t,z)\n(t,y) n(t,z)
= H' (o) oy — ple 112 dy.
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We have in mind two possible cases of interest for the choice of p and .
The first one is the periodic case along with Floquet theory (see [176] and Section
6.3.2). The other special case here is to take p(t,z) = Ne*t and ) = ¢e ot where
N and ¢ are the eigenelements associated with the eigenvalue Ay (see Section
4.2.3). Then we arrive at

i JO@N@H (™ ) dw = =D (1) < 0,

1(t)= [ [ o)N @b ) { B0 )~ ()

n(t,z)e 0t \ rn(t,y)e ot n(t,x)e Of
_H'( (N()ac) )[ (1\;}()3,) - (N(ac) }dx dy.
(4.29)

This is the result that is used below to explain the long time behavior of solutions
to the cell division equation.

Proof. We now skip the time dependency in our notation and compute successively
(leaving the details to the reader)

o (@) L o (n(x)y _ (W) (n(y) _ n(e)
ot oy ) T 6w Gy ) = S 2@ 9) piay [y = iy 1905 (4.30)

and thus

S H (50)) + 2 H () = H' () J bl ) [ = P 1y

But we also have
S W(@)p(a)) + 5 (W(@)p(e) = (@) [ bz, y)p(y)dy — p(x) [ by, ©)(y)dy,
and thus
5 (v@p@H () + 2 (v@p@H(E))
=Y(z)p(z )H/(p(x))fb
+H(50)) [ [z, 9)¢

Integrating in x this identity and inverting the variables # and y in the very last
term, we obtain the announced equality. O

p(y)n(x)
)0 — "y 1y

(
()p(y) — by, z)(y)p(z)] dy.

4.2.3 Eigenelements

As we did for the renewal equation and for equal mitosis, we now consider the first
eigenelements (and in particular the Malthus parameter Ag)

2 N(z)+ (Ao + B(x))N(z) = [ blz,y)N(y)dy, >0, wa
4.31
N(z =0)=0, N(z) >0 forz >0, JN=1,
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5x (@) = (o + B(2))g(x) = = ;7 by, 2)é(y)dy, = >0,

o(z) >0, [N =1.

As pointed out by the examples in the renewal and equal mitosis cases,
a (large) size condition on B is needed for existence of these eigenelements. A
general argument can convince us of this and gives

(4.32)

Lemma 4.4. If a solution to (4.4) exists, then

/‘X’ B(z)dx > 1/2. (4.33)
0

Proof. Firstly, after integration in x we obtain (using (4.17))
= [ B(z)N(z)dz > 0.
Secondly, integrating again, but between 0 and x, we find

N(z) < [y 2, b(z,9)N(y)dydz < [[Z) [ Ob(z y)N (y)dydz

4.34
~ 2 BN .
Therefore
[N (2)||Loer+) < 2 [ Bz)da | N| poor+),
and if there is a solution, then we should have
[ B(z)dz > 1/2. 0

Our assumptions below are stronger since they imply that

/B —oo,  [2B(@)| gy = o0

Another heuristic reason for the need of a large enough division rate B is that for
B = 0, there is no solution.

Theorem 4.6. Assume that b(-,-) is a measure satisfying (4.17)—(4.18), and that
B € L>®(RY), satisfies, for some constants 0 < By, < By,

Ve >0, B(z)< By < oo,
(4.35)
0< Bmn < B(z), Ver>uz_,

then there is a unique solution in distribution sense (Ao, N,¢) to (4.31), (4.32)
and we have
0 <Al i=bp(1+2bpz_) < Ao < By,
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A
Vi < Ao, /e*””N(x)da: < \ O and e’ N(z) € L¥(R"),
00— M

0 e’ N(z) € LYR™), Vi < Ao,

T
¢(x) 0 + 8 ] +
14z €L (R )7 ax¢ € Lloc(]R )

These results can be improved (see [173]) in terms of assumptions and es-
timates, in particular one can find there the case where B has compact support.
Variants are also given in Section 4.2.5. There, one can also deal with B that
decays to 0 for x large. an assumption which is reasonable because one could wish
to include the fact that for large = cells do not divide.

As noticed in Section 4.1.1, for B(z) = B (a constant) then A9 = B and
¢ =1, because thanks to assumption (4.18) we have indeed

/ b(xz,y) 1 dy = 2B.
0

But the equation on N never has explicit solutions.

Proof. We use the truncated equation presented in Section 6.6.2 and which can be
solved by the Krein-Rutman theorem (see Theorem 6.6). We prove uniform esti-
mates on this model (6.39) having in mind that we choose truncation parameters
€ —0, R=R. — 00, be(z,y) — b(z,y) (in the sense of weak convergence to mea-
sures), and B:(y) = ; foy be (z, y)dz. We would like to point out four difficulties to
keep in mind,;

(i) A specific difficulty related to the approximation with b smooth that implies
B:(0) =0, a constraint that might disappear in the limit.

(ii) Tt is obvious that these estimates allow to pass to the limit, strongly in all
LP(R™T), in the solutions N. and ¢.. Notice that even though b is a measure
in the limit, solutions are well defined (and stable) in the weak sense because
after testing b(z, y) we obtain quantities as [ b(x, y)q(x)dz which are bounded
functions in y.

(iii) The worst case of b is the renewal equation, then we have already mentioned
that N has discontinuity at £ = 0. It also proves some kind of optimality in
the above stated estimates.

(iv) By comparison with N, ¢(x) can vanish as we know again from the renewal
equation.

Because we are going to work on it now, we recall the truncated equation
(6.39) for N, dropping the index € in N and R,

2 N(@) + (A + B(@))N(z) — [ b(a,y)N(y)dy =0, 0<z <R,
(4.36)

N@z=0)=¢ N(@)>0 [F

o N(z)dr =1.
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First estimate. We integrate on [0, R] and find

N(R) + / B(y)N(y)dy < € + By,
and thus
e < e+ By (4.37)

Similarly, integrating between 0 and x, we find

//bzy y)dydz

<e+ 2/ B(y)N (y)dy = —e + 2\, + 2N (R). (4.38)
0

Second estimate. We multiply by z and integrate on [0, R] and find
RN(R) + A [ aN(z)dz + [ 2B(x)N(x)dx
= fOR N(z)dx + fOR fOR xb(z,y)N (y)dydz,

R
N R)—&—)\E/ xN(x)dx =
0

Thus N(R) < 1/R and coming back to the first estimate we also find

e Ze— ot [y Bu)N()dy
>e— p+ fi b N (y)dy
>e— ptbm(l=f7 Ny)dy)
>e— p+bn(l —z_(—+2X +2N(R)))
(see (4.38))) and we arrive, for € small enough and R large enough, at
(1422 _bp)Ae > € — j +bp(1 — 22_N(R)),
which gives an explicit lower bound
Ae > Aem =[e— f+bm(1 = 22_N(R))]/[(1 4 22_by)]. (4.39)
Third estimate. We multiply by e#® and integrate on [0, R] and find
N(R)erf4+ (A, — fOR M N (z)da + [ e B(z)N (x)da
=ec+ fo h Oe‘”b(x y)dxN (y)dy
=e+ [ [ (L pz o+ U0 ) deN (y)dy
et JoO [yt T ) deN (y)dy
Set o B2+ py+oo+ (“f{,) +-)N(y)dy
=c+ [y (L+e")B(y)N(y)dy.
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As a consequence we find (see also the first line of the first estimate, and N(R) <
1/R)

R
/ 4% N (2)ds < (A + 11%) /O — ). (4.40)
0

Fourth estimate. Arguing as in the third step but after integration between 0 and
x, we also find that

" N(z) < A+ §) + b (A + 1)/ (Ae — 1),
and similarly we can multiply by e#* and find by the chain rule that 831 e’ N(z) €
LY(RT).

At this stage we have obtained the relevant estimates on N in (4.36) and we
turn to the estimates on the adjoint equation

— 2 ¢(x) + (Ae + B(2))p(x) — [i by, 2)p(y)dy = e6(0), 0 <z <R,

$lr=R)=0, o@)>0 [ ox)N(@)ds=1.

Fifth estimate. From this equation we deduce that A
0 e
2 (ot Fm) <0
therefore, for some constant C'(A) independent of € we have
VA >0, 3C(A) such that ¢(x) < C(A)p(0). (4.42)

Sizth estimate. Finally we notice that the equation (4.41) can be seen as a backward
transport equation and therefore satisfies the maximum principle and we can easily
build, following [173], an affine supersolution ¢ that is positive at * = R, therefore
o(x) < p(x).

This we cannot do on [0, R], but only on a subinterval [Ag, R] with the func-
tion ¢(x) = x + v where

AOZQ/)\E, V:]./(BM—AE).
Indeed we have to check that, on [Ag, R] we have

6 R
- ¢+(A5+B)¢=—1+(AE+B)¢2/O by, 2)p(y)dy = B(x + 2v),

Oz
and this follows from our choice for Ag, v. B
Then we conclude the sublinearity of ¢ by choosing the supersolution ¢(x) =
K¢(0)p with K large enough so that

o(z) > d(x) + ¢/ Ae on [0, Ag].
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Therefore we have on [Ag, R],

R

0 - _ _ Ao
= g 90) + O+ B@) o) > 00+ [ bl pdlo)dn+ [ b)otw)is

Ao

which is a supersolution to the equation (the same) satisfied by ¢. Therefore ¢ < ¢
and the result is proved. Then the local Lipschitz regularity of ¢ follows directly
from the equation (4.41). O

4.2.4 Trend to a Stable Size Distribution

We are now ready to study under which circumstances the renormalized size dis-
tribution n(t, z)e~*°* can converge in large time to a distribution called the Stable
Size Distribution. This is not always true because the details of the size division
rate b(z,y) is important here and we borrow from [176] the condition: there exists
a C! function I : (0, 00) — (0, 00) such that

{(y = F(Z‘), x> 0} - A= Supp[O,oo[X[O,oo[ b(l‘,y),
(4.43)
ST(x) #1 Va #0.

This condition has to be understood taking into account that b can be a
measure. For instance in the equal mitosis case, we take I'(z) = /2 and this non-
degeneracy condition means B > 0. In the case of the renewal equation, I'(z) = 0
and again non-degeneracy boils down to B > 0. As in this case, it is possible to
improve the condition in order to include the cases where B vanishes but we prefer
to keep simplicity.

Notice also that we only know exponential rates of convergence in specific
cases: renewal equation as already mentioned ([100, 171, 124]) or assumption
(smallest mother is bigger than the largest daughter cell), equal mitosis, see [198]
and its account in Section 4.1.4. Again we recall that the main difficulty is that,
because b(x,y) vanishes for y < x, we cannot hope for a Poincaré inequality that
controls some generalized relative entropy from its dissipation rate, in contrast
with the case of full scattering equation (Sections 6.3 and 6.4.3).

Theorem 4.7. We make the assumptions of Theorem 4.4 and suppose the non-
degeneracy condition (4.43) on the support of b. Then, the solutions to (4.16) tend
to a steady state. Namely, with p = [;° n°(z)¢(z)dz,

lim h In(t, x)e” " — p N(z)| ¢(z) dz = 0. (4.44)

t—o0 0

Proof. First step. We set

h(t,z) = n(t,z)e " — p N(z).
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We first notice that h(t,x) being a solution to the cell division equation (4.16),
the contraction principle in Theorem 4.4 shows that

/OO In(t,z)e 2t — p N(z)| ¢(z) dz | L, t — 00.
0

And it remains to show that L = 0. As we mentioned for age structured models
(see Section 3.6), the contraction property allows us to do so, by density, for the
BV solutions given by Theorem 4.5, i.e., for those solutions that satisfy for all
t>0,

[h] < CoN, / it a)lole)ds < C) | 12w lot)dr < o),

(4.45)
Second step. We then introduce the sequence of functions h,(t,-) = h(t + t,, ).
After extracting a subsequence, still denoted h,, we have h,, — g strongly in
LY([0,T] x RT) for all T > 0, because of the global BV regularity on h proved in
Theorem 4.5 (see also the comments after this theorem). And we have that g is a
solution to the cell division equation (4.16) and

|g(ta (E)| < CON(tvy)‘

Third step. We can now work on the entropy dissipation of h(t,z). From the
Generalized Relative Entropy inequality (4.29), we have, using the square entropy
H(u) = u?,

o7 I o)l )N () ') — Nl Pdedy dt < C.
Therefore, as n — oo,
o0 oo hy (t,x R (t41
Jo o d)(x) ) ( )| N((tac) N((tyg) |2da:dy dt

By the strong limit of h,, we arrive at

o2 J37 $@)b(, )N ()| 4578 — 0¥ |Pdwdy dt = 0. (4.46)
In other words
§GI@D=§Uw% Vt>0, 2> 0. (4.47)

On the other hand, in the limit the entropy dissipation for g/N vanishes in (4.30)
(recall p stands for N in the case at hand) and thus the division part of (4.30)
vanishes for this g/N and we obtain

dg 0y

= 0. 4.4

N T oxN Y (4.48)
Fourth step. Thanks to Lemma 4.5 below we have g(¢,z) = Cst and the mass
condition [ g(¢,2)¢(z)dx = 0 allows us to conclude g = 0 and thus L = 0. O
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Lemma 4.5. Any function u = g/N satisfying (4.48), (4.47) is constant.

Proof. On the one hand, we have
(Oru)(t, ) = (Opu(t,T'(x))) = (Oru) (¢, T'(2)). (4.49)
On the other hand, we have
(Deu)(t,2) = (Ooult, 7)) = (Dult,D(@))) = T'(@)(Dau) (£ T(2).  (4.50)
We deduce gathering (4.49), (4.50) and using (4.48) that
(Opu)(t, T (x)) + V() (0x)u(t,T(z)) = 0, vVt >0, z>0, (4.51)
and from (4.48) we also have
(Opu)(t,T(z)) + (Oz)u(t,I'(z)) =0, vVt >0,z > 0. (4.52)
Combining (4.51), (4.52) we get
(I (&) — 1)(@.)u(t, T(x)) = 0,
from which we deduce, since I''(z) # 1,
(O0)ult, @) = T'(@) (0, )u(t, T(x)) = 0.
Finally using again the transport equation (4.48) we obtain indeed that w is con-
stant. 0
4.2.5 Some extensions and exercises

Ezercise. We can relax the assumption 0 < B,,, < B(z) in Theorem 4.6. We define
a(z) by

[ )y = (1 - a@)a® Ba),
and assume that, as x — 0o, B(x) decreases to 0 but not too fast, namely
a(z) 22 B(x) — (14 60)x > O(1), with 6 > 0. (4.53)
1. For equal mitosis, show that a(z) = 1/2.
2. For a solution (Ag, N) to (4.31) with enough decay in x at infinity, show that

/BN: Ao, /mN(m) =1/,

and

Y /x2N(x) + o /a(m)mQB(x)N(m) =2.
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3. Show that A2 [22N(z) > 1, and Ao [ a(z)2?B(z)N(z) > 1460+ O()\g), and
prove a lower bound on .

4. Conclude that there exists a solution (Ao, N) to (4.31).

Ezercise. In the framework on the exercise above, for 0 < 8 < 1, we define

/ﬁ“%mwmy=u—aamm%%m,
and assume that, as £ — oo,
ag(z) 2P Bz) — (1 +65)z° > O(1), with 65 > 0.

1. Show that (this is always true)

(1—&-6)/1‘BN($) = /\o/xHﬁN(x) —|—/x1+ﬁozg(x)B(x)N(x),

/ 2P ay(x) Bx)N(z) < B / 2N ().
2. Prove, with the assumption, a lower bound on A\g. Conclude that there exists
a solution (Ao, N) to (4.31).

3. For equal mitosis, compare the possible constants v in the time decay rate
B(z) < /(1 + z) for this method and that of the exercise above.

Ezercise. Consider the equation, with B(z) continuous and satisfying 0 < B,,, <
B(z) < B < 0,

e 5, Ne+ (A + B)Ne = [ b, y)Ne (y)dy,
N.(0) =0, JN.=1,
and prove that as e — 0
Ae — B(0), N, — §(z =0).

Hint: Integrate in dx and x dx.

4.3 Population balance equations: other examples,
nonlinear examples

Several other models arise to describe populations in various contexts. In this
section we present some of them, taken from several fields of applications. We do
not present any specific analysis, which can be carried out by methods similar to
those we have presented before.
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4.3.1 Daphnia (size structured models with finite resource)

We take again the model and explanations from [204] and [171] (see also the
references therein) where empirical data specifying the parameters are given. A
physiologically structured population equation is used again to describe algae as
food (wit density F(t) below) for small aquatic insects Daphnia, with more evolved
biological phenomenology than in Section 1.2.2. We now denote by n(¢,z) the
density of Daphnia with size x (here we mean a length),

Snt,z)+ 2 [g(F,z)n(t,z)] + d(F,z)n(t,z) =0, xp < < 00,
g(F,zp)n(t,xp) = [, b(F,)n(t, x)dz, (4.54)

dF Tm
P U(F) —fwb I(F, z)n(t,z)dx.

For example, with some constants v, Z,. ..,

F
Fz) = ( - ) , th rate,
g(F,z) =~ meh+F T . growth rate
b(F,z)=1 P2 F reproduction rate
) = Ha>z;}'m B, +F P )
d(F,z) = p, death rate,
I(F,x) = va? F feeding rate
9 - Fh + F’ g 9

F
U(F)=aF (1 — K)’ autonomous algal dynamics,

or P
U(F) = a (1 - )
(F) -
The first choice corresponds to a logistic growth for algae themselves developing
with constant nutrients; the second choice corresponds to a constant inflow of fresh
non-reproducing food with constant deterioration.

Several remarks explain the shape of these functions:

(i) The positive part in g(F,z) is important and makes the analysis simpler. It
is not always true based on biological evidence; sea-anemones and flatworms
do shrink during food scarcity but highly organized animals like Daphnia
generally do not, according to [171].

(ii) Consequently, there is a maximal possible size zar(F) = 2, F}iF < &, and
growth will stop after it is reached. This justifies considering that g(F, z,,) =
0 and n(t,z) = 0 for & > x,.
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(iii) Setting d = b = 0 and integrating by parts, we deduce that the mass evolves
according to

f n(t, z)dr = 3f g(F,z)n(t, z)dx,

3y fmmF/(Fh+F) Lo Fh+F — n(t, z)dz.

The loose term 3yx® means that maintenance is proportional to the mass of
the animal while the gain term 3vyz,,x? Fhﬁ 5 means that food is absorbed
proportionaly to the surface of the animal, a term that is balanced by I(F, x).

We refer to [46] for an analysis of such nonlinear models. It is much more
complicated than the linear renewal equation. Typically, steady states exist but
are not always global attractors and periodic solutions may exist (see [177]).

4.3.2 Balance law for cell division with finite resources

The size structured model (4.16) can be extended to include an extra-cellular
environment S(¢). An example is, cf. [125],

ot x) + 2 [r(x, S)n(t, 2)] + [d(z) + Bz, )|n(t,z) = [ bly,z; S)n(t,y)dy,
n(t,z =0) =0,

2.8t x) + S(t) = So — [r(z, S(t))n(t, v)dx.
(4.55)
Here r(z,S) denotes the growth rate, B(z, S) the division rate, b(x,y; S) the par-
tition function normalized with

/b(x, y,S)dy = 2B(x, S), /yb(%y, S)dy = zB(z, S).

As usual n(t,x) represents the number density of cells with size x and S(t) a
nutrient shared by the total population (substrate).

Again this model expresses a ‘conservation law’ for the chemical S(t) since
we have

=5 —S5() = /d(x)n(t, x)dz.

(jt [/xn(t, x)dz + S(t)

Other nonlinearities may come in this type of equation. In [24] the author
considers a cannibalistic model for fish farms. They derive a model where the size
structure equation in (4.55) is coupled with the equation

r(z,S) = e*S(t, x), S(t,x) = p(x)*xn(t,-), =R,

(in fact the authors works on the variable  which is the log of the size of the
fishes), b = 0 but death terms are also nonlinear with the nonlinearity ¢ x n n.
The function ¢, ¢ are data.
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4.3.3 A model for internet TCP connections

Transport equations very similar to those presented in 4.2 arise in many other
applications. By curiosity, we present an example here. It is a model for internet
TCP connections which we take from [13]. Here n(t, w) is the density of windows
of size w routed to a router, ¢(t) length of the queue at the bottleneck buffer of
the router.

aatn(t, w) + (1 = k(¢)) 3811; n(t,w) = k(t)[4wn(t, 2w) — wn(t,w)],

(4.56)
fli‘z (t) = max (0, (1 = k(t)) [,~own(t,w)dw — L),

0<k(t) = F(q(t)) < 1.

Typically, the given function F' : RT — [0,1] satisfies F(q) = 0 for ¢ < Q < 1
(some given threshold), F' increasing (and for instance F(q) = 1 for ¢ > Q).
Depending on the queue length, it is decided either to increase continuously the
size of the windows (g small, this is the transport term) or to divide it by a
factor two (g large, this is the fragmentation term). On the other hand, the buffer
treats the messages with a constant rate L > 0 and they arrive with the rate

(1—k(t) fw>0 wn(t, w)dw.

Not only the first equation is remarkably analogous to the equal mitosis
equation (4.1), but the nonlinear term shares several features with those of Sections
4.3.1 and 4.3.2 (they arise through a quantity independent of  or w, saturation
effects are present through the ‘max’).

4.3.4 Huxley’s model and actin-myosin interaction
g : O >

Figure 4.3: PRINCIPLE OF ACTIN-MYOSIN INTERACTION.

A large class of muscles (called contractile or striated muscles, see [150]) work
on the basis of sarcomeres (a kind of biomotor unit a few micrometers long), which
all together lead to the biomechanical properties of muscles. At the individual
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level, sarcomeres are able to create a translation motion (contraction, relaxation
of muscles) by electro-chemical power of myosin-actin bonds (see Figure 4.3). The
(many) myosin heads are linked to a central myosin filament (backbone) but can
move freely until they attach to the surrounding actin soft ‘crystal type structure’
at a distance £ from a potential minimum of this actin structure. Then the myosin
head is attracted towards the potential minimum by a force deriving from this
potential where they have a tendency to detach by another chemical effect: ATP
has filled the actin head and changed its electrical properties. A disymetry of
the myosin potential (itself controlled by calcium ions Ca, ) creates an average
motion in a given direction with a given velocity that is usually denoted &, the
sarcomere velocity.

Huxley’s model [141] aims to describe the density o(t, &) of myosin heads
(also called cross-bridges) attached to the actin structure at a distance ¢ from
the potential center and creating a bulk motion of velocity € (e=strain) of the
sarcomere. Huxley’s model is given by

aatg(tvg) + é{i’@(tvg) = f(g)[]- - Q(tvg)] - g(f)g(hf),
(4.57)

o(t=0,6) =0, 0<% =<1

The rate f describes how many free heads bind to the myosin structure (i.e.
1—o(t,€) after a normalization to unity of the density of free + attached heads).
And g describes the unbinding rate of attached myosin heads becoming free after
ATP hydrolysis. A recent review of the biophysical interpretations of such a model
can be found in [193] as well as magnitude orders for these biomotors with respect
to their size, number and forces created. Control problems are treated in [57].

One of the interesting points of such a model is the possibility to derive a
macroscopic elastic model for the myofibre obtained by the collection of sarcom-
eres. This was achieved in [28] and uses the averaged quantities

ke(t) :/g(t,é)df, (crossbridge density),
R

o.(t) = / Eol(t, &)d¢E, (stressortension).
R
For the special case f(£) + g(§) = Cst and integrating equation (4.57) yields
Lke(t) = F — Cke(t),

(4.58)
4 0.(t) — éke = G — Ca(t).
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On the other hand it can also be derived from a kinetic equation at the
microscopic level

St 0,6) +v (¢, €)

FEOIM(v) = (t,v,8)] — g(E)y (tvf)

t’
HFewt = S V(O] 5 0(t,0,6) = 5[50 (t,0,6)).
(4.59)
Here 9 (t, v, £) denotes the density of myosin heads attached to the actin structure
at a distance £ from the potential center and moving with the velocity v, and M (v)
denotes the (probability) density that a free actin site is reached with velocity v.
The force created by the sawtooth potential V' results in the third term in the
right-hand side and the fourth (and last) one expresses the nearly solid structure
of the sarcomere.

The nonlinearity comes from the self-consistent relaxation speed
. 1
= n(t) /]RXRU Y(t,v,&) dv dE,
with

n(t) = / ot.O)de,  olt,€) = / B(t,0,€) do

In the limit 7" — 0 we expect that

¢(t7 U, f) - 5(“ - é)Q(tv f)a
and after v integration we recover Huxley’s model.
There are two theories for the way this operates:

(i) The potential V' is symmetric (around its minimum ¢ = 0) and the motion
comes from asymmetry in the rates f(£) which has a peak at £ = & > 0
(the equilibrium position of free myosin heads) while g(§) is symmetric (for
instance).

(ii) The potential V' is asymmetric (sawtooth) and the rates f, g are symmetric.
Motion comes from the fact that attachment gives rise in average to a force
always in the same direction.

In both cases the theorem should be: if Fi;; is small enough then there is an
average velocity € in a given direction but to formalize this mathematically is an
open question.

4.3.5 Molecular motors

Besides muscles that were treated in Section 4.3.4, molecular biomotors are nu-
merous and based on motor proteins!, [140]. They are at the origin of all the

IMotor proteins are molecular machines that directly convert chemical energy to work.
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motions within the cell, which can be seen as a huge trafficking system (see [219]
for the terminology and in a neuronal context) where molecular diffusion competes
with oriented transport along various one-dimensional structures (see Figure 4.4
for an example). As one can find for instance in the book [140], recent progress
of experimental devices has made it possible to measure forces at the molecular
size, to visualize the deformation of filaments as microtubules or actin filaments,
to evaluate how an enzyme can find a target. The next step has been to validate
PDE or stochastic models for these phenomena and there are now many interesting
mathematical questions arising from this description.

Figure 4.4: PRINCIPLE OF AN ACTIN FILAMENT PUSHING THE CELL MEMBRANE AND DRIVEN BY
A MOLECULAR MOTOR.

4.3.6 Conventional kinesis

In several papers (see the review [146]), simple models for molecular biomotors
have been derived where chemical energy is transformed to mechanical energy.
The principle we consider here is that some molecule can reach two conformations
(the density of each being denoted by n' and n? below). A bath of such molecules
is moving in a filament and subject to two physical events. First, the filament
induces a smooth, periodic and asymmetric potential seen differently by the two
conformations (and denoted by '(x), i = 1, 2 below). Second, fuel consumption
triggers a conformational change between states 1 and 2 with rates denoted by
v* > 0 below. Being given that, at molecular scale, viscosity is important, this leads
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to the system of parabolic equations for the evolution of the densities n’(t,):

17} 9 0
Gt = fant = S(VE Al £ vinl =vtn? 0 <1 t>0,

2p2 86; n? — 2 (Vyn?) + v2n? = vinl, (4.60)
8amni(x)—V1/Ji ni(z) =0at x =0,1, i=1,2.

Notice that the zero flux condition makes this system conservative,

jt /0 (¢ 2) + n2(t, 2)]dz = 0.

This can be interpreted in terms of our previous theory by noticing that in con-
servative cases the adjoint problem admits trivial solutions, here ¢! = ¢? = C'st,
see (4.62) below.

This model, as well as several other biomotors, was analyzed in [61, 62, 152].
In particular, [61] proved that there is a positive steady state solution (N!, N?)

that one can normalize by fol [N(x) + N?(x)|dz = 1.
—;;le—fz(Vz/)lNl)—&—lel:yzNz, 0<z<l,
— 2 N2~ 2 (VY2N?) + 12N% = uINY, (4.61)
2 Ni(z) — Vi Ni(z) =0atz=0,1, i=1,2.

A simple way to see this goes again through the adjoint system, which is given by

_68:2¢1+V¢1 88x¢1+l/1¢1 vlg?, 0<z<I1,

V2L, (4.62)

2
_aaxQ ¢2 + V’(/)Q 88x ¢2 + l/2¢2
aaw¢i(x)=0atx20,1, 1=1,2.

As already mentioned, it admits the trivial solution ¢! = ¢? = C'st, which proves
that 0 is the first eigenvalue.

The very deep result in [61] is that the system exhibits a motor effect (the
densities are higher near x = 0 than near x = 1 as depicted in Figure 4.5) under
some precise asymmetry conditions on the potentials ¢* and size conditions on the
transition rates v/,

Our purpose here is less ambitious and is to give, without structure conditions
on 9" and v*, an extension to this system of the Relative Entropy property (the
structure behind is of course more general and relies on the coupling through
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Figure 4.5: MOTOR EFFECT FOR ASYMMETRIC POTENTIALS EXHIBITED BY THE PARABOLIC SYS-
TEM (4.60). THE FIGURE REPRESENTS THE STEADY STATE GIVEN BY (4.61) (LEFT THE DENSITIES

THEMSELVES, RIGHT THEIR LOGARITHM). ONE CAN OBSERVE THAT THE DENSITIES CONCENTRATE
PREFERENTIALLY ON THE ONE HAND AS PROVED IN [61].

zeroth order terms). It is not surprising that such systems also admit an entropy
principle because they are positivity preserving. the method was previously used
in [87] for another biomotor, the flashing rachet (the model includes a periodic
potential and thus is related to Floquet Theory.

As a consequence we can study the solution of the parabolic system (4.60)
and in particular prove the following properties of the solution.

Theorem 4.8. Assume the potential * are smooth and n'(t = 0) > 0 are integrable
and bounded. Then,

nt(t=0,-)
N1()

nQ(t =0, )
I e

0< ni(t, x) < max (‘
LOO

) ¥,

Lo

for all z € (0,1), i = 1,2. We define p by
1 1
/ l(t = 0,2) + n2(t = 0, 2)]dz = p / IN'(2) + N2(2)]da,
0 0

then as t — oo, fol [Int(t,z) — pNY(z)| + |[n*(t,x) — pN%(z)|] dz decays to zero
and

nl(t,-) — pN'(-), n2(t,-) — pN?("), in LP(0,1), ¥p € [1, 00].

Again, the proof relies on a General Relative Entropy property of the para-
bolic equation (4.60) that can be expressed as
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Lemma 4.6. For all convex functions H : R — R, and all solutions (n',n?) to

(4.60), we have the General Relative Entropy Inequality
i Jo I @) O + N2 () H () e
=~ [N (DL G2+ N2 B OGS 2, ()12 da
— [N [ (NS = W1+ B W) = B | de
— [N [ (DI = WS+ HOGE) - H (W) | de
<O0.

Proof. Since this computation follows exactly that of the similar principle for
a parabolic equation (4.60), we just indicate again the main intermediary steps
without details. We have

1 2 1 2 2
S () = 2a(m) +2N 2 () & () = 50 & G) =2 Nile — -

Therefore, for any smooth function H, we arrive at

2 1
SNTH(R) =SNG + N () (S8) - L1 NH(R))]
&

= VINZH () [ — ]+ (AN? — s INYH ().
After adding the similar result for the quantity gt N2H (]T\L;) and integration in =,

we arrive at the result. O

Proof of Theorem 4.8. Again these statements are direct consequences of the en-
tropy inequality of Lemma 4.6, and we just indicate the choice of the entropy
function H(-).

L<>O>

For the L™ bound we set (as in Section 6.3.1)
and the choice H(u) = (u — C), concludes the argument. For the L! contraction
principle it is enough to use H(u) = |u|. And the long time convergence again
requires standard compactness arguments that have already been discussed in
Chapter 3 and Section 4.2.4. d

nt(t=0,-)
N()

n?(t=0,-)
HONE()

s

szax(




Chapter 5

Cell motion and chemotaxis

5.1 How do cells move

Chemotaxis refers to several mechanisms through which cells can move in re-
sponse to an external (usually chemical) signal. Several biological devices allow
these small organisms to move. One of them is a family of “propellors” composed
of flagella, very typical for instance of the prokaryotic ! bacteria Escherichia coli,
see Figure 5.1 left, which allow them to swim. Each flagella is activated by a
‘biomotor’ which responds to some chemical signal. This chemical signal can be
directly emitted by the population of bacteria or created by a chemical reaction
between the environment and the chemical emission of bacteria ([40]). Another
example is Proteus mirabilis which can also swim, but in certain circumstances,
can create multi-nucleoid hyperflagellated ‘swarmers” (see [97]). More evolved liv-
ing organisms like Amebae Dictyostelium discoideum crawl by sending forward an
internal “arm” (an actin polymer as in Section 4.3.5), see Figure 5.3. These eu-
karyotes are also famous because they can aggregate under food restrictions. When
the food resources are exhausted these amoebae emit the chemical signal, cyclic
Adenosine Monophosphate (cAMP), which attracts the other amoebae and creates
some kind of transition to a multicellular organism (fruiting body). Changes in
the behavior of the entire body become determinant for survival of the population
afterwards. Precise experiments on the way they react to chemoattractant can be
found in Soll [212], with many questions on the possible interpretations of actual
experiments which could have implications in terms of modeling. Finally let us
mention Myzobacteria which have lived on soil surfaces for billion of years. They
are equipped with two types of motors; they can send a long hair (pilus) in front
of them, stick it into another bacterium, and retract it, thus pulling forward the

1In comparison to eukaryotes, in prokaryotes the chromatin (genetic material) is not enclosed
inside the nucleus but is loosely arranged within the cytoplasm. Moreover there is no structure
like a cytoskeleton to organize the displacement of the components within the cell.
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bacterium; they can also “push” using similar devices ([147], Figure 5.1 right). This
induces a movement which can also lead Myzobacteria to create fruiting bodies.

Figure 5.1: A REPRESENTATION OF BACTERIUM Escherichia coli AND ITS FLAGELLA.(LEFT) AND
OF A Myzobacterium AND ITS PILUS (RIGHT).

Migration of cells occurs in another domain of biomedical science, namely
cancer modeling. Development of cancers are very much related to the ability
of cancerous cells to move, and thus spread and develop faster than healthy cells.
Recently, authors have distinguished the so-called mesenchymal migration, in com-
parison to ameboid migration (see [111]), as represented in Figure 5.2. Mesenchy-
mal migration is characterized by higher levels of adhesion on the extracellular
matrix, of cell elongation, and by degradation of ECM. Another aspect of interac-
tion between cell migration and cancer developments arises for solid tumors; they
can secrete chemical signals (Vascular Endothelial Growth Factors) that produce
the so-called angiogenesis effect. This refers to the formation of capillary network
structure of blood vessels in the direction of the tumor; again the endothelial cells
migrate towards the tumor by chemotactic motion.

focal contact point

Figure 5.2: A REPRESENTATION OF A FIBROBLAST MOVING IN EXTRA-CELLULAR MATRIX ACCORD-
ING TO [111].

Therefore we can understand two very extreme situations. Either the cells
emit a (chemical) signal that attracts the other individuals (we refer to this as
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chemotaxis) or the external signal is consumed by the organism and we refer to
this as angiogenesis model for the sake of simplicity. An intermediary modeling
(in the sense that the chemoattractant is consumed but also produced indirectly)
consists in the chemical synthesis of an exogeneous product and another substance
exhausted by the bacteria ([58, 156, 166]).

These various biological issues and mathematical questions around cell mo-
tion can also be found in the Lecture Notes in Biomathematics edited by Alt and
Hoffmannn [6], in the book of Murray (volume 2) [178] which also contains very
complete information on this subject and in the survey papers [121] for colonies
formation and [137] for mathematical aspects.

In this context, one of the places where mathematics plays a role is to un-
derstand how one can observe collective patterns from individual responses to a
mean signal emitted by the cells themselves. These patterns are typically of two
kinds:

(i) traveling waves are observed, for instance periodic swarm rings for Proteus
Mirabilis ([97]) or band dynamics for Escherichia coli ([40] and the references
therein),

(ii) aggregate formation in E. coli and Dictyostelium.

These questions have attracted very much attention among mathematicians and
physicists. One reason is that an elementary modeling leads to a fascinating nonlin-
ear model (Keller-Segel system) on which the mathematical literature is enormous.
The survey by Horstmann [137, 138] gives the state of the art on these questions.

We present now these models which share the same mathematical structure.
Namely the nonlinearity representing the attracting force arises as a first order
transport term in a diffusion equation.

5.2 Chemotaxis: the Keller—Segel system (d > 2)

The simplest and most classical model used to describe the collective motion of
cells has been developed by Patlak [194] and Keller—Segel [148, 149]. It consists
in a system which describes the evolution of the density of bacteria o(¢, ), ¢ > 0,
x € R? and the concentration c(t, ) of the chemical attracting substance,

aatQ — Ap+div(oxVe) =0, t>0, x € RY,
OégtC—AC—FTC:Q, (5.1)
o(t =0) =" € L* N LY (RY).

The first equation just expresses the random (brownian) diffusion of the cells with
a bias directed by the chemoattractant concentration with a sensitivity x. The



114 Chapter 5. Cell motion and chemotaxis

chemoattractant c¢ is directly emitted by the cell, diffused on the substrate and
7~1/2 represents its activation length.

The notation Ll+ means nonnegative integrable functions, and the parabolic
equation on g gives nonnegative solutions (as expected for the cell density)

o(t,z) >0, c(t,x) > 0. (5.2)

Another property we will use is the conservation of the total number of cells
m° ::/ 0 () de = / o(t,z) du. (5.3)
R4 R4

We have set the problem in a full space for the sake of simplicity (the situation
is complicated enough without bounds). On bounded domains €2, one uses the no-

flux boundary conditions 8811 0= 8‘9Vc = 0 on 0 denoting by v the outward normal.

We will mostly consider the limit o, 7 — 0 and fix the positive parameter
X > 0 (for an optimal result on the parabolic problem see [66]). Then, the Laplace
equation admits several solutions ([98]) and, of course, we consider the solution
determined by the fundamental solution. We obtain (o =0, 7 =0 in (5.1))

aatQ — Ap+div(oxVe) =0, t>0, x € RY,
Vem A Soxo. da=1/(dlBal), (5.4)
o(t =0) =" € L= N LL(RY).

In two dimensions the situation is somewhat misleading because the corresponding
concentration ¢ = Az In|z| % n is not positive. This means that the situation has
been oversimplified, which is obvious from the beginning in view of more realistic
literature [164, 178].

This system has been widely studied since the 1980s ([59]) and a recent survey
of the mathematical results is due to Horstmann, [137, 138]. To present roughly
the reason why the mathematics of this system is so interesting, let us mention
that in dimension 1 there are global smooth and unique solutions. In dimension 2,
the Keller-Segel system is critical in L' (for the dimension d it is critical in L%/2).
This means that for small initial mass it has been proved (initially by [145]) that
the system is well-posed globally in time (see also 5.3 below). But there is blow-
up, i.e. the solution does not remain bounded, for large mass. Radially symmetric
solutions, and the various types of blow-up, have been widely studied: the density
o concentrates as a Dirac mass [127, 225, 78, 39, 208]. Numerical evidence of the
creation of Dirac masses in non-radial situations is shown in [168] as well as the
evolution of Dirac concentrations for this numerical solution. Figure 5.4 presents
a computation in a rectangle with zero flux boundary condition on ¢ and Dirichlet
boundary condition ¢ = 0.



5.2. Chemotaxis: the Keller-Segel system (d > 2) 115

. .

Figure 5.3: MoTioN oF AMOEBA DICTYOSTELIUM DISCOIDEUM IN REACTION TO A CHEMOAT-
TRACTANT EMITTED FROM THE DARK POINT AT THE UPPER LEFT CORNER.

5.2.1 Free energy

The Keller—Segel system (5.1) admits several a priori estimates which reflects
the basic modeling assumptions which have already been mentioned: the solution
remains nonnegative and the total mass is conserved

o(t,z) >0, / o(t, x)dx := mP.
Rd

It also admits a dissipation principle for the free energy E..(t) which has been
widely used ([35, 114, 181, 137, 138] ...etc). In the case @« = 7 = 0, ie., of
equation (5.4) which is the only we treat here, it is defined as follows:

Ece(t) = [aloIn(o) — Yoc] du,
(5.5)
dc‘) = — Jga 0|V In(0) — xVe|? dz < 0.

The main property of this energy is that it is composed of two terms; the entropy
fRd oln(p (which is in essence positive because small values of o do not count in
practice) and the (negative) potential energy — X fRd oc. This competition on signs
allows for a competition between the dissipative (diffusion) term and the drift.

To derive this free energy principle (5.5), we compute

+0cldx
Acfc+ref e dx

it Joa 0c dv = fRd[ Cot@

= fRd[Caa e

= fRd[Caa
= Jrales

catAc+Tcat cldx
o+cf o] da.
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Therefore
3 dt f]Rd ocdr =X [pa Cat dx
= X Jpa c[Ao — div(oxVe)] dx
=X Jga Ve[=Vo+ oxVe].

But we also have,

9 fRd oln(p) = [pa(14In(0))[A0 — div(oxVe)] da
= fRth’l (0)[-Vo+ oxVc.

Subtracting these two equalities, we recover (5.5). O

The free-energy inequality is reminiscent of Poincaré and log-Sobolev inequal-
ities (see Section 6.5, [12, 155, 228]) because it can be stated as

d / eXulln(u) + Xc] = —4/ |V v/ul?, u = pe X
dt Rd 2 R4

It is usual to look for an additional inequality for the dissipation rate in entropy
inequalities. We let the reader check the following identity (for x = 1),

d c 2 92 |VC|2
dt/Rde [|V\/u| + Z /R

0%c  dyu O/u
+Z / 8%8% Ox; Ox;

i,j=1

0%u  Ovu 0Vu 2
Vu  0yu 9y Il
Bxiaxj 8:51» a(Ej

This free energy also appears in various other fields of application and has
been studied first in the context of vortex systems in [44]. In particular, the ‘critical
mass’ of chemotaxis appears in this paper as a ‘critical temperature’.

Remark 5.1. The free energy for the full model (5.1) is given by
Eee(t) = [ga [0In(0) — x0C + §[|Ve]* +7¢]] da,

Eec(t) = = Jpa 0|V In(0) = xVef? dx — X* [, |57[dz < 0.

5.2.2 Existence for small %2 norm (d > 2)

We begin with the general situation of the Keller-Segel system set in R¢ for d > 2
and will come back to the dimension d = 2 later. We show the existence of solutions
for small initial data. The natural scaling here leads us to consider the space L%2.
For a theory in more elaborate spaces see [32].
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Theorem 5.1. Let d > 2. There is a universal constant K(d) such that if
e L'®RY, x|l parzme < K(d), (5.7)

then the system (5.4) admits a global weak solution o € L (R*; L* N L¥/?(R%)),
and

le®)llzerzgay < Il pazay, @ € LMHI2(RY x RY),

(5.8)

ng/4 S L2(R+ X Rd)7 ||VC||Ld(d+2)/(d—2)(]Rd) S L1+d/2(R+),

[e%) + q 3 d
Ve(t) e LXRGLU®RY), T <q<d (5.9)
and,
o)l Larz(ray < C(d) m® t=7 for t>0, B=(d—2)/2,

(5.10)

lo(®)|| Loay < C(d) m® t=F fort > T(d,p), B=5(1- ),

for o” € LP(R?), p € [1,00].

This theorem expresses that in the smallness regime, the quadratic term of
the equation (namely nVc) is so small that it does not have a qualitative effect.
Indeed, the time decay stated here is exactly that of the heat equation for an
initial data in L'(RY) because

— 2 —
I | gy < CI°l@e 77 8=, (0= ).

1
e
(27t )d/2
In fact the last inequality of (5.10) can be improved to a regularizing effect like
hypercontractivity, because one does not need the additional assumption ¢ &
LP(R%), the mere L%? norm is enough, see [66].
Many variants and other results follow from the proof below. It is possible

to show that this weak solution has more regularity (in Sobolev spaces) when the
initial data has. We do not prove it here and refer to [35] for instance.

Proof of Theorem 5.1. We begin with a formal a priori estimate, based on an
argument due to [145], then we deduce the long time convergence to 0. Finally, we
indicate how to make the argument rigorous.

(i) The theory is based on the following a priori estimate for solutions to
(5.4). It is obtained after multiplying the equation by p o?~*.

(;lt fRd Qp + 4;0;1 f]Rd |v9p/2|2 = _(p - 1)X f]Rd VQP : VC
= (p—1)X Jga 0P (5.11)
< C(d, p)X fga [VoP"?* |l pas2
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after using Gagliardo-Nirenberg-Sobolev inequality (6.34).

We now choose p = d/2, and this leads to the inequality (with C(d, 621) =
.00, 1))

4 Jea 0% <492 [C(d, Dxllel parz — 1] fya V0¥

So, whenever we have initially
C(d, §)xlle°llpars < 1/2,

i.e. condition (5.7), then [p, o(t)%? decreases for all times t > 0 (because the
above condition remains satisfied) and the a priori estimate (5.8) follows because
after time integration between 0 and ¢ we find

2d;2 fot f]Rd |V@d/4|2 < fRd(QO)d/Q’

as t — oo we obtain the L? estimate. The control of [, oP*! as in (5.11) gives
the estimate on ¢'*%/2. Then, we apply the Young convolution inequality to the
equation on Ve in (5.4), (a) from the bound ¢ € L't9/2(R* x R?) it gives the
last inequality in (5.8), (b) from the bound ¢ € L>®(RT; L' N LY/?(R%)) it gives
directly (5.9).

(ii) To go further and prove that | g| a/2 vanishes, we use the Gagliardo—
Nirenberg—Sobolev inequality (6.34) departing from the conclusion of step (i),

4 fa0¥? < —C [o, Vo4
<—C [ /lell sz
< _C(mo)(g_l)(1+d/2)/9||Q||Sj/2d/279)/6

after using the interpolation inequality [|ol|pa2 < (m°)'~%|o)|%,,4/, with 6 =
1— f.
We set u(t) = [|o(t)|| pasz2, set @ = (14+d/2)(1 —0)/0 > 0 and thus arrive at

Bt du(t) < —~C(m)~u(n) 92000,

and thus
u(t)(—l—d/2+d9/2)/0 ;tu(t) < —C(mo)_o‘,

which also leads to

ijtu(t)_o‘ > C(mP%)~.

From the above differential inequality, we deduce that || o(t)| a2 < C m® t*/« for
large time. Therefore the time decay statement is proved with = 1/a = (d—2)/2.
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(iii) We prove (5.10) coming back to (5.11). Since we have proved that
llo(®)|| Las2 decays to zero, for ¢ larger than some T'(d, p) we have C(d, p)|lo(t)|| a2 <
; and recover the same situation as in step (ii). We leave the corresponding cal-
culation to the reader.

(iv) In order to prove the existence of a solution with the above properties,
we consider an approximation of equation (5.4). We regularize the equation on ¢
by a convolution

—Ace = 0 * we, (5.12)
for some regularizing kernel w. = },w(¥) with w € DT(R?), [;,w = 1. Then,

following the standard parabolic theory, the system of the drift-diffusion equation
on (ge,c:) admits a unique smooth solution, with fast decay in space, when the
initial data is regularized and truncated. Then, we notice that the above a priori
estimate still holds true since the only modification in the argument consists in
the additional lines

fRd Vot -Vee = — f]Rd of Ace
= f]Rd Qzej Q¢ * We
< (fnw oP 1P/ (p+1) (fnw(é’f * we )P/ (p+1)

S f]Rd Qg+1

As a consequence, the a priori bounds in the theorem hold true uniformly in € and
thus we can pass to the limit. This is easy because of the space gradient estimate
that also follows from the a priori estimate, and because of the Lions—Aubin lemma
which provides time compactness. In the limit, we obtain the results of Theorem
5.1. O

5.2.3 Blow-up for large initial data (d > 2)

We continue with the dimension d > 2 and adapt an argument due to Nagai
[179] to prove that blow-up occurs for large initial data. It was originally given in
[31] and uses a smallness condition homogeneous to the L%2 norm although it is
different (see the comment below).

Theorem 5.2. For d > 2, we still set m? := Jga 0%(z)dx. There is a constant C,
small enough, such that when

2
x/ " o°(z)dz < C (x m°)¥ @72,
Rd 2

then there is no global smooth solution, with enough decay in x at infinity, to the
Keller—Segel system (5.4).

Also, notice that the assumption on the small L?(R?) norm for the existence
Theorem 5.1 is in opposition with the smallness assumption in Theorem 5.2. To
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explain this we argue as follows. Let R > 0, then we have
= Jga 0°(z)dx
< oz ry @ @2 + [ < gy 0 (2)dz
2
< Jqazny e @ @)de + O R [ [y 0 (@) 2da]?/
= pm3 +C R [0l parzra
= 1l Q117413 gy (m§) =27,

Ld/Z(Rd)

and the last line has been obtained with an appropriate choice of R = m3/||0°|| a/2.
Therefore the assumption that (m3)?=2/(m)? is small turns out to be incompat-
ible with a small enough norm ||Q0||Ld/2(]Rd).

Proof. We still denote ma(t fRd o(t, x)dx and use the formula
Ve(t,x) = —Ad Jga a0t y)dy.
Next, we compute using mass conservation,
dma(t) =dm® +x [pao(t,z) z- Veda
=dm® —x A [ga,ga 0(2)0(y) "Elw(w;ﬂ) dx dy
—dm® =X [ oo(@ely) ), Las dr dy

after using the symmetry in the variables z and y in the last term. Then, we arrive
at

jtmg(t) <d mO — 2>}<:id>\f2 j‘IZL’*yISR g(x)g(y) dz dy

<dm® — 2% (m)? + 0 [l s o@)oly) de dy
<dm® — 50 (mO)? + X2 fpupe 0(@)o(y)le — y|* do dy
<dm® — 50, (m0)? + 2R mP [, [xPe(x) da
<dm® — X2, (m0)? + 4>f3d’\d m® mo(t).

We choose R = i (x m®)Y/(4=2) with > 0 small enough and we find

ama(t) <m0 [~1+C X))

When x ma(t = 0) is small enough compared to (x m°)?, then ma(t) decreases
for all times and thus we conclude
dma(t) <mP [-1+ C(X ;fzg‘)‘j}?}_m] <0 (and is constant).

This leads to a contradiction since mz(t) cannot vanish for smooth solutions. O
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5.3 Critical mass in dimension 2

In this section, we show that in dimension 2 the situation can be made more precise
because there is an explicit critical mass, meit = 87/x. We prove the global well-
posedness in R? for solutions with smaller mass and blow-up for larger mass (recall
that mass is conserved according to (5.3)). The following result is proved in [88, 36]
and similar thresholds are known in bounded domains ([114, 137, 138], see also
[181] for the case of a parabolic equation on c).

The mathematical interest here is also to prove existence with an energy
method rather than direct estimates based on Sobolev inequalities as in Sec-
tion 5.2.2 and [145]. This strategy turns out to be much more accurate because
the Gagliardo—Niremberg—Sobolev inequalities introduce thresholds on the critical
mass that are not exact.

Theorem 5.3. In R?, assume [, |2|?0°(x)dz < cc.

(i) (Blow-up) When the initial mass satisfies
m® = / 0 (z)dx > Merit := 87/, (5.13)
R2

then any solution to (5.4) becomes a singular measure in finite time.

(ii) When the initial data satisfies [g, 0°(x)|log(0°(2))|dz < oo and
m° = /IR? 0" (2)dxr < Myt 1= 87/ X, (5.14)
there are weak solutions to (5.4) satisfying the a priori estimates
| ellmn(ete)] + laP] dz < o),

lo(®)llLrr2) < Clp,t,0°)  for &%l eme) < o0, 1<p<oo.

Remark 5.2. (i) A generic argument in [179] proves blow-up of solutions for
Q) = B, a ball under the conditions that the initial mass satisfies

/ 0°(z)dx > 8/,
B

and that the second moment in z is also small enough. In more general
bounded domains, still with no-flux boundary conditions, the critical mass
is 47 because blow-up may occur on the boundary which intuitively acts as
a reflection wall.

(ii) For radial solutions in R?, we will prove in Section 5.4 that one does not need
a finite second moment for blow-up with a supercritical mass. A more subtle
condition is however needed.
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We also refer to Section 5.4 for more information on the blow-up (chemotactic
collapse) in the case of radially symmetric solutions. For the case of more elaborate
geometry our knowledge relies also on computations (see Figure 5.4 for instance).

CCHEMOTAXIS> CCHEMOTAXIS>

DEMGITE 4o WACTENIES LOC) Stepr 108 T Cad= 105 DEMGITE 4o WACTENIES (LOG) Step: 1329 T Cadm 2400
M -1 06 LT
Faur B TR Fau 10 4mE

(T ate (P ] ] at= 18

Figure 5.4: CHEMOTACTIC COLLAPSE FOR KELLER-SEGEL MODEL (5.4) SET IN A RECTANCLE.
THIS IS A LOGARITHMIC SCALE AND FOR SYMMETRY REASONS, ONE FOURTH OF THE DOMAIN IS
SHOWN. BLOW-UP IN FACT OCCURS IN THE LONG CENTRAL AXIS OF THE RECTANGLE. (COURTESY
OF A. MARROCCO)

In the next subsections, we first give a proof of the blow-up statement (i) and
then we consider existence (ii). More details and additional results (in particular
on the long time behavior and intermediary asymptotic) can be found in [36].
Notice also that the above results extend to all dimensions for the log interaction
kernel on ¢ (see Section 5.5.4 and [48]).

5.3.1 Proof of blow-up, concept of weak solution

Formally the blow-up proof is very simple, and the difficulty here is to prove
that the solution becomes a singular measure. We follow Nagai’s argument, first
assuming enough decay in x at infinity; afterwards we state a more precise result.
It is based on the formula

Ve(t, ) = —)\2/

R2 |7 —

T —y 1
t,y)d Ao = .
y|29(ay) Y, 2 o

Then, we consider the second x moment

|z[?
mz(t) = Q(t7 x)dx
Rz 2
We have, from (5.4),
2

dma(t) = fpa 1 (Do — div(exVe)dr

= Jpo[20 + xou - V]da

=2mY — X)\2 f]R2><]R2 Q(tv $)Q(t, y) z|:E(f;|.g)

= 2m0 - X;Q f]R2 xR2 Q(tv x)g(t’ y) (zjg)—i(ﬁ;y)
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(this last equality just follows by a symmetry argument, interchanging x and y in
the integral). This yields finally,

Therefore if we have m® > 87/, we arrive at the conclusion that mz(t) should
become negative in finite time which is impossible since g is nonnegative. Therefore
the solution cannot be smooth until that time.

In order to go further, analyze more precisely this proof and prove the state-
ment (i) of Theorem 5.3, we need a concept of weak solution to the Keller—Segel
system that can handle L! solutions and that was used in [208]. To do that, we
use the usual definition of solutions in distribution sense but take advantage of
the symmetry in the drift term. Let ¢ € D(R?) be a test function, and test it in
(5.4); we arrive at

& Jae ¥(@)o(t, )
= fR2 A(ﬁ(iﬂ)g(hl’)dl’ - ;ﬁr f]R2><]R2 V(ﬁ((ﬂ) \;:;‘2 Q(hm)g(t, y)dl’ dy.

In this equation we still need to make sense of the singularity of order 1/|z — y|.
This can be avoided in defining solutions as uniformly bounded measures in x,
and weakly continuous in time, such that

it Je2 (@)t )
= fRQ A’(/)(Z‘)Q(t, l‘)dl‘ - 4>; fRQ < R2 [Wﬁ(x) - VW?/)] \;:5‘2 Q(t7 l‘)Q(t, y)dx dy
(5.15)

Because [V (x) — Vi (y)]. ‘f__;"Q is bounded by 1, this definition of weak solutions
makes perfect sense for o € L>(R*; L' (R%)).

Notice for instance that weak solutions are mass conservative. Indeed, we
can choose a test function ¥ (x) = ¢(|z|/R) with ¢ a smooth function such that
P(r) =1for r <1/2, ¢(r) =0 for r > 1. Then

| g2 Avr(2)o(t, 2)dz| < S [ge o(t, z)dx

0,

R—o0

[ s s VR () = Vibry)]- S olt 2)elt,y)de dy
< fo Jpasge 0t v)o(t, @)dydx dy H—— 0.

Therefore, passing to the limit R — oo, we arrive (say test against a test function
in time) at
d
t,x)dr = 0.
& /R | ot z)

With the help of this concept of weak solution, we can also prove
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Lemma 5.1. A weak solution to (5.4) in the sense of (5.15) that satisfies
/ (1+ |2[2)e(x) do < o0
R2

also satisfies, as long as it is an L'(R?) function,

d 9 0 m°
tz) de = 4m® (1 — . 5.16
o [ le oty o —am® (1= (5.16)
Remark 5.3. This concept of weak solution has only interest before the concentra-
tion as measure. Indeed, as proved in [208], the measure n(z) = Md(z) is a weak
solution in the sense of (5.15) (once correctly defined for measures, which is not
direct), only for M = 4;. Indeed, for that measure, (5.15) reduces formally (or for

radially symmetric approximations of that measure) to

M2XA1/J(0).

M2X o~ s Yiyj
0=MAY(0) =", * > DEu(0)(("3) = MAG(0) - "

2
= ly|

Proof. Consider a family of functions ¢ (|z|) € D(R?) that grows nicely to |z|? as
R — o0 as in the above argument for the total mass. Then we compute, as before,

c(lit Jre YR o dr = [po AYR 0 dx
— X e (Vr(@)—Vr(y)) (x—y) o(t,z) o(t, y) dz dy.

lz—yl?

As before, both terms in the right-hand side are bounded (because Ayr and
(VYr(2)—VYr(y)) (x—y)

lz—y|?
uniformly bounded and thus fRQ YR o0 dr < oo. Finally, as R — 0o, we may pass to
the limit in each term using the Lebesgue monotone convergence theorem (as long
as we can dominate the various terms by the L' function p). In this circumstance,
we can pass to the limit and obtain equality (5.16). O

are bounded). Therefore the quantity fRQ PR 0 dr remains

This lemma concludes that o(t,z) cannot remain an L! function after the
first time t* when

0
/ |z|? 0°(x) dx + 4m° (1— " ) =0,
R2

Merit
and the statement (i) of Theorem 5.3 is proved. O

For more about profile of solutions around isolated blow-up points, we refer to
[127, 225], for the Hausdorff dimension of blow-up points (in the hyperbolic case),
we refer to [78] and for dynamics of Dirac concentration points after blow-up, to
[226].
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5.3.2 Existence proof

We follow again [36] and decompose it in two steps. First, we prove equi-integra-
bility and then prove the propagation of LP? norms. As in the higher dimensional
case, we just derive a priori bounds on the solution and we skip the regularization
argument which was already given in Section 5.2.2.

First step. Equi-integrability. We use the energy (see Section 5.2.1)
E(t) = [peologodr+ X [ [po, e o(t,2) o(t,y) log|z — y| dx dy,

and recall that £(¢) < £°.
We also recall the logarithmic Hardy-Littlewood—Sobolev inequality (see Sec-
tion 6.5), for any function f > 0 with [, f =m° and [, f|In f| < oo, then

0
" Joe Flog fdr + [ [pe g f(2)f(y)log |z —y| dedy > C(m°).
Combining these two inequalities we find

Jgz o(t,z)log o(t, x) dz < E — X [ [eoype ot x) o(t,y) log|z — y| dxdy
<& - LCm+ m":(]f Jg2 o(t, ) log o(t, ) da.

For ™’ <1 this provides an a priori bound

Mecrit

Jgz o(t,z)log o(t, x) dx < Cy := ) Lo (& — LomD). (5.17)

Merit

On the other hand the inequality (5.16) also provides a bound
Jgo [2]20(t, ) do < Co(T), vVt <T.
Combined with (5.17) it gives our final estimate for this step,

Jge ot )| log o(t, )| dz < C5(T). (5.18)
Indeed, we write
Jocr0@®)|logo(t)| = [z o(t)|log o(t)| + [, a2 <,y 0(1)] log 0(t)]
< [lz2em1oP + [ |z20(t, z)dz < C + C' t.

From the inequality (5.18) it is possible to deduce the existence of weak
solutions (see [88]). Here we continue and prove LP bounds.

Second step. LP estimates. We use now Gagliardo—Nirenberg—Sobolev inequality
(the constant is not optimal here)

Jgz [ dz < 42 [ w07 da [, [Vul? da. (5.19)
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Then, (5.4) yields, for k > 1,

2 o—k)ET! (o—k)?
dtf]RQ p(p— 1+) < =0 Jwe V(e - kY212 da 4 X fa] o kEp—1)
p—1
12 de
< —;2 Jg [Vul? do + X u?dz + C(k, p)x[m° + [z2 (0 — k)" da]

after using Young’s inequality with v = (o — k)ﬁ_/z and v = pzl. Next we use
(5.19) and for k > 1,

Iny (o) _ C(1)

WO = (k) <ot <

with the constant C3(t) deduced from step 1. We arrive at

5 fRQ o— k) dz < C’(k p)x[m° + Jg2 (0 — k)1 dax]
ps [(p + 1)2513((;)) - 4p] fR2 |vu|2'

We can now conclude the proof. Being given p > 1 and ¢ > 0, we choose k large
enough so that the last term is negative and we conclude the proof of Theorem
5.3 (i). O

Ezercise. Consider the more general problem, say with ¢ > 0 and b > 0,
aatQ — Ap +div(0*Ve) =0, z € R?
—Ac= ", zcR? (5.20)
o(t=0) =" € L>* N L (R?).
Use a variant of the proof to show that,
(i) there is a global control of LP norms whenever a + b < 2;

(ii) (ii) when a + b = 2, a smallness condition like (5.14) is needed.

See also [139] for higher dimensions.

5.4 Keller—Segel system: radially symmetric solutions

In fact [126, 127, 180] have made precise the type of blow-up that can occur in
system (5.4) and the chemotactic collapse has been described (formally) for ra-
dial solutions in two dimensions. This means that, at the blow-up time, ¢ exhibits
partial concentration as a Dirac mass of weight 8; at the origin plus an L' remain-
der. Notice also that by the argument above, we know that a Dirac concentration
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(at least lacking a singular measure) appears at blow-up time but it could be sup-
ported by a one-dimensional subset rather than a single point (but such a behavior
is not expected generically).

In this section we show why radially symmetric solutions are simpler: the
equation we derive satisfies a comparison principle. This fact has led to early
results on this particular case ([179] and the references therein). We can also reach
the steady state easily for d = 2 and have a new intuition of why the critical
mass Mt arises besides the energy and logarithmic Hardy-Littlewood-Sobolev
inequality. We also prove a refined blow-up result (with a weaker condition than
the second z-moment condition!) which is close enough to exhibit the shape of
the chemotactic collapse solution. For complements and more recent papers on
radially symmetric solutions we refer to [145, 33, 34].

5.4.1 Reduced system with radial symmetry

Radially symmetric solutions in d dimensions of the system (5.4) on o(¢, 1), c(t,7),
r = |z|, are equivalent to,

St o) = (ri7le) + x(r*ledy =0, t>0, r>0,
—(ri=ley =il (5.21)

o(t,r=0)=c(t,r=0) =0,

where ' stands for 887' and initial data have to be specified. And this can be reduced
to a single equation on the number of cells contained in the ball of radius r and
centered at the origin

M(t,r) = 27r/ o Yo(t,0)do = —2mrd= 1 (¢, 7).
0

We can integrate (5.21) and arrive at

M'(r) = 2mri=o(r),
(5.22)
S M(t,r) —rd=t( Ay X M M =0.

r 2npd—1

Notice that the total mass is related to M(¢t,r) by
m° = / o(t,x)dx = M (t,r = 00),
R2

and that M (¢,r) should be increasing in r.

As mentioned earlier, there is a great simplification arising here. Namely, the
Keller—Segel system is reduced to a single equation, which differs from Burgers
equation (see [71, 196] for instance) only by its variable coefficients. In particular,
we now have the comparison principle at hand!
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5.4.2 Stationary states

In two dimensions, steady state solutions can be easily derived from this system
by a further reduction. We write for time independent solutions

)/_ XM/MZ’I“MN—M/—F X(MQ)/

_ .2
O_r(r 2 47

And thus, one more simple algebraic manipulation leads to
r M’ — 2N + 4" M?*=0,7r>0, M(0)=0, M >0. (5.23)
™

The condition M (0) = 0 just follows from the definition of M (¢,r) and is valid as
long as there is no Dirac mass concentration at x = 0. It also provides us with the
integration constant needed for the right-hand side of (5.23).

One readily checks that there are nontrivial solutions only in the case of a special
value of the total mass, namely we have

Lemma 5.2. There are nontrivial radial steady states to (5.4) only for the critical

mass M (oo) = 8; = Meris, given by

— Merit
Mi(r) = 14+ 27

This is a one-parameter family with A > 0 related to the scale invariance
of the Keller-Segel model (5.4). Recall also that the above value for the mass is
equivalent to the threshold for blow-up in (5.13).

Coming back to the cell density thanks to the definition of M (¢, ), we obtain

M) X Mg 1

. .24
27 T (rZ4 )2 (5:24)

ox(r)

This function satisfies
/ [2[2ax (Jo])dz = +oc.
]RQ

It has been studied in the context of vortex systems by [44] and one can readily
check that this family minimized the energy functional (see Section 5.2.1). In
particular it gives a hint on the process of formation of a Dirac mass in the
Keller—Segel system because

ox(|z]) 5= Merit 6(z = 0).

Remark 5.4. In a two-dimensional ball B(0, R) there is a spherically symmetric
solution given by the same formula (5.24) but with 0 < r < R. Then the parameter
X serves to fix the total mass m® < merie. Notice that this solution corresponds
to zero flux on g, but to ¢ =0 on dB(0, R). The case of Neumann condition on ¢
leads to multiple solutions (see [137, 138, 114, 49]).
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5.4.3 Refined existence and blow-up

This solution may serve to give a hint on the behavior of generic radially symmetric
solutions and in particular to understand why a singularity can arise only at the
origin.

Theorem 5.4 (Global solutions). In dimension 2, assume that we have
m® = M(00) < Merit, M(t=0) < Mo,
for some \° > 0. Then the solution to (5.22) satisfies
M(t,r) -0 as t — oo locally uniformly,

and thus o(t) in (5.21) vanishes in L*(R?) locally.
Theorem 5.5 (Blow-up). In dimension 2, assume that

m® = M(c0) > Meis, M(t=0) > M,,,

for some \° > 0. Then the solution to (5.21) blows up in finite time.

This theorem expresses that, in the blow-up and existence results proved in
Section 5.3, the limitation on the second moment are in fact useless in the radially
symmetric case. They can be relaxed by the comparison condition with Mo, which
we recall, has an infinite second momentum.

The proofs are also very different and use a comparison argument with sub-
or supersolutions in the spirit of [145]. A related method can be found in [201]
where the authors go further and prove the concentration of a mass 5™ at the
blow-up time, and after an appropriate extension of the notion of solutions, all the
mass will concentrate at the origin.

Proof of Theorem 5.4. Being given, M (c0) < me,it, we may always choose a posi-
tive number g < 1 which satisfies pmeris > M (00). Then we consider the function

N(t,r) = min (M(00),jt (), M) = X0+ X (™" = 1) (pmesse — M(o0))t,

and we claim it is a supersolution to (5.22) (with d = 2). Indeed, we have

ON — T2 d\()

ot 1+ Ar—2 dt o

- _ a3

N' = 2N .
14+ Ar—2 or 0

Next, we may compute the radius R(t) such that for » > R(¢) the minimum is
attained by M (o0). It is given by

_2 _ HMMecrit — M(OO)

NOR() YT
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and for r < R(t), we have

Y N/ VO v r2 dx At)yr—?
SN (V) = NN =N [ L= T 4 e (1 ) 00
voor 2 dX(t) Merit A R(t)~?
>N e T (A - ) 1+>\R(t)—2]
-2 dr _
=N\ [ d(tt) + ﬁ(” b 1)(Hmcrit - M(OO))]
=0.

But the minimum of two supersolutions is also a supersolution and thus N is
indeed a supersolution to (5.22).

By the comparison principle, we deduce that the solution (5.22) satisfies
M(t,7) < N(t,r) (because it is satisfied initially). We conclude the proof just
noticing that R(t) — oo and for a given interval r € (0, R) we therefore have for ¢
large enough M (t,7) < merie/(1 + A(t)R?) — 0 as t — oo. O

Proof of Theorem 5.5. We follow the same lines as before and first choose, since
Meris < M (00), a value u° > 1 which satisfies u%mei < M (o0). We consider now
the function

M(o0) oMt )

N(t,r) = max (1 FAO27 1 4 A(f)—2 )

and we argue in two steps; (i) A(t) = A\Pe~ for ¢t < t; large enough, (ii) A\(t) =
A(t1) —t+ 1t for t1 <t <ta =1t; + A(t1) the first time A\(¢) vanishes, and also we
decrease slightly the value of u during this step.

We will prove that N is a subsolution as it is the maximum of two subsolutions
and this concludes the proof because we deduce that M(t) > N(t) and thus
M (t2,0) > 0 which is impossible for smooth solutions.

Lpaop2 I8 @ subsolution

is a solution. Secondly,

To prove that N is a subsolution, we first notice that
to (5.22) because it is an increasing function and | "\§7* ,

0
pomers : :
Lia(yr—z 182 subsolution only in an

interval r < R(t) where it achieves the max, i.e.,

we consider ¢ < t; and we have to prove that

M(oo) My
14+ XR(6)=2 14+ At)R(t)~2"
Notice that r < R(t) < Rg with 1_&8’;12 = 1%Meri¢. Then, we compute
0
\T N/ N2, \T r—2 dX(t Merit r=2
SN (VY XN N = B0 4 e (1= ) M
\/ r? d)‘(t) crit 0 ARy
SN e =T A - p )1+>\?%52]
voor 2 dX(t Merit —
SN I [= W g xmese (1 - 0)ARG?

I
o
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choosing

dA t Meri — Meri —
M e 0 ARy o= X0 )Ry,
t T ™

In a third step, we choose t; large enough so that A(¢1) is as small as necessary
and then consider,

At) =At) —t+tr,  p(t)=pO1=2(t —t1)),

for t; <t < to with t5 the time where A(t2) vanishes, which can be chosen as close
as we wish to ¢; by choosing t; large. Then we have (see the above calculation for
the negative sign of the r-derivatives)

SN =YY= XN N

IN

N, dA d
Nl= oy 0+ 0 /()]
<0,

as long as t < tg is close enough to t; which is exactly what we want. We have
obtained again a subsolution which concludes the proof of Theorem 5.5. O

5.5 Related chemotactic and angiogenetic systems

In this section we review some related models that have been proposed or studied
recently; a more extensive presentation of many questions is in [137, 138].

5.5.1 Quorum sensing, volume filling, signal limiting

The blow-up phenomena is sometimes considered as a weakness for the Keller—
Segel system (5.1). Therefore modifications have been proposed to prevent over-
crowding and thus the blow-up phenomena. Examples have been proposed in
[139, 130, 132, 154] and enter the general class

50— div(D(0)Vo) + div(ex(e)Ve) = 0,
(5.25)
Tc— Ac = g,

with 7 > 0 a positive parameter and D(u) — oo as u — oo or x(u) — 0 as u — oo.
In such models, one can prevent blow-up using either the nonlinear diffusion D(u)
(volume filling), see [154], or nonlinear sensitivity x(u) (quorum sensing) [139]. A
very complete study of this kind of system based on energy methods can be found
in [47]; the parabolic case is treated in [215] and the references therein. For similar
questions at the kinetic level, see [55].

A natural question occurs now. We parametrize D, (u) and x,(u) in such a
way that D,(u) — 1, xn(u) — 1 as n — oco. Then, one is supposed to recover
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(5.1) which solutions may blow-up in finite time, thus providing a natural con-
tinuation of singular solutions after blow-up. Is this continuation unique? It has
been observed numerically in [168] that this continuation in fact depends upon the
truncation; a finite element method (that is some kind of truncation) usually ex-
hibits steady concentration points but one can obtain ‘concentration points’ that
move for the model with signal limiting

aatQ — Ap + div(gxVe) =0,
(5.26)
Tc— Ac= e 94,

where A is a large constant, as proposed in [29]. This phenomena is compatible
with the formula proposed in [226] for the motion of the concentration points
which indeed depends upon the truncation.

A special case of system (5.25) is

50— div(D(0)Vo) + div(e(1 — no)xVe) =0,
(5.27)
Tc— Ac = o.

This system satisfies clearly the maximum principle and as soon as 0 < o° < 7, we
have 0 < o(t) < 7). Therefore solutions are global in time. However very interesting
questions arise around various related asymptotic problems ([42, 86]) either for
small diffusions or for n — 0 because various intermediate asymptotic regimes
occur.

Finally an interesting question remains to know if there is blow-up with
sensitivity functions as x(c) = ;¢ in (5.1). Then an additional difficulty is that
there is no known free energy functional. See the account on this subject in [200,
137].

5.5.2 Reacting chemoattractant

The system (5.1), and most of the variants, are unable to describe swarm rings or
complex patterns that experiments can exhibit. Thus other ingredients are needed
to see these traveling waves, spiral waves initiated patterns, multiple aggregation
points. It can be proved that additional nonlinearities (sensitivity coefficient x =
In(c) for instance, birth and saturation terms) can lead to traveling waves [207, 37].
Attracting and repulsing substances, [23], can cause different patterns.

In [40], one can also find another biological explanation. The attractant
(aspartate, c(t,x) with previous notation) is produced by cells themselves when
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consuming fumarate (f(t, ) below). The proposed model is 2
Bat 0— Ap+div(peVe) =0,
—Ac=yp f, (5.28)

Sf—=BAf=—7fo.

The existence of solutions under scale invariant smallness assumptions is
proved in [48]. It is an open question to prove blow-up or existence for large data.

5.5.3 Extra-cellular chemoattractant and active receptors

Still more elaborated models have been proposed in order to render complex pat-
terns before blow-up. They include extra-cellular chemoattractant (u) and active
receptors of the cells (v) and give rise to the system

50— Ao+ div(ex(v)Vu) =0,
Ju—Au= F(o,u,v), (5.29)

gtv = G(u,v).

Numerical simulations exhibiting patterns closely related to experimental obser-
vations can be found, see [164] for instance.

A general account for the biophysical assumptions (type of cells, type of
substrate) sustaining such models can also be found in [178] as well as many
references and various numerical simulations.

Notice that more accurate models at the kinetic level have been proposed
recently. They take into account various internal states of the cells and can serve
to derive macroscopic systems as (5.29). See [96, 85, 131] and the references therein.

5.5.4 The log interaction kernel and Modified Keller—Segel

From a mathematical point of view, the theory is much better when the chemoat-
tractant c is derived from a different interaction kernel with a fractional diffusion
law, namely

ZZL:An—XV~(nV0) t>0, z € R,

c=Kgxn t>0, € R?, (5.30)

n(t=0)=n">0

2Compared to the system in [40], we have added a term f in the third equation of system
(5.28) in order to impose a priori the inequality f > 0.
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where the critical kernel K4, and mass M., are defined as

1
Kq(z) = = dn log |z, My = 2d°m/x. (5.31)

For this model, the Modified Keller—Segel system, introduced and studied in
[49], it is proved that, for any dimension d, a theory holds that is very similar to
that of two-dimensional Keller—Segel.

e For [, nO(x)dx := M < M there are global weak solutions, with regular-
izing effects in L>° (hypercontractivity).
e For M > M., there is blow-up in finite time.
Behind this particular scaling that defines ¢, there are two properties that do not
hold so nicely for the Keller—Segel system but do hold for the Modified Keller—Segel
system; the second moment satisfies a closed equation and the energy contains

exactly the terms of the Logarithmic Hardy-Littlewood—Sobolev inequality (see
Section 6.5). These are the two equalities

d 1,
dt /]Rd 2|x| n(t,z) dx

1
/ |22V - (Vn — xnVc) dz
e 2
= —/ x - (Vn —xnVe) dzx
R

B | X 2 (2 - )
= /W(v x)n d:r—i—d7r /WXRdn(m) - y]? n(y) dy dx

M(d - 2§WM> (5.32)

and the energy functional

f(n):/ nlogn—X/ nc:/ nlogn—x/ n K xn, (5.33)
Rd 2 Rd Rd 2 R4

satisfies the property ¢ — F (n(t)) is decreasing, more precisely

F(n(t) = —/ n|Vlogn — xVel? <0. (5.34)
dt R

We refer to [49] for a study of the MKS in the full space and in bounded
domains (where again the theory is much better).

5.5.5 Some numerical results

Specific patterns arise from a Keller—Segel model with growth terms presented in
[178] where the reader can find the parameters and specific interpretation

aatQ — DAp+ div((lfCQ)Vc) + po(d —0) =0,
(5.35)
gtg— Ac = Bo? — co.
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Figure 5.5 presents numerical results exhibiting interesting patterns: from left
to right, three different snapshots after the initialization with a high concentration
at the upper right corner. The right most picture is the steady state.

Figure 5.5: SoLuTioNs oF THE K.-S. SYSTEM WITH GROWTH (5.35). (UP) PARAMETERS HAVE
BEEN CHOSEN IN THE TRANSITION RANGE BETWEEN DIFFUSION DOMINANT (NOT SHOWN) AND
(DOWN) STABLE SPOTS LIKE STEADY STATES. (COURTESY OF A. MARROCCO)

5.5.6 A model from angiogenesis

Related models also appear in biomedical literature to describe the attraction of
cells or blood vessels by an external signal (emitted by a tumor for instance). A
process that is referred to as angiogenesis ([58, 107, 156, 166]). A simplified model,
which shares some aspects of both previous models, is then

88159 — Ap+div(eVe) =0,
gtc = —oc, (5.36)
0 € L*NLL(RY), e LP(RY).

This model admits an energy dissipation principle,

Eang(t) = [galoIn(o) + 2|V /c|’] da,
(5.37)
4 Eang(t) = = Jpa 0|V In(0)  + 61V yel?] < 0.
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Although apparently simpler than the Keller—Segel system, it presents also
a deep mathematical interest. The first mathematical analysis goes back to [202]
proving well posedness in one dimension and that, with some additional nonlinear-
ities, the system can either blow-up or exhibit extinction, i.e. ¢ vanishes locally in
finite time. As it is written here the model admits global weak solutions for initial
data with finite energy. Strong solutions are obtained in ([67, 68]) but a smallness
assumption is needed in dimensions higher than 3. It is an open question to prove
LP estimates for large initial data. We also refer to [107] for stability issues.

This angiogenesis model has an additional difficulty compared to the Keller—
Segel system because there is no diffusion on ¢, which makes it of specific interest.
On the other hand it describes repulsion rather than attraction and this simplifies
some mathematical aspects, for instance both terms in the energy are positive.

5.6 Chemotaxis: kinetic equation

A kinetic model was proposed by [5, 189], based on detailed observations on the
motion of Escherichia coli. As mentioned earlier (see Figure 5.1), bacterium Es-
cherichia Coli is equipped with flagella. When rotated counterclockwise, the flag-
ella act as a propellor resulting in a straight “run”. When rotated clockwise the
bundle of flagella separates, resulting in a “tumble” which reorients the cell but
causes 1o significant change in location. Bacillus Subtilis (another bacterium) also
moves by ‘run and tumble’ but the runs correspond to clockwise rotations and tum-
bles to counterclockwise rotation of the biomotor. During these runs, the bacterium
can go as fast as 30um/s (scaled to a car this would be close to 600km/h!). As a
consequence the bacterium moves along straight lines, suddenly stops to choose a
new direction and then continues moving in this new direction. This phenomenon,
called ‘run and tumble’, can be modeled by a stochastic process, the velocity-jump
process [5, 189, 191, 214, 85, 192]. At the level of the population this is equivalent
to writing a kinetic (or linear Boltzmann) type equation.

We first present the kinetic model in a first subsection, with the existence
theory for the nonlinear model which was carried out in [54]. In second and third
subsections, we explain the derivation of the ‘macroscopic’ Keller—Segel models.
We refer to [119, 197, 227] for recent general presentations of the mathematical
theories for kinetic equations. We also point out the recent kinetic model in [128]
for mesenchymal motion i.e. cells moving in fiber networks (extra-cellular matrix)
and degrading them.

5.6.1 Nonlinear transport-scattering equation

This ‘run and tumble’ process is very similar to that of scattering for neutrons that
‘run’ along straight lines until they encounter an atom and then are ‘scattered’ in
a new direction ([72] Ch. 9, [197]). The governing equation is therefore reminiscent
of the seminal Boltzmann equation and is posed for t > 0, z € R%, ¢ € V C R?
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x —ev

Figure 5.6: RuN AND TUMBLE MOVEMENT FOR E. COLL

(it is natural to choose for instance V a ball of R? centered at the origin, and we
denote by |V| the volume of V),

gtf(t,l‘,f) + g : Vgrf = K(tax7€)7
K(t,,8) = [, [K(e:€,8) f(tw,8) = K (e €, €) f(t,2,)]de (5.38)

flt=0,2,8) = fo(z,€) 20,  fo€ L'(R?x V).

The gradient term expresses the transport of organisms with their own velocity &
and the function K (c;&,¢’) > 0 is called the turning rate or scattering kernel and
may also depend on (¢, ) through a nonlocal dependency upon the chemoattrac-
tant concentration c(t,x). It gives the rate K(c;&, &) of organisms turning from
velocity £ to &, and thus the rate K(c; &', &) of organisms with velocity £ that are
subtracted from the balance on f(¢,x,&). Several possible forms for this kernel can
be found in [129]; here, and the specific form of K is fundamental for the existence
theory we develop below, we restrict ourselves to the case

“Ac=n(t,z) = /V (L3, €)de, (5.39)
K(c;&,&) =k_(c(t,x — ")) + ki (c(t,z + £€)). (5.40)

The term k_ expresses roughly a delay € > 0 in reaction time (a memory effect)
which can be explained by the necessary saturation time of membrane receptors
that control the rotation of the flagella. On the other hand, ky represents a pos-
sible knowledge of preferred directions (in the sense of higher chemoattractant
concentration), see [5, 6, 129, 142] for further explanations. See [55] for a model
preventing overcrowding.

Notice that these models do not suppose a comparison between two values
of the concentration c¢(t,x) at different locations, but only a biased turning rate
according to the knowledge of a single value c¢(¢, x & ££). We will assume that

kx € C*(RT;RT), k+(0)>0, 0<K,<Q < oo (5.41)
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Also notice that, because of the diffusion equation on ¢, we arrive at a nonlinear
mean field equation since the interaction is long range (see Subsection 5.8 for com-
ments on this issue). This model shares many similarities with the gravitational
Vlasov-Poisson equation (motion of self-attracting particles, [197]).

In terms of mathematical theory, this model is very interesting because of
the lack of a priori estimates. The kernel being non-symmetric in £ and &', we have
at hand only the two properties

flt,z,6) >0 Vvt >0, (minimum principle), (5.42)

/ ft,z,&)dx d§ = folx, &)dx dE, (mass conservation).  (5.43)
RixV

RexV
This last property follows because we have, inverting the role of £ and £’ in the
two integrals below (and using the Fubini theorem)

/Ktx£d§ // (6.0 f (o, €) — K(e:€,€) f(t,,€)] de’ de = 0.

Even in the linear case, to go further and derive LP estimates on f for p > 1
is not so easy. The entropy structure behind such general models, which lacks
a “detailed balance principle”, also relies on the Generalized Relative Entropy
method that we used for cell division models (see [176] and Section 6.4).

5.6.2 Existence theory

The existence theory for the nonlinear system (5.38), (5.40), (5.39) was settled in
[54] (thus extending a result in [129] in the linear case) and yields

Theorem 5.6. In dimension d = 3, assume that V is bounded, that (5.41) holds
and that fo € L= (R? x V); then there is a unique solution to the system (5.38),
(5.40), (5.39), f € C([0,00); L*(R? x V)), moreover we have the bounds

0< ft,z,§) <C(t),  0<n(tz) <CQ) V],

lell r(ray < C(1), d<p< oo,

for some increasing constant C(t).
This also holds in dimension d = 2 for the equation —Ac+ ¢ = n for the
chemoattractant.

This result provides global strong solutions and therefore shows a fundamen-
tal difference with the macroscopic model Patlak/Keller—Segel system since we
have seen that the latter exhibits blow-up.

The method of proof of Theorem 5.6 has been extended in [142] to a remark-
able result in dimension 3; namely we can use also, in place of the kernels in (5.40),
kernels such as

K =k_(Ve(t,z —ef')), or K =ky(Ve(t,z+ef)),
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but the sum is not allowed in this case when the dependency is on Ve in place of
c.

Theorem 5.7. In any dimension d > 2, assume that V is bounded, that fy €
L>(R? x V') and that the continuous kernel K satisfies either

K(c;€,8) < Ko+ Qc(z +e8) + Q4 [Ve(x + &6,

or
K(;€,8) < Ko+ Q-c(z — ) + Q-|Ve(z — £);

then there is a unique solution to the system (5.38), (5.39), f € C([0,00); L' (R? x
V)), moreover we have

0< f(t,x,§) <C), 0 <n(t,x) <C) V],
lellze®aey < C(2),

Vel ray < C(t),

for some increasing constant C(t).
This also holds in dimension d = 2 for the equation —Ac + ¢ = n for the
chemoattractant and for the general dependency

K(¢;€,¢) < Ko+ Qre(z+e§)+ Q4 [Ve(w+ef)|+Q-c(x—ef') + Q- [Ve(x — ).
Extensions of these results have been obtained recently in [38].

Proof of Theorem 5.6. Again we only give the a priori estimates; they allow us to
obtain the solutions after using a fixed point method. Also, for the proof we take
€ =1 in order to simplify notation.

We have,

aatf(taxag)—’_ngf S]C+(t7l',f),
Kit.z,&) = [, K(c&&)f(t2,E)de
= [y [k (c(t,z — &) + ks (c(t,z + €))] f(t, 2,€)de,
and thus, using Holder inequality with ]19 + pl, =1,
(?t f]Rde fp(tl', g)dx dg = pfleXV fp_lK:J,-(t, Z, f)dl‘ dg

’ l/pl 1/17
< (Jry £70 0w d€) " (fay Ko (b2 € d€)
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Therefore, since p'(p — 1) =
& Jaary fPt 2, 8)dn dE < p fpa,y Kt 2, €)Pdr dE
<C[I + II],
with
I = foay [y ko (eltiz =€) f(t,a,€)de ) da de
< Jrarey [y b (et = €))7 1™ [y f2(t 2, €)de ) dee d
<V fpasy Ft,2,)Pde d€ supyega [ [ k- (c(t y+77))pld’7]p/pla
and
= Jraxv Ly k+( (t,x =€) f(t,2,&)de') " d dE
SV fay ko (et e =€) [ (8,2, €)de! du dé
SV foasy J (b, &P dx dE supyepa [ [k (c(t,y +m)) dn].
As a consequence, we arrive at the inequality
b Sy FP(tx,€)dr d€ < C [foay ft, 2, Pdz dE Ale(t, )], (5.44)

with, keeping in mind the assumption on kit given in (5.41),

Ale(t, )] = Ko+ @Q sup ety + oy + ety + g ]
ye

We can go one step further and write

L{jzi<1y
c=cp +cg, cs = A\g ||d2*n,

and the long range part interaction ¢, is easy to handle since

z|>1
0<er(t) =Aa '|Jl>; o < Aallnll ey < Aall FOllr ey

because of the mass conservation. Therefore the coefficient A arising in (5.44) is
upper bounded by

Ale(t, )] < C+Q[lles(t )| oqray + lles(t )l o rey]™-
The argument necessary,to handle this short range part cg is more elaborate
because of the LP and LP norms.
To conclude we argue with a bootstrap argument taking into account that
I‘{Q‘C‘TE? € LI(R?) for all 1 < ¢ < d/(d — 2). We begin, as a first step, with pg = 1
and n € L*>® (O, 00); Ll(Rd)) and thus, for all go < d/(d — 2),

lles(t, ) Lao may < Clin(t, M nrgay < ClF N waxvy)-
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With this range for the parameter ¢, we need to choose p in (5.44) so that p < ¢
and p’ < ¢. This is possible with p = go > 2 (close to 2 say) if d/(d—2) > 2, which
holds for d = 3 (and for d = 2 if the equation on ¢ is modified as in the statement
so that the long range potential can be handled as before).

This means that the Gronwall inequality gives, for p = p; = 2,

If e @axyvy < eCt”fO”LP(]Rde)v ()] Lr ey < CeCt”fOHLP(]Rde)'

Therefore, as a second step, using the Young inequality, cs € L. (R+; Ln (Rd))
for all g; > 1 such that 1 + q11 > é + df. Such ¢; are much larger than those ¢q
of the first step. They allow us to choose much larger ps that satisfy both ps < g1
and ps < ¢1...and so on. The reader can easily convince himself that in three or
four steps we arrive at ¢ € Ly, (R*; L (Rd))7 and the result on f is proved.

The result on ¢ just follows by elliptic regularity. O

Proof of Theorem 5.7. We now examine the case with dependency ki (Ve(z £ )
and skip the dependency on ¢, again for the sake of simplicity. The above compu-
tation still holds and leads to formula (5.44) with

Ale(t, )] = Ko + sup [Q1IVelt,y + )lLrv) + Q- IVelt, y + w1y
yERY

where we now distinguish ki with a Lipschitz constant Q4.
In order to apply the method developed above, we now use a decomposition
for the convolution kernel associated to Ve in long and short ranges, namely,

Ve = Ve + Veg, Ves = Mg

and the long range interaction is still easy to handle

T Lgjzy>1y

VCL = /\d |(E|d *n,

IVerl < Ol pr raxv)-

As before, we end up with the simpler estimate
Ale(t, )] = C + [QIVes(t, ) Lovy + Q-NIVes(t, ) o 1y

We explain now why only @4 or Q_ can be present in the turning kernel but
not both. As before the idea is to bootstrap departing from n€ L*((0, 00); L*(R?))
and thus, for all go < d/(d — 1),

IVes (t, )l paoray < Clintt, i@y < CIHPO N Lr@exvy-

But it turns out that for d > 2 we always have d/(d — 1) < 2. Therefore we cannot
have both p > go and p’ > qo. If only one term k; or k_ is present, say k for
instance, we can still continue. We use p = ¢g, and

Lf Ol Lr@axvy < eCt”fO”LP(Rde)v ()] Lr ey < CQCt”fO”LP(Rdxvy
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Therefore the Young inequality gives n € L{Y, (R*; Ln (Rd)) with 1+ qll > qlo + dgl.
Clearly one can choose any g; such that 11 > 2d;1 -1 = df and thus we
may choose again p = ¢; > o and so on. Zgain we do not check the details of
numerology leading to the L regularity.

If now k_ only is present, it is still simpler because we can directly choose

p = +00, p’ =1 and we conclude. Indeed, * Im'f” € L'(R?) and thus

IVes(t, Mgy < Cllnlt, i@y < Ol pi@axy)-

In dimension d = 2, with the equation —Ac + ¢ = n, the method developed
above still does not apply directly to the case

K(¢;6,¢") < Ko+ Qe(r+e8) + Q1 [Ve(w+e§)| +Q-c(z — ') + Q- [Ve(w —££).

An additional, and more refined, logarithmic loss in a limiting Young inequality
is needed.

1/2
IVellL2gey < Clin(t, )@y (log [n(t, )l 2eey) -

The proof is given in Lemma 6.9 in Appendix 6.5.

This inequality induces a logarithmic loss in the Gronwall argument. We do
not carry out the details and refer to [142] for the end of the proof of Theorem 5.7
in the case d = 2. d

5.7 Diffusion limit; back to the Keller—Segel equation

The classical field of application of kinetic equations consists in finding the so-
called transport coefficients in macroscopic equations. The most remarkable ex-
ample is to derive the pressure laws, viscosities and heat conductivities in the
Navier—Stokes system from the Boltzmann equation derived in the early twentieth
century by Chapman and Enskog (see [53] for instance). In the case at hand, this
means that, departing from some knowledge, or some intuition, of the individ-
ual response of cells to the chemical stimulus described by the kernel K, one can
recover the coefficients of a macroscopic equation.

In order to achieve such a program, we need to find regimes where interac-
tions reduce the kinetic equation in (¢, x, &) to a macroscopic model with variables
(t,z) only. In other words, we need to isolate small parameters which are related
to the relaxation of the density f(¢,x,&) to specific dependency on &, called an
equilibrium state. For the above mentioned reduction from Boltzmann equation
to Navier—Stokes system, the Maxwellian distribution arises naturally

~ e —|e—ul?/(2T)
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Other specific distributions arise in various fields of applications, such as plasma
physics, with each time a direct physical interpretation, [75, 167, 196, 122] and
Section 5.8.

There are several ways to perform this asymptotic analysis and to choose
small parameters in kinetic equations. The most standard ones are the so-called
hydrodynamic limits corresponding to the hyperbolic scale which we explain in the
next section, and the diffusion limit corresponding to the parabolic scale which we
perform now.

5.7.1 Rescaled kinetic chemotaxis model

The simplest example of a diffusion limit is to derive the heat equation from a
scattering equation (see [15, 72, 192] and the references therein). The regime of
interest is when the scattering operator dominates transport and this leads, in the
average, to many ‘tumbles’, and thus to small macroscopic (averaged) velocities.
Then a rescaling is introduced and here it is natural to use the small time scale
¢ arising in (5.40). The parabolic scale consists, after a change of time and space
scales, in replacing the equation (5.38) by

aatfs(taxag) + g : v:z:fs
+ 512 fV [Ks(cdglag)fe(taxag) - KE(CE;f,gl)fs(t71'7fl)]d£/ =0,

fe(t=0,2,8) = fo(z,£) >0, fOeleLOO(RdXV)‘
(5.45)
The notation K. has only been used to put in evidence the dependency upon &
in the definition of K in (5.40) and we still consider that the chemoattractant
concentration c. (¢, ) is related to f. through the Laplace equation (5.39), i.e.,

—Ace () = ne(x), z e R (5.46)

The diffusion limit consists in studying the limit as e vanishes. This nonlinear
model (5.38), (5.40), (5.39), has been introduced and studied by several authors,
[5, 189, 190, 191, 194, 129], and the linear case, when the chemoattractant con-
centration is a given smooth function, can be found in these references. The main
originality, already present in the linear case, is to raise a drift term in the limit
and not a mere diffusion as usual. A similar problem arises in other applications
such as plasma physics, [75, 185].

Coming back to the question of transport coefficients, the outcome is to make
the relation between two coeficients. At the microscopic scale we use the function
k4 for instance, and at the macroscopic scale we have the diffusion D(c,n) and
sensitivity x(c,n) in the general Keller—Segel model

n(t,x) —div(D - Vn) +div(n x - Ve) =0, t>0, z €R%
(5.47)
—Ac =n.
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A complete proof of convergence in the nonlinear case is given in [54]. Namely
the follwing is proved.

Theorem 5.8. Under the assumption (5.40), fvf d¢ =0, |V| =1 to simplify, there
s a time T* > 0 such that, as € — 0,

fe(t,x, &) = n(t,x) Lecyy, weakly in L2([O,T*] x R? x V),

ce(t, ) — c(t, x), Vee(t,x) — Ve(t, x),

and the general Keller-Segel system (5.47) holds in the limit with initial data
no(z) = ‘\1,| [y fo(x,€)d¢ and with the nonnegative symmetric diffusion matriz D
and symmetric sensitivity matriz given by

1 —|—k’ (c
DO~ 4 k(o L ESEE X0 = o [ ewea

C

This result expresses an interesting effect. The diffusion matrix D(c¢) only
arises from the symmetric part of the turning kernel K (at zeroth order), while
the drift (and thus the sensitivity x(c)) arises from the antisymmetric part at first
order in €. In other words the memory effect is fundamental in order to obtain the
observed collective movement of the cells leading to their aggregation.

We do not prove Theorem 5.8 but instead explain the importance of the
symmetric and small antisymmetric parts. To do that we consider equation (5.45)
with a turning kernel that satisfies

KE(Cv ) 57 5/) = KS(C; 57 fl) +€K’F’E(C; 57 fl)a KS(C; 53 5/) = KS(C; 5/3 5) 2 km > 07

(5.48)
for some symmetric part K, and some remainder (not necessarily antisymmetric
at this stage) K, . which is however assumed to be bounded. For instance, consider
the case where K. depends upon c as in (5.40), with a smooth function ¢, then we
might choose

Ks=k_(c)+ ky(c).

5.7.2 Uniform estimate

A first way to see the necessity of the decomposition (5.48), is the derivation of
estimates on f. uniform in . This is expressed in

Proposition 5.1. With the assumption (5.48), the solutions to (5.45) satisfy for all
t<T,
Il fe(B)ll L2mexvy < et Il foll L2rax vy, (5.49)

1 T
52/0 /R . VIfs(t,x,é“)—fe(t7m,£')|2d:cd5dg'dtg2(1+320T)||f0||L2(RdW)7
dxVx
(5.50)
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with 2
C(T)=  sup /Vsup " (€, &) dE.

0<t<T,weRd gev Ks
We recall that the dependency on (¢, x) is only through ¢ in the above formula.
Proof. We multiply (5.45) by f. and integrate in = and £&. We obtain

i Sy S0P
= —gto Jpayywy Ks(6€8) [fe(t, 2, 6) — fo(t, 2, &) Pdrdgde’
1 Jrasysy Kre(6 6,6 (fe(t,2,6) — fo(t,2,8")) fo(t, x, &) dwdEde!
< — e Jpawywy Fm [fe(t,2,6) = fe(t, 2, &) P dadede’
+ate Jnasy sy bm (fe(t,2,6) — fe((t,2,€))
ey T et 0, € dedede
< —422 f]RdXVXV ki | fe(t,2,8) — fs(tax7€/)|2dxd§d§/
+C(T) f]Rde fe(t,xz, &) dxde’.

Therefore, we may directly apply Gronwall’s lemma and obtain the first inequality
(5.49). Then, integrating in time the above inequality, and using (5.49), we obtain
(5.50). O

Notice that this L? bound has consequences. The first one is that n. =
fv f-d¢ is also bounded in L2. Therefore in dimensions 2 and 3 this implies that
the chemoattactant ¢ is bounded in L. It is proved in [54] that, by a Gronwall
argument this implies

Corollary 5.1. In dimension d = 2 or 3, with the assumption of Proposition 5.1,
the turning kernels (5.40) and fo € L*(R? x V), there is a time T* > 0 such that
the solution to (5.49) is uniformly (in ¢ and 0 < t < T*) bounded in L*(R? x V)
and c<(t,z) is uniformly bounded in L>=(R%). Moreover the estimates (5.49) and
(5.50) hold up to this time T*.

With this in mind we can proceed and study the limit as € vanishes. At this
point we would like to recall that this limiting process leads to the Keller—Segel
model that blows-up in finite time. Therefore the result Corollary 5.1 can indeed
hold only on a finite time interval.

5.7.3 Limit as ¢ vanishes

We first draw some conclusions from the a priori bounds in Proposition 5.1. The
proof of Theorem 5.8 relies on the analysis of the consequences of Proposition 5.1
and on the relation

8;5 +div/. =0, 0<t<T* zeRY (5.51)
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with )
no) = [ fege  L-! [enenoe 65
v v
This is obtained integrating (5.49) in &.
Lemma 5.3. Recalling that [, & d§ = 0 and |V| = 1, for some n € L>=((0,T%);
LQ(Rd)), J e LQ((O,T*) X Rd), we have after extraction of a subsequence €, — 0,
ne(t,x, &) = n(t,x), weakly in LQ((O,T*) X Rd),

fe(t, 2, &) = n(t,x) Lgeevy, weakly in LQ((O,T*) x R? x V),
Je(t,z,&) = J(t,z), weakly in L*((0,T*) x Rd).

Proof. From the L>((0,7*); L*(R% x V)) bound on f., we deduce also that n. is
bounded in L‘X’((O,T*); LQ(Rd)), and thus admits a subsequence that converges
weakly to some n € L>((0,7%); L>(R?)) as indicated in the first result.

Next, we use the estimate (5.50) and thus, thanks to the Cauchy—Schwarz

inequality with |[V| = 1, we have
fOT* f]RdXV |f€(t7 z, f) - ng(t, x)Pdl’dfdt
= 7 v | o ety 2,€) = folt, 2, €0)]de' P dudedt
< foT* Jrawy oy et 2,8) — fe(t, 2z, &) P dadedg dt
< Ce2.

This proves that, after further extraction, the weak limit of f. is the same as that
of n., the second statement.

With the same type of argument, since fvf d§ = 0, we have

Jo fRd |J(t, 2) ] dwdt = [ fmd | Jysy Slfe(t,m,8) = felt, @, &) dédE |*dadt
= 52 fo fRdeXv |fs(t z f) fe ( ,f’)|2da§d§d§’dt
<C

and thus J.(t,z) is bounded in L?((0,7*) x RY) and thus admits a weak limit
also. O

Thanks to this lemma, we may pass to the limit in (5.51), and obtain
on . * d
8t+de:0’ 0<t<T* xR (5.53)
In order to conclude the proof of Theorem 5.8, it remains to identify the ‘flux’
J(t,x). To do so we write the equation (5.49) as

! fV 65,5 f) [fe(t T fl) - fs(t z 5)]d€/ = 538th +£'v:rfs
+fV [ r,E Csa§ f)fe(t z f) rs(ce;fvgl)fE(t’x7€/)}d£/~
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We integrate against the weight £ d¢ and obtain (using the specific form of K, =
ki (e:) + b (c) and [, € dé = 0),

—[kp(ce) + k(e et x) = €% +div [, € @ Efe(t, 2, €)dE + Jac(t, ),
with
Jae(t,x) = fVXVg[Kr,s(Cs3§/7§)fs(tvxvf) - Kr,s(%%f:fl)fs(tvxvfl)]d§/d£~

Because of the weak limits in Lemma 5.3, and because c. converges strongly 3, we
may pass to the limit in the distribution sense and obtain

[kt (c) + k_(c)]J(t,x) = D -Vn + Ja,

with D the matrix of entries fV§ ® £d€ which is enough to deduce the diffusion
matrix D = D/ (ks (c) + k—(c)) in Theorem 5.8. It remains to compute J,,

Ju(t,z) = n(t, ) lim E[Kre(c;€,€) — Kre(c; €,€)]dE de.
e~ VxV

And from (5.40) and (5.48), we have

Jowy €[Kre(e:€,6) — Kpc(c;€,€')] de'dg
~ [y ERL(E(—E+ &) + K (e) (€ — €)]. Ve de'de.

This leads to the following components of the vector J,,
Ja,i(t,x) = —n(t,z) 5¢ [k (c) + Ky (0)] [, & & dE.

Altogether, we obtain the coefficients announced in Theorem 5.8. d

5.8 Hydrodynamic limit

The mere scattering model (5.38), (5.40), (5.39) does not allow us to derive a
hydrodynamic limit. Indeed local interactions (in the spirit of the binary collision
operator in Boltzmann equation, [53]) are needed for such a derivation. Local in-
teractions between cells in the kinetic model are not presented in the literature but
several hints that they might exist are based on biochemical investigations. This
pushed [103] to postulate a variant of the scattering equation where, additionally
to the long range interaction due to chemoattraction, some local operator is intro-
duced, thus arriving at a BGK type model (the case of a Vlasov equation is treated
in [122]). Those models have the advantage of avoiding the physical description of

3Here there are technical difficulties; namely some uniform regularity of Ky in ¢ has to be
assumed, and the regularizing effect on c. in space through the Laplace equation is not enough
and time has to be treated also, see [54].



148 Chapter 5. Cell motion and chemotaxis

the local interactions since they only require us to know the equilibrium state (see
the comment at the beginning of Section 5.7)

94720 (;1/;(2)) |

Here F : R — [0,00) is a given smooth function, ¢ : [0,00) — [0,00) is a power-
like function and we use now V = R? because Galilean invariance is fundamental
in this approach. In order to fullfill basic conservation laws (number of cells and
momentum) one assumes that

. . n E—u B
/RdF(n)dn—l, ie. Adﬁd/Z(n)F(01/2(n))d5_"’

_o0 i n §—U e
/]Ran(n)dr]—O, ie. /Rd§19d/2(n)F(191/2(n))d§_nu'

We also need notation for the macroscopic quantities defined as

Neg = Ad fs(t;xag)dga NeUe = ,/]Rd gfi(t7m7£)d€

The quantity uc(t, z) is therefore the average (bulk) velocity of the cells at time ¢
and point z while £ is their microscopic density.

With this notation, the model proposed in [103] reads

gtfg(t,$,€)+ g ' Vacfe + f]Rd K1(§7§/7c) ' ch(g/) dgl

= f]Rd Kl(glvgy C) . VCdgl f(f) - i [fe - qu/g(n)F(qglg/;?n))]

(5.54)
The scattering kernel has been modified to take into account only the antisymmet-
ric part of K in (5.38) because the main collision operator (zeroth order part of K)
has been replaced by the mere relaxation to the equilibrium. Doing that, one can
notice an important flaw in the model, that nonnegativity of f. is lost because the
turning crosssection K;(v,v’,c) - Ve has no sign. This disqualifies the model but
the mere relaxation is already an artefact. However it keeps the fundamental idea
and motivation behind this model; (i) scattering only describes interactions with
an external medium (or long range interactions through the chemoattractant) and
thus is fundamentally a linear operator for a given function c¢(¢,z), (ii) but here
we wish to model local self interactions of cells and this requires a nonlinear local
operator (namely the relaxation to the equilibrium state). Additionally, we have
used a hyperbolic scale for the rescaling of (5.38) rather than a parabolic scale as
was done in Section 5.7.
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In the so-called hydrodynamic limit, i.e., ¢ — 0 in (5.54), we then obtain the
following model for the cell movements

on .. B
5t +div(n u) =0,

(5.55)
B(gtu) +div(nu ® u+ nd(n)p) = n 9 @Y/2(n) x(n,u, c)Ve,

still coupled with the concentration equation —Ac¢ = n (or whatever has been
supposed for the production of ¢). The matrix x is given by

x(n,u, S) = / (v —") @ Kyi(u+ 920, u+ 0920, S)F (') dv' dv.
VXV

This type of hyperbolic system is not new. It is reminiscent of fluid dy-
namics (for a compressible gas with gravitational forces, these are models used
in astrophysics). In the context of biology, it has been proposed to describe the
initiation of angiogenesis in [113, 209]. Indeed solutions to this system exhibit
network structures very close to the networks formed by endothelial cells. It is
therefore compatible with the idea that blood vessel formation is related with lo-
cal interactions of cells as one can see in recent experiments. This is not the case
of the Keller—Segel model that describes only long range interactions and does not
give network structures. Numerical simulations of these networks are presented
in Figure 5.7 and taken from from [104] where an accurate algorithm has been
elaborated (see also [113, 209, 103]).

Figure 5.7: NETWORK FORMATION IN THE HYPERBOLIC SYSTEM OF CHEMOTAXIS (5.55) FOR TWO
DIFFERENT INITIAL DENSITIES (THE FIGURE ON THE RIGHT CORRESPONDS TO TWICE THE DENSITY
IN THE FIGURE ON THE LEFT). FIGURE TAKEN FROM [104].



Chapter 6

General mathematical tools

In this chapter we present several general mathematical tools that have been used
throughout these notes. For several topics, we try to go further than the mere
results that are actually needed. This is aimed at presenting also the context of
mathematical research around the formalisms used in the models we have pre-
sented.

6.1 Transport equations and the method of
characteristics

6.1.1 Transport equation (strong form)

We first consider the transport equation written in the strong form (in contrast
to the conservative, divergence or weak form treated in Section 6.1.2 below)

Su(t,z) +b(t,x) - Vu(t,z) =0, teR, xR
(6.1)
u(t =0)=u" given.

We always assume here that the vector field b € C*(R!T¢; R?) satisfies the Cauchy—
Lipschitz conditions. Namely, for all 7" > 0, R > 0 there are two constants
M (T, R), Ma(T) such that

b(t,z) —b(t,y)| < My(T, R)|x —y|,  for [f|<T, |z|, [yl <R,
(6.2)
|b(t, )| < Mao(T)(1 + |z|), for |t|<T, v €R%
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This assumption allows us to define the so-called characteristics associated with
equation (6.1),

X(t;y) = b(t, X(t;9)),

(6.3)

X(0;y) =y € RY.
They are defined for all times ¢t € R and the mapping y — X (t;y) is a C* dif-
feomorphism on R?. These are deeply related to the existence of solutions to the
transport equation (6.1).

Theorem 6.1 (Smooth solutions). Under assumptions (6.2), b € C*(R x R?) and
u® € CY(RY), there is a unique C*(R x R?) solution to (6.1) and it is constant
along the characteristics i.e.

ut, X(t;y)) =u’(y), VtER, Vye R (6.4)
Proof. We have

dult, X(ty) = Sult, X(ty) + X(ty) - Vu(t, X (ty))
=Dult,X(ty)) +b(t, X(t;y)) - Vu(t, X (t;y)).

Therefore, the transport equation holds true if and only if u(t, X (t;y)) is inde-
pendent of time.

The C! regularity follows from the differentiability of the flow, because the
d x d matrix Dy, X (t;y) satisfies the differential equation

$ Dy X (ty) = Dob(t, X (59))Dy X (5y) =0 DyX(t = 0;y) = Ia. O

We can deduce some general properties of the solutions to transport equa-
tion in the strong form. These properties are typical of the hyperbolic nature of
transport equations. They are obvious consequences of the representation formula
in Theorem 6.1 and we do not prove them.

Proposition 6.1. The solution of (6.1) satisfies:
(i) (Finite speed of propagation) The value u(t,z) only depends on the values of
u’(y) for ly — x| < [t] [[bll L.

(ii) (Propagation of singularities) The solution u(t,-) has the same regularity as
u® (and not more).

(iii) (Mazimum principle) For allt € R, x € RY, we have

inf u®(y) < u(t,z) < sup u’(y).
y€ERd yERd

Theorem 6.2 (Weak solutions). Under assumptions (6.2), b € C*(R x RY) and
u® € L>®(R?), there is a unique solution in the distribution sense u € L>(R¥*1)N
C(R*; L (RY)) to (6.1) and it is constant along the characteristics i.e. (6.4) holds
true.
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We recall

Definition 6.1. A solution u(¢,z) to (6.1) in distribution sense is defined by inte-
gration by parts against smooth functions, i.e., by the equality

oo 6 .
_/0 /]Rd u(t, x) [atgﬁ(t,x) +div (b(t, z)¢(t, x))|dzxdt = /]Rd ot = 0,2) u°(2)dz,

(6.5)
for all test functions ¢ € D(R x RY) (and similarly for negative times).
Proof. Ezistence. We define a regularized sequence of initial data u? = u" % p,, €
C>(R%), for some regularizing kernel p,. We have u® — u° a.e. and in L (RY)

and |ul| < ||u®|| L. We denote by u, (¢, ) the sequence of C*! solutions to (6.1).
On the one hand, since the characteristics define a diffeomorphism, one has
for all T' > 0,

lin (¢, ) = wm (& 2l ()i, gety) = O-

loc

Therefore u,(t,z) is a Cauchy sequence in C'( — T,T; Ll (R%)) and thus it con-

verges in this space to a function u € C(R Li (R )) On the other hand, the
corresponding solution u,, (¢, x) given by Theorem 6.1 is also a solution in distri-

bution sense (thanks to usual integration by parts). Therefore, we have for all test
functions ¢ € D(R x R?),

— 57 Jpaun(t 2) [ S0t ) + div (b(t, 2)p(t, ) dadt = [p. o(t = 0,z) u(2)dx,
and passing to the limit thanks to the Lebesgue theorem, we find (6.5).

Uniqueness. Because of time continuity in L} _(R?), we can first establish the
following variant of (6.5),

— [T foault, @) 2t x) +div (b(t, 2)p(t, 7))]dadt
= Jpa 9(0,2) w’(x)dx — [q o(T,2) u(T, z)da,

for all T > 0 and all test functions ¢ € C'(R x R%) with compact support in space
(and similarly for negative times). For the difference u = uq — us of two solutions
with the same initial data, we therefore obtain

fo Jeau(t, ) [ J ot 2) + div (b(t, 2)p(t, 2)) | dodt = — [pa o(T, ) w(T, z)dz.
But, as we see in the next section, one can solve the ‘dual’ or ’backward’ equation

aatgp(t,x) +div (b(t, z)p(t, x)) =0, o(T,z) € CL . (RY) given.

comp

(6.6)

Its solution is C' and has compact support in space, therefore we can use it in
(6.6) and finally obtain

0=— Jgao(T, ) u(T,z)dz,

and this holds for all test functions (T, x) € Clypp (R?). This proves the result.
O



154 Chapter 6. General mathematical tools

6.1.2 Transport equation (conservative form)

We can also consider the conservative form of the transport equation

gtu(t, z) +div (b(t,z)u(t,x)) =0, teR, zecRY,
(6.7)
u(t=0)=u’ given.

In order to give a representation formula, we introduce the notation
t

J(ty) = exp(/ div b(s, X (s;y) ds)7 teR, yeRY
0

which is nothing but the solution to the differential equation
J(tiy) = divb(t, X(ty)) J(ty),  J(0.y)=1.
In other words, thanks to the Liouville theorem,

0X(t;y)

J(t;y) = Jac( oy ).

Theorem 6.3. Under assumptions (6.2), b and divb € C* and u® € C*(R?), there
is a unique C solution to (6.7) and it satisfies the representation formula

u(t, X(ty)) J(tiy) =u’(y), VteR, vyeR% (6.8)
Proof. We write the conservative transport equation in the form
Su(t,z) +b(t, x) - Vu(t,z) + divb(t, z) u(t,z) = 0,
and thus it is equivalent to writing
Su(t, X (ty)) +div b(t, X (ty)) u(t, X (t;y)) =0,
which is also equivalent to writing
;t [u(t, X (t;y)) J(t;y)] = 0.
O
We also deduce from this representation the following abstract. properties

Proposition 6.2. The solution of (6.7) satisfies the properties:

(i) (Finite speed of propagation) The value u(t, z) only depends on the values of
u®(y) for |y — x| < [t] [|bl| Lo~

(ii) (Propagation of singularities) The solution u(t,-) has the same regularity as
u® (and not more).
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And for u° € L*(R%),

(iii) (Mass conservation,)

(iv) (L' stability)
U )|l = 'LLO .
[ mean= [ )

Statements (i) and (ii) are again obvious consequences of the representation
formula (6.8). As for the statements (iii) and (iv), they are consequences, after
a change of variables, of the fact that J is the Jacobian of the diffeomorphism
y — X(t;y). But we can also see it directly when u° has a bounded support.
Then u(t, z) also has bounded support and we can write, thanks to the Lebesgue
theorem and Green’s formula,

d / / 0 / .
u(t,x) = u(t,z) = div(b u(t,x)) = 0.
dt zeR? ( ) zeR? ot ( ) zER? ( ( ))

As for the absolute value, we can see it in the same way but we first need to notice

Proposition 6.3. Under the assumptions of Theorem 6.3, we have in distribution
sense
O lu(t,z)| +div (b(t,2)|u(t,2)]) =0, teR, zeR?
(6.9)
lu(t = 0)] = [u°].

In other words, for all test functions ¢ € D(R'*?), we have

_/Ooo/zeR”’ lu(t, 2)| <§tw+b~w>:/ (@] ot — 0.2

zERY

Proof. We choose the C! function

Ss(u) = { 25 for [u] <0,

|| — g for |u| > 0.
Using the chain rule, we have
aat Ss(u) + div (b(t,x)S(s(u)) + div (b(t,x)) [uS5(u) — Ss(u)] = 0.

As § — 0, we have S5(u) — |u| strongly in L] . and, since |uS§(u) — S5(u)| < 6/2,
we obtain the result. O
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Proposition 6.4. Under the assumptions (6.2), b and divb € C*, consider the
measure

u(t,z) =6(z — X(t;y)), X(0;y) =y € RL

It is a solution in the distribution sense to equation (6.7) if and only if X (t;y) is
a solution to the differential equation (6.3).

Proof. The measure u(t,x) is a distributional solution means that for all test
functions ¢(t, z), the identity holds:

—fo Jga ult, ) [atgo—l—b(t z) - Voldrdt = [p, u’(z)p(z)dz.

With the Dirac solution, we obtain

— I Dot X (ty) +b(t, X (1Y) - Ve(t, X (ty)) dt = o(y).

Using the method of characteristics in 6.1.1, we deduce

o Gt X (ty) + [b(t, X (ty) — X ()] - Ve(t, X(£y)) dt = ¢(y).

And we conclude that

Jo [t X (t:y)) = X ()] - Ve (t, X (ty)) dt = 0

for all test functions ¢, which leads to the conclusion of Proposition 6.4. O

6.2 Transport equation (the DiPerna-Lions theory)

It is possible to improve the above results and optimize the assumptions on the ve-
locity field b while keeping existence and uniqueness. This theory is due to DiPerna
and Lions [84], see also [158]. We present for instance the case of the equation un-
der its strong form but many variants are possible, including for instance first
order terms or source terms. Also, we restrict ourselves to the theory Vb € L!
theory, but we mention the recent extension to Vb € BV in [7].

Theorem 6.4. Let b € L (RY), Vb € L'(RY) and divb € L*(R?); then there

loc
exists a unique solution u € L>(R x R?) to the equation

0
Lu(t,x) + b(t,x) - Vu(t,z) =0, teR, xR,
(6.10)
u(t =0) = u’ € L®(RY).

The notion of solution for the form (6.10) is not completely obvious and we
have in mind to rewrite the equation as

at(p(t,x) + div (b(t, z)p(t, x)) — (divb)u(t,z) = 0.
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6.2.1 A regularization Lemma

Before proving this theorem, we need a commutation lemma which is the heart of
the proof.

Lemma 6.1. Let ¢ € L™ ((—T, T) x ]Rd), VT > 0, a solution of the transport
equation

gtgo(t, z) 4 div (b(t,z)p(t,x)) =0, teR, zeR? (6.11)

Then, for any regularizing kernel pe(x) = % p(*) with p € DR?), p>0, [p=1,
the convolution g = @ * pe satisfies

8815 p=(t, ) + div (b(t, ) (t,2)) = re(t,2) = 0 in L= ((-T,T) x RY).

Proof. We write

re(t,x) = div(bp:) — div(bp) * pe
= (divb)we +b- Vi — (bp) x Vpe
= (divb)pe + [palb(z) — b(z — y)]p(z — y)Vp:(y) dy
= (divb)pe + [y fpa Vb(@ = 5y) - yVp: (1) p( — y) dy
= R. + 557
with
R.(t,z) = (divb)p: + Vb(z) - (y®@ Vpe(y)) x — 0 € L®((-T,T); L'(RY)),

because y ® Vpe(y) is a regularizing kernel that satisfies [ y;V,,p(y) dy = 0 for
i#jand [y;Vy,p(y)dy = —1.

On the other hand
Se(t,x) = [y JoalVb(x — sy) — Vb(@)] - yVpe(y)p(a — y) dy,

and thus, on an interval (=7, T) we have

1S=(t,2)| < llellz= [ faa |Vb(x — sy) — Vb(z)| [yVpe(y)| dy
< lellzee fraw (Vs lyl) [yVpe(y)| dy
— 0 in L®(-T,T) ase—0,

where the L' modulus of continuity is defined by w(Vb; h) = supy, <), |[V0(z +y) —
Vb(z)| and satisfies w(Vb; 0) = 0; this is the place where we explicitly use Vb € L1
and not a mere bounded measure. 0
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Remark 6.1. For time dependent velocity fields b, the corresponding assumption
and conclusions are

Vbe L' ((-T,T)xRY), r.—0 in L'((-T,T)x R%).

Indeed, in the above argument we just have to control the L' modulus of continuity
in the space of Vb.

6.2.2 Proof of Theorem 6.4

Existence. We argue by regularization. Consider b. a family of smooth vector
fields with compact support such that b. is locally bounded, divb. bounded in
L>, b, — b a.e. and Vb, — Vb in L'. Then, using Section 6.1.1, there exists a
unique solution u. to the transport equation in strong form for this velocity field
be. From the method of characteristics we have |u.| < [|u®||p~, and thus we can
extract a subsequence which converges in L™ w — x to a function (¢, z). Then
we may pass to the limit in the definition of weak solutions (6.5) and existence is
proved.

Uniqueness. For uniqueness we consider a solution in distribution sense with van-
ishing initial data. Therefore, for all test function 1) € D(R x R%), we have

/0 u(t, ) {&w(h x) +div (b(t, x)(t, z)) | dedt = 0.

Consider a T' > 0 and a function ¥ € D(R?). Thanks to the previous step, we can
find a solution ¢ € L>® ((=T,T) x R?), p € L> ((-T,T); L*(R?)) to

ot x) +div (bt z)p(t,x)) =0,t € R, z € RY,

plt =T,x) = U().

Then, using Lemma 6.1, we have

aatgag(t,x) +div (b(t, 2)pc(t,2)) = re(t,z) = 0 in L ((=T,T); Ll(Rd)) .
This function . is still not allowed as a test function because it does not have a
compact support. The truncation in space is a simple matter and we skip this step.
Time truncation can be achieved thanks to a nonincreasing function K,(t) =1
for 0 <t < T -, and K, (t) = 0 for t > T. Then we use the test function
Y = K, ()¢ in the weak formulation and arrive at

o Ope(t,x 0K, .
/0 /]R lt, ) [Kn(t) v a(i ) 4o at(t)+Kn(t)dw(b(t,x)%(t?x))} da dt = 0,
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As ¢ — 0, we deduce

/ / u(t, x)p 0 K, (t)dx dt = 0.
0 Jrd ot

But gtKn(t) — —0(t =T) as 7 — 0 and we deduce, that [, u(T,2)¥(z) = 0,
for a.e. T' > 0. A similar argument for negative times concludes that © = 0 and
uniqueness is proved. O

Ezercise. Explain how Peano’s non-uniqueness phenomena is handled in the above
theory, for b(z) = /|| in one space dimension.

6.3 Generalized relative entropy: finite dimensional
systems

We begin with describing the General Entropy Inequality in the case of matrices
and we deal with two theories where it applies to give an entropy based under-
standing of time relaxation. In the framework of the Perron—Frobenius eigenvalue
theorem it explains why the associated dynamic converges to the first (positive)
eigenvector (once correctly normalized). In the framework of Floquet’s eigenvalue
theorem it explains why the associated dynamic converges to the (positive) peri-
odic solution (once correctly normalized).

6.3.1 The Perron—Frobenius theorem

Let ai; > 0,1 < 4,5 < d, be the coefficients of a matrix A € Myxq(R) (there
are interesting issues with the case a;; > 0 but we try to keep simplicity here).
The Perron-Frobenius theorem (see [210] for instance) tells us that A has a first
eigenvalue A > 0 associated with a positive right eigenvector N € R? and a
positive left eigenvector ¢ € R,

AN = AN, Ni>0 for i=1,....d

¢.A = )\, ¢; >0 for i=1,...,d

For later purposes, it is convenient to normalize these vectors, so that they are
now uniquely defined. We choose

n(t) = An(t), n(0) = n°. (6.12)
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The solutions to this system converge as t — oo with an exponential rate. Indeed,
the following result is classical.

Proposition 6.5. For positive matrices A and solutions to the differential system
(6.12), we have,

d d
pi= dimi(t) =) o, (6.13)
i=1 =1
d d
> dilm(] <D gilndl, (6.14)
i=1 i=1

CN; < ni(t) < CN; with constants given by ~CN; <nf < CN;, (6.15)

and there is a constant o > 0 such that, with p given in (6.13), we have

d
Z@ (" pN SZ n _pN) emot, (6.16)

Here, we wish to justify it with an entropy inequality.

Proposition 6.6. Let H(-) be a convex function on R, then the solution to (6.12)
satisfies

d d n; t
i1 2 O )

Z $iai; N, [ n]Z\(ht))[ i(t) ni(f)] () 4 )

et N; N; N; N;
<0.
- ni(t)
Definition 6.2. We call the quantity Z o N;H ( ]ZV ) General Relative Entropy.
i=1 :

Proof of Proposition 6.6. We denote by a;; the coefficients of the matrix A and
compute

S o NH (") =3, el ("8 ) ain; (t)
= Zi,j ¢z‘57ijH'(”§v(f)) [njjv(t) - njét)}v

J

because the additional " ‘( ) term vanishes since A.N = 0. But we also have, again
thanks to the equation on N and ¢, that

Zz‘,j iai; N; [H(njjv(f)) - H(nj\;f))] =0.
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Combining these two identities, we arrive at the equality in Proposition 6.6. The
inequality follows because only the coefficients out of the diagonal, that satisfy
a;; = a;; > 0, enter here. O

Proof of Proposition 6.5. Notice that, as a special case of H in Proposition 6.6,
we can choose H(u) = u, which being convex together with —H gives the equality

d d
g D dimilt) =0.
i=1

And (6.13) follows. In particular this identifies the value p mentioned in (6.13).

The second statement (6.14) follows immediately by choosing the (convex)
entropy function H(u) = |ul.

As for the third statement (6.15), let us consider for instance the upper
bound. It follows choosing the (convex) entropy function H(u) = (u—C)? because
for this nonnegative function we have

d 0
ngNiH(]\; ) =0.
; i
i=1
Therefore, because the General Relative Entropy decays, it remains zero for all
times,

d
Z ¢iN¢H(n]i\(:)) =0,

~

which proves the result.

It remains to prove the exponential time decay statement (6.16). To do that,
we work on

h(t,z) = n(t,x) — pN,

which verifies [ ¢[n(t,z) — pN]dz = 0 and satisfies the same equation as n. Then,
we use the quadratic entropy function H(u) = u? and the General Entropy In-
equality gives

d 2 d 2
d h;(t) hi(t)  hi(t)
i N =— jai; Ny 27— <0.
dt;¢ <Ni> gz:l(ﬁaj J(Nj Ni =Y
Then, we need a discrete Poincaré inequality.

Lemma 6.2. Being given ¢; > 0, N; >0, a;; >0 fori=1,...,d, j =1,...,d,
i # j, there is a constant o > 0 such that for all vector m of components m,

1 < i < d satisfying
d
Z ¢imi = 07
i=1
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we have (Poincaré inequality)
d N d i\ 2
N | ) — ] = iNi| ) -
i;1¢aj J(Nj Nl) 7a;¢ (Nz>

With this lemma, we conclude
d 2 d 2
d hi(t) h;(t)
E iNi < - E Ni 9
dt = ’ ( Ni ) * i=1 ( Ni

and then, (6.16) follows by a simple use of Gronwall lemma. O

Proof of Lemma 6.2. After renormalizing the vector m (when it does not vanish,
otherwise the result is obvious), we may suppose that

d d e\ 2
;@bimi:(), ;d)iNi(Ni) =1.

Then we argue by contradiction. If such an a does not exist, this means that we
can find a sequence of vectors (mk)(;@l) such that

d d mk 2 d mk mk 2

k i J i
> dimf =0, > 6N =1, >~ ¢iai;N; - <1/k.
i=1 ’ i=1 ’ (Ni ) Q=1 Gii (Nj Ni ) /

After extraction of a subsequence, we may pass to the limit m* — m and
this vector satisfies

d d o\ 2
;@bimi:@ ;d)iNi(Ni) =1,

d Y ’y 2
S biai N, (Né _ N:) 0.

J

i,j=1
Therefore, from this last relation, for all ¢ and j = 1,...,d, we have
m; m; —
N, N; ‘

In other words, m = 0 which contradicts the normalization and thus such a «
should exist. d



6.3. Generalized relative entropy: finite dimensional systems 163

Remark 6.2. 1. This entropy structure is related to a characterization of M-
matrices, i.e., those whose terms out of the diagonal are negative, diagonal
terms are positive and dominate the corresponding line. Such a matrix has
an inverse with positive coefficients. It was noticed in [216] that a charac-
terization of M-matrices uses the existence of positive eigenvectors as N and
¢ above. Let us point out that the General Relative Entropy inequality also
holds for M-matrices because the diagonal terms do not appear in the in-
equality of Lemma 6.2.

2. The matrix with (positive) coefficients b;; = ¢; a;; N; is doubly stochastic,
i.e., the sum of the lines and columns is 1 (see for instance [210]).

3. Notice that a;; — A < 0 because Zj a;;N; = 0. Therefore the matrix C' with

coefficients ¢;; = y ai; N; is that of a Markov process. In other words, we

set y; = x;/N;, then it satisfies

d
dtyz'(t) = cijy; (1),

and the vector (1,1,...,1) is the (positive) eigenvector associated to the
eigenvalue 0 of the matrix C, ie., ¢; = Z#i cij and c¢;; > 0. Then,
(Ni¢i)(i=1,...,q) is the invariant measure of the Markov process. In particular
this explains the entropy property which is classical for Markov processes
([224]).

6.3.2 The Floquet theory

We now consider T-periodic coefficients a;;(t) > 0, 1 < 4,5 < d, ie., a;;(t +
T) = a;;(t). And we denote by A(t) € Mgyxq the corresponding matrix. Again our
motivation comes from several questions in biology where such structures arise,
such as seasonal rhythm, circadian rhythm, see [120, 63, 109, 19] for instance.

The Floquet theorem tells us that there is a first ‘Floquet eigenvalue’ Ape, > 0
and two positive T-periodic functions N(t) € R?, ¢(t) € R? that are periodic
solutions (uniquely defined up to multiplication by a constant) to the differential
systems

SN = [A(D) ~ Aper TN (1), (6.17)
20() = 6(0).[A(H) ~ Aper T (6.18)

Up to a normalization, these elements (Aper > 0, N(t) > 0,¢(t)) are unique and
we normalize again as

T d o d
/O;Ni(t)dt:L /Oiz_;@(t)l\h(t)dt:L
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We recall that this case of Floquet theory (which applies to more general sit-
uations than positive matrices) is an application of the Perron—Frobenius theorem

to the resolvent matrix
S(t) — @fot A(s)ds’

which has positive coefficients also. A classical introduction to the subject can be
found in [65].

Again, we set A(t) = A(t) — AperId and consider the differential system

d

50 = An(t),  n(0)=nO.

In the present context we obtain the following version of Proposition 6.5.

Proposition 6.7. For positive matrices A we have,

d d
p = Z@(t)ni(t) = Zfbi(t =0)ny, (6.19)
d d
Z@(t)m(t)l < Z@-(t = 0)[nf; (6.20)

<
CN;(t) < ng(t) < CNy(t), (6.21)

and there is a constant o > 0 such that

7

d () — oN, d n0 _ NO
S e (MY VI <o I e o
i=1 ' i=1

Again, this can be justified thanks to entropy inequalities.

Proposition 6.8. Let H(-) be a convezx function on R, then we have

t)
)

d & ni(
it ;@(t)Ni(t)H (e

d
- AT AL nj_ni_ ny g
_i;@%NJ [H(Ni)[Nj ETIRART I
<0.

These two propositions are variants of the corresponding ones in the Perron—
Frobenius theorem and we leave the proofs to the reader. Adapting Lemma 6.2
requires an additional compactness argument based on the Ascoli-Arzela Theorem.
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6.4 Generalized relative entropy: parabolic and integral
PDEs

We now explain the notion of General Relative Entropy on continuous models.
We begin with the most classical equation, namely the parabolic equation for the
unknown n(t, ),

o~ 9 I, < 9 .
ot Z 6x-(aij6xz)+Zax,(bm)+d”:0’ x € R, (6.23)
igj=1""" i =9t

where the coefficients depend on ¢ and x, d = d(t,z) (no sign assumed), b; =
bi(t,z), and the symmetric matrix A(t,z) = (aj; (t’x))lgi,jgd satisfies A(t,z) >
0. We could possibly set the equation on a domain and assume Dirichlet, zero-
flux, mixed or periodic boundary conditions and then include them in the above
calculation.

Here, it is not obvious to derive a priori bounds on the solution n(t,z), in
contrast to the case A > vId > 0, b; = 0, d(z) > 0 where we have, multiplying
the equation by n|n|P~2 with p > 1,

p 4 -1
d / ()P, A )/|Vn”/2|2da:éo-
dt p p?

Indeed the only remarkable property of (6.23) is the mass conservation and L!
contraction principle

c;it/7”L(t796)d:c+/cl(t, 2)n(t, z)dz = 0,

jt /(n(t, x))+dx + /d(t, x) (n(t7m))+dx <0.

On the other hand the conservative Fokker-Planck equation is very standard
when b = —VV for some convex potential with enough growth at infinity

887; — An —div(VV n) =0.
Then, one has N = e~V and the relative entropy Jnln (]T\‘[) dx is a standard
object related to log-Sobolev inequalities, [12, 52, 155, 228]. It decays with time.
Of course, here we still have the family [ NH (J’\L,) dx of relative entropies. All
of these entropies, for all convex functions H(:), decays in time, and not only
H(u) = uln(u).

6.4.1 Coefficients independent of time

In the case of coefficients independent of time, and depending on the values of
a;j(z), b(z) and d(x), the solution can exhibit exponential growth or decay as
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t — oco. Therefore, we will assume that 0 is the first eigenvalue and, following the
Krein—Rutman theorem (see [72]), we also assume that we can find two functions
N(z) >0, ¢(x) > 0, such that

d d
-3 8? (aij(x)gg) +) 8(2» (bi(z)N) + d(z)N =0,
R o= (6.24)
N(z)>0,  [N(z)dz=1,
~ 0 9, B
- aij(x) ") =Y bi(z) )" o+d(x)p =0,
32:31 o a%‘) ; 9z; (6.25)

o(x) >0, [ N(z)¢(x)dx = 1.
These are the first eigenvectors; N for the direct problem and ¢ for the dual
operator. Notice that such eigenelements do not always exist but there are standard
examples, namely when d = 0, A = Id and there is a potential V' such that
b= —VV. Then, one can readily check that solutions to (6.24)-(6.25) are

N=¢" o=1,

when V() — oo as |z] — oo fast enough in order to fulfill the integrability
conditions.

The general relative entropy property of the parabolic equation (6.23) can
be expressed as

Lemma 6.3. For coefficients independent of t, assume that there exist eigenele-
ments N, ¢ satisfying (6.24)—(6.25). Then for all convex functions H : R — R, and
all solutions n to (6.23) with sufficient decay in x to zero at infinity (In°| < CN),
we have

d n(t, )
i [ o0 ) 1y
n™L T - 8 n, 0 ,n
:—/¢NH (J\(Tx)))z aijami(N) ij(N) dz < 0.

For conservative equations, i.e., d = 0, it is usual to take ¢ = 1, and then
the corresponding principle is classical (especially related to stochastic differential
equations and Markov processes, [224]).

Proof. We just calculate (leaving the intermediary steps to the reader)

O Pl (e Sy 2 (") 2 (M aev(M) —o
Ot N Bxi ”&rj N =1 ”81’1‘ N ij N N '

ij=1
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Therefore, for any smooth function H, we arrive at

0 ny, 0 ,1
Zaxz wax H( )+2NZ%8%H(N) %j(N)

3,j=1

n ") 0 n 0 n
+b-VH(L)+H"(% Z a;; )axj(N):O'

At this stage we can ‘undo’ the calculation that led from an equation on n to an
equation on n/N and we arrive at

d
n 9, 0 n ” a ,n
oV () _Z o 1933 o, NV H () ]+ NH( Z a”@xz axj( )
n
+; o, [b; NH(N)] +dNH( ) =0.

Finally, combining it with the equation on ¢, we deduce that

d n 9 ) n i a
NHG) =32 o fom g NHGOL+ 32 5 ()4
,, o0 ,n B
+oNH" ( le aij 8% 6%( ) =0.

After integration in = (because we have assumed sufficient decay in z to zero at
infinity), we arrive at the result stated in Lemma 6.3. d

This lemma can be used in the directions indicated in Section 6.3 (a priori
estimates, long time convergence to a steady state) and we refer to [177, 175, 176]
for specific examples.

As far as long time convergence is concerned, we notice that, as in Lemma 6.2,
a control of entropy by entropy dissipation is useful for exponential convergence
as t — oo as in (6.16). For the quadratic entropy, this follows from the Poincaré
inequality

u/¢N( <2/¢>NZ%6 6i(m), when /d)m:O.

Such inequalities, as well as log-Sobolev inequalities, are classical when N = e
for a potential V' (x) with superlinear growth at infinity ([155] for this result and
[228] for general issues on this subject). The change of unknown function to n¢
and N¢ gives the condition N¢ = e~V for V() with superlinear growth to ensure
the Poincaré inequality. We are not aware of any general condition on d, b and A
in this direction.

-V
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6.4.2 Time dependent coefficients

In fact the above manipulations are also valid for time dependent coefficients. A
situation similar to the Floquet theory and which is therefore useful for periodic
coefficients for instance. We now consider solutions to

d d
gtN(t, (E) - Z 8(2‘1 (aij(m) gi\j) + Z 82;‘1 (bl(x)N) + d(l’)N = 0,

i,j=1 (6.26)
N(t,z) >0,
8¢(t,$)—zd: 0 (aij(x)(%)—zd:b( ) o ¢+d(x)g =0,
ot 2 ox; O0x;j p 0x; (6.27)
o(t,x) > 0.

Then we have

Lemma 6.4. For all convex functions H : R — R, and all solutions n to (6.23)
with sufficient decay in x to zero at infinity, we have

jt / 6(t,7) N(t,2) H(;((t’m)))da:
P

"
/¢ N H t,x Z i 6%‘1 8363

3,j=1

() do <0.

Again we leave the proof of this variant to the reader.

6.4.3 Scattering equations

To exhibit another class of equation where the General Relative Entropy inequality
holds true, let us mention the scattering (also called linear Boltzmann) equation

gtn(t, z) + kr(z)n(t,z) = /Rd k(z,y) n(t,y) dy. (6.28)

Here we restrict ourselves to coefficients independent of time for simplicity, but
the same inequality holds in the time dependent case as before. We assume that

0 < kr(-) € L=(RY), 0 < k(z,y) € L' 0 L™ (R*)).

And we do not make a special assumption on the symmetry of the cross-section
k(z,y) as motivated by turning kernels that appear in various applications such
as bacterial movement [5, 75, 54, 189] and Section 5.6.
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Again, changing k7 in k7 + )\ if necessary in order to have a zero first eigen-
value, we assume that there are solutions N (z) and ¢(x) to the stationary equation
and its adjoint, namely

kr(x) N(z) = y k(x,y) N(y) dy, N(z) >0, (6.29)

br(e) o) = [ Ka) o) dy. ola) >0 (6:30)

These two steady state solutions allow us to derive the General Relative
Entropy inequality

Lemma 6.5. With the above notation, we have

d n(x)
o L@ N@ )

Again we leave to the reader the easy computation that leads to this result
and just indicate a class of classical examples where N and ¢ can be computed
explicitly.

Example 1. We consider the case where the cross-section in the scattering equation
is given by
k(z,y) = ki(2)k2(y)-

Then we arrive at (up to a multiplicative constant)

kz(ﬂl‘)

N() = o) =
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and we need the compatibility condition

[ ) 4
re  kr(z)?
As in the case of the Perron—Frobenius thorem in Section 6.3.1, this means that 0

is the first eigenvalue, a condition that can always be met, changing if necessary
kr in A+ k7.

Ezxample 2. We consider the more general case where there exists a function N(x) >
0 such that the scattering cross-section satisfies the symmetry condition (usually
called detailed balance or microreversibility)

k(y, ©)N(x) = k(z, y)N(y)-
Then the choice kr(y) = [pa k(z,y)dz gives the solutions N(z) to (6.29), and
¢(x) = 1 to equation (6 30)

Again we conclude with long time convergence and the possibility to prove
exponential time decay to the steady state. As in Lemma 6.2, this follows from a
control of entropy by entropy dissipation and thus for the quadratic entropy, from
the Poincaré inequality

v [oon@ (gt < [ oao@ne | (0 - WO aya,

whenever
/ ¢(z)h(z)dx = 0.
Rd

This is not always true but holds whenever there is a function ¢ > 0 such that

b= / N@jp<oco,  w)N() <k(ey), v =(am)",

a condition that is fulfilled for instance if we work on a bounded domain in veloc-
ity and k positive (the difficulties in practical examples such as the cell division
equation is that ¢ need not be bounded in unbounded domains and N can vanish
at infinity).

We write, for any function ¢ > 0, and v; = [ N/4,

[ o@)N(@)( 1 (@) *de = [ o@)N (@) (1 (2) = L @)]6(y)N ()dy)” da
<u [ [o@)N@] L () — 1 ()26(y)N (y)dyde
<vvs [ [ d@)k(a,y)N(y)[ 1 (@) - | ()2 dyda.

Notice that a large class of the examples above enter this condition but not
with the choice ¢ = ¢.
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6.5 BYV functions, Sobolev imbeddings

In this section we gather several results that have been used in several chapters
and that are based on the theory of functional spaces and related inequalities.

6.5.1 BYV space; limits

In Sections 1.6.1 and 2.2, we have used an elementary property of functions with
bounded variations (for which a complete and elaborate mathematical theory ex-
ists, see [8]).

Lemma 6.6. Let n € C'(RT) satisfy [ d”(t | dt := ||n|lTv < oo, then n(t) admits
a limit L as t — oo.

The notation ||n||7v holds for Total Variation, a seminorm that allows us to
define the BV space of L! functions with finite TV seminorms.

Proof. We first notice that the assumption implies that

/ |n()|dt_||n||v / |n()|dt as A — oo.
A 0
Therefore, we have, for p > k (integers),
dn(
|n(k) —n(p |</|n 0, as k — oo,

which implies that (n(p))p>1 is a Cauchy sequence and thus admits a limit L.

It remains to write that, as + — oo,

o0
d
In(z) — L| = lim |n(z) — n(p |<mn/| ) at = / |“Nm~w
p—o0 . z
and the result is proved. O

An extension is as follows (we write it in a general form but supposing the
C! regularity is enough for the purpose mentioned above)

Lemma 6.7. Let n € L®(RT) satisfy [;°( (4 t)) dt < oo, then n(t) is Total
Variation bounded and thus admits a limit L as t — oo.

Proof. We can write (still in the C* case to avoid the difficulty to justify it for
distributional derivatives, which can be done for instance by density)

B oo oo
ME—MM=A(%Oﬁ:A(%9Mﬁ—A(%?Lﬁ

Therefore > dn(t) > dn()
n n
|-t <2l + [ e

This proves that fooo d’;(tt)| dt < oo, and thus we are reduced to the previous
lemma. d
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6.5.2 Sobolev inequalities

(i) Sobolev inequality. The standard Sobolev inequality in R (see [98, 118] for
instance) states that for all functions v € S(R?) (smooth functions with fast decay
at infinity)
1 1 1

ull o may < C(d, p)IVullLo@ay, V1 <p<d, T d (6.31)
The particular relation between p and ¢ stands for homogeneity reasons in x. For
p = d the inequality (6.31) does not hold (with r = co) and variants in the space
BMO (Bounded Mean Oscillations) can be stated, [157].

(ii) Gagliardo—Nirenberg—Sobolev inequality can be seen as an interpolation of
this inequality as far as p < d below: for some C(d, p, q) we have

”uHLT(Rd) < C||Vu||9Lp(Rd)||u||1L;(9]Rd),

(6.32)
Vi<p<d, V1<g<oo, =/ +'7
The interesting fact here is that we can also reach the limiting case p = d:
for some C(d, q¢) we also have
-0
lall ) < CUVN oyl abi

(6.33)

V1l <g< o, 7{21;9.

A special case is used in Section 5.2.2. It is derived with u = ¢?/2, § = ﬁf_lv p=2,

r= 2’3;1, q= g. Then we arrive at

d
[ @tide < Clellywsuey [ 190 Pds,  pr1z
Rd Rd

5 (6.34)

(after changing p in p).

6.5.3 Logarithmic inequalities

(i) Logarithmic Sobolev inequalities. There are several related results. As we saw,
quantities like wlIn(u) play a fundamental role in chemotaxis (see Section 5.2.1
for instance). Related are the logarithmic Sobolev inequalities (see [76] and the
references therein). For

/ |u|Pdz = 1, 1<p<d,
R4

we have

/ P InJu] dz < % In [,c,,/ VulPda],
R4 p R4
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and the best constant is known and attained by explicit functions.

(ii) Poincaré and Logarithmic Sobolev inequalities with weights. There are in-
equalities closer to what we encountered in Section 5.2.1. Namely, for N(z) =
e~ (VitV2) with V5 bounded and D2V, > C > 0, as soon as the function u satisfies

/ u(z) N(x)dz =0,
Rd
we have the Poincaré inequality
|u|?> N (x) dr < C/ N(z) |Vul*dz.
R4 R4
If u satisfies

/Rd () N(z)dz = 1,

we have the Logarithmic Sobolev inequality
/ lufIn Ju(z)| N(z) do < c/ N(z) [V /ul?dz.
Rd Rd

For proofs and a more precise account on this subject, we refer to [155, 228] for
instance.

(iii) The logarithmic Hardy-Littlewood—Sobolev inequality (see [50, 21, 157]) is
well adapted to the free energy of the Keller—Segel system.

Lemma 6.8. [50, 21] Let f be a nonnegative function in L*(R?) such that flog f
belongs to L*(R?). Set [o. f duz = M, then

/ flogfdx—l—M//RdXRd y)log|z—y| dvdy > M[In M —C(d)], (6.35)

with C(2) := 1+ log .

This lemma can be understood in various ways. One possible connection is
through the elliptic equation in dimension d = 2,

—Ac=f.

For f € L*(R?), we do not have ¢ € L°(R?) (this is a limiting case), nor do we
have Vc 6 LQ(RQ) But for fIn f € L'(R) this lemma asserts that [g, |[Ve[*de =
Jge2 f( ) dx is bounded.

It can albo be considered as the dual of Moser—Trudinger type inequalities,
see [50, 21, 157],

/e‘hldm < Cqexp [ ! / |Vh|?dz + |Q|71|/ hdx@ ,
0 86 Jo 0
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with 6 the minimum interior angle of the piecewise smooth domain Q and h €
HY(Q).
(iv) Logarithmic loss in limiting cases of the Young inequality. In Section 5.6.1,

we used another logarithmic loss, this time in the limiting cases of the Young
inequality. Consider a solution to

Au(z) = n(x), z € R4,
The solution is given by a singular convolution and we are interested in the limiting
case when p = 1 of the Young inequality
1 1 1
Vullpor ey < C(d,p) [0l rey YV1<p<d, = — .
p* p d
To go further and treat p = 1, we decompose the gradient in long and short range

parts
Vu = Vur + Vug.

Then the long range interaction part enjoys good properties for our purpose,

T Lgjzy>ay
|x|d *n,

As for the short range part we write

Vur = A IVurlloo < Clinll1-

z Ljaj<ry |

Vus = /\d |:L'|d

Lemma 6.9. For p > 1 one has

d—1)/d
Vsl pora-n ey < C(d, p)Inllprzey (1+ [1og(nll o /Inll pray)]) 0

Proof. Let o > 0 be a parameter to be chosen later; we decompose the convolution

kernel as

T Iipca
*n 4+ Ag i{ﬂ‘d‘; Y,

x I{a<|a:|<1}
||

Therefore, using the Young inequalities, we arrive at

VUS = )\d

To<z<1 Lijzj<ay
”vuS”Ld/(d*l)(Rd)gcn {Tx|dai1 }”d/(d—l) ||n||L1(Rd)+||n||Lp(Rd) | |;Td7T ”L(I(Rd)v

with 1+ dgl = 117 + ;. Computing the norms of the truncated convolution kernel,
we obtain

IVus| pasa-1gay < Cllog(@)] "D/ |[n]| 11 (gay + Cllnl| po(ray ol HEZDTL

Finally, we choose
ld=D-)+1 _ [ PRTET)
||n||LP(1Rd)’

and Lemma 6.9 is proved. g
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6.6 The Krein—Rutman theorem

6.6.1 Krein—Rutman theorem

We give here a simplified version of this theorem which extends in infinite di-
mension the Perron—Froebenius theorem for matrices. See for instance [187], or
[72] Appendix to Chapter VIII, Volume 3 (p.193 and following) or Chapter XXI,
Section 3.4. for more general statements.

In a vector space F one defines an order thanks to a cone K,

x>yesr—yekK, and z>ysax—ye Int(K).
A subset K of E is called a cone if
(i) 0 € K,
(i) zr,ye K= Xz +pye K VYA>0, p>0,
(i) re Kand —r € K =z =0.
Additionally,
(iv) the cone K is said to be reproducible if Vo € E, then Jy,z € K such that
T=y—z
(v) it is said to be normal if 0 < z <y = ||z|| < ||y|.

Theorem 6.5. (Krein—Rutman) Let (E, || ---||) be a Banach space and A a contin-
uwous and compact linear mapping from E into itself. We assume that A is strongly
positive on a closed cone, i.e.,

z e K\{0} = A(z) > 0.

The spectral radius of A, p(A) a positive simple eigenvalue of A associated with a
positive eigenvector, i.e., x° € Int(K) and it is the only nonnegative eigenvector.

We also recall that for a compact operator, if u belongs to the spectrum of
T, ie., T — ul is not one-to-one, then either ;= 0 or p is an eigenvalue. See [41],
Section 6.2.

This version of the Krein—Rutman theorem does not apply to the LP spaces
because the interior of the positive cone is empty. Therefore it is better to use the
space of continuous functions. Then the interior of the nonnegative cone is the set
of positive functions. Even though this space is not adapted to PDEs in general,
it allows us to solve a ‘regularized problem’ and it remains to pass to the limit to
solve more realistic problems. We illustrate this on the cell division equation.

For applications to PDEs, this first eigenvalue can also be characterized by
min-max formulas that extend the usual one in finite dimension (Collatz—Wielandt
formula)

p(A) =inf{r >0 st. JzecRN{0}, >0, Az <rz}.
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We refer to [174] for a similar min-max formula for cell division equations and
applications to fitness optimization.

6.6.2 Application to cell division equation

As an example we consider a stationary cell division equation set on a bounded
interval [0, R] (because the Krein—Rutman theorem requires compactness), for con-
tinuous coefficients b and B (as motivated above), and with a boundary condition
allowing for positivity:
o R
2 () + (5 + B@))n(x) — [Fbe,y)n(y)dy = f@), 0<z <R, o
6.36

R
n(e = 0) = £ [Fn(y)dy.
We define the Banach space E = C°([0, R]) (with the sup norm) and assume, that
0<B(-)€E, (6.37)

0 <b(-,-) € C°([0,R] x [0, R]). (6.38)

We prove the following preliminary result that is (very much) improved in
Section 4.2.3:

Theorem 6.6. Assume (6.37)—(6.38) and e > 0 small enough, then there is a unique
Mo € R and N, ¢ € C([0, R]), solutions to the truncated cell division equation and
its adjoint,

S N(@)+ (Ao + B@)N(@) — [, b(z,y)N(y)dy =0, 0<z <R,
(6.39)

N@z=0)=¢['Nydy, N@)>0 [IN@)de=1;

— 2 ¢(x) + (Mo + B(2))d(x) — [ bly. 2)d(y)dy = £6(0), 0 <z <R,

olr=R)=0, ¢x)>0 [ ¢(z)N(z)de =1.
(6.40)

This is a direct application of the Krein—-Rutman theorem because one can
define the linear operator on E, A : f — n (solution to (6.36)), for which we prove
below that the assumptions of Theorem 6.5 apply. The C! regularity is nothing
but a consequence of the continuity of B, b and N in (6.39).

Therefore it remains to prove the

Theorem 6.7. Assume € > 0 small enough and p > 0 large enough. For f € E,
there is a unique solution n € E, to (6.36). This defines a continuous linear
mapping on E, n = A(f) and A is compact and strongly positive.
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Proof. First step: construction of A. Fix f € E and for m € E, we define n =
T(m) € E as the (explicit) solution to

Son(@) + (n+ B(@)n(z) = [y by.2)m(y)dy + f(x), 0<z <R,

R
n(z =0)=¢ [, m(y)dy.
We prove that T is a strict contraction. Therefore it has a unique fixed point
thanks to the Banach-Picard Theorem. This fixed point is a solution to (6.36).

In order to prove that T is a strict contraction, we consider m; and msy two
functions in E, we compute for n = ny — ng, m = m; — mo,

an(@) + (p+ B@)n(z) = [y b(z,y)m(y)dy, 0<z <R,
n(z =0) —5f0 y)dy,
therefore
2 In(@)| + (p+ B(z))|n(z)| < fo (z,y)m(y)|dy, 0<x<R,

R

In(z=0)[ <e [y Im(y)ldy.

After integration, we obtain
@ R o’ R
In(@)lelo B < e [ imy)ldy + [ els TP [ b’ y)|m(y)|dyda’
and thus
R _re R
n(@)| < fy Im@)ldy + f5 e S0+ B [Tb(a! ) m(y)|dyda’
< |lmlle[eR + [§ e~ J2 w8 [Fb(a!, y)dyda' ]

< mllgeR + [ o0 )yl f7 e da' ]
<HmHEkR+4L1m/ vyl .
~ -
—k

We can choose, as announced, € small and p large so that k < 1 and we obtain
Inllz <k |lm||z.

Thus T is a strict contraction and we have proved the existence of a solution to
(6.36).

Second step: A is continuous. This relies on a general argument which in fact shows
that the linear mapping A is Lipschitz continuous. Indeed, arguing as above

n(x)|els B +B) < & [+ |n(y)|dy
+ [T el B [yt gy n(y)|dyda’ + [ eld B | (o) da.
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and thus
In(@)] <Klnlle+ [5 |f(@)|de’ < klnlle+ [ f]e-

ThiS indeed pI"OVQS that

Third step: A is strongly positive. For f > 0, the operator T of the first step
maps m > 0 to n > 0. Therefore the fixed point n is nonnegative. In other words
n = A(f) > 0. If additionally f does not vanish, then n does not vanish either.

Therefore n(0) = ¢ fOR n(y)dy > 0 and thus

n(x) > n(0) + e~ Jo WFB) [T oI5 Gt B) £ (31 dg! > 0.

Fourth step: A is compact. For || f||g < 1, the third step proves that n is bounded
in E and thus
Sn=—(u+ B+ [blx,y)n(y)dy + f

is also bounded in E. Therefore by the Ascoli-Arzela theorem the family n is
relatively compact in E. O
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Laplace equation, 112, 141

Laplace formula, 30, 31

Laplace transform, 54, 65

Lebesgue theorem, 56, 122, 151, 153
Lienard (change of variable), 12
Linear Boltzmann equation, 134, 166
Liouville theorem, 152
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Local interactions, 145-147

Logarithmic Sobolev inequality, 114,
163, 165, 171

Logistic equation, 29

Logistic growth, 2, 29, 35, 100

Long range interaction, 136, 138, 139,
145-147, 172

Lotka—Volterra systems, 3-6, 15, 17

Lyapunov functional, 9, 21, 32, 36

Malthus parameter, 53, 55, 81, 91

Maturation structure, 53, 74, 75

Maturity (structure), 53, 75-77

Maximum principle, 57, 59, 60, 95,
130, 150

Maxwellian distribution, 140

McKendrick equation, 54

Mean field equation, 136

Mesenchymal, 110, 134

Microreversibility, 168

Min-max formula, 173

Mitosis, 67, 70, 73, 74, 79-81, 88, 91,
92, 96, 98, 99, 102

Modified Keller—Segel system, 131,
132

Monomorphic population, 23, 28, 41,
42,44, 45, 47, 50-52

Motor proteins, 104

Mutation kernel, 37, 40

Mutation(s), 15, 22, 27, 28, 36, 37,
40, 47, 53

Myosin, 102, 103

Myxobacteria, 109, 110

Navier—Stokes system, 140
Network (structure), 110, 134, 147
Non-degeneracy condition, 96
Normal (cone), 173

Null-cline, 12

Ovulary (process), 76

Parabolic scale, 141, 146
Periodic (solutions), 4, 6, 12, 13, 76,
101, 111, 157, 161
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Perron-Frobenius theorem, 157, 162,
168, 173

Physiologically structured, 15, 16, 18,
22, 27, 28, 34, 53, 54, 75,
100

Phytoplankton, 23, 24

Plasma physics, 141

Poincaré inequality, 96, 114, 159, 160,
165, 168, 171

Poincaré-Bendixson theorem, 1

Polymorphic population, 41

Population balance equation, 53, 79,
99

Prey-predator system, 3, 6, 15

Prokaryotes, 109

Proliferative (cells), 70, 76, 78

Proteus mirabilis, 109, 111

Pulse, 3, 10, 12-14

Qiescent (cells), 70, 73, 78
Quorum sensing, 129

Relative entropy, 106, 163

Renewal equation, 53-55, 57, 60, 61,
65-67,69-71, 73-75, 79, 81,
88, 91, 93, 96, 101

Replicator system, 5

Reproducible (cone), 173

Rosensweig-MacArthur system, 6, 7

Run and tumble, 134, 135

Sarcomere, 102

Scattering (equation, kernel), 96, 134,
135, 141, 145, 146, 166-168

SEIR (SI, SIR) model, 16-18

Selection gradient, 45, 46, 48

Selection principle, 20, 23, 27-29, 31,
32, 37, 41, 54

Self-excited oscillations, 12

Sensitivity (coefficient, matrix), 111,
130, 141, 142

Short range (potential), 138,139, 172

Signal limiting, 129, 130

Size structure, 53, 54, 79, 87, 100, 101
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Slow-fast dynamics, 10, 12

Solid tumor, 110

Spike, 3, 10, 14

Stable age distribution, 62

Stable size distribution, 82, 85, 96

Stem cells, 75, 76

Strongly positive, 173, 174, 176

Structured population, 1, 2, 14-16,
18, 19, 22, 23, 27-29, 31, 34,
37, 53, b4, 74, 75, 79, 87,
100, 101

Time decay, 35, 36, 64, 65, 67, 69, 85,
87, 99, 115, 116, 159, 163,
168

Total variation, 169

Transport equation, 60, 75, 95, 98,
102, 149, 150, 152, 154-156

Transport-scattering equation, 134

Traveling wave, 3, 14

Tumor, 16, 110

Tumor cells, 16

Unrestricted growth, 2, 53, 80

Van der Pol system, 10-12

Vascular Endothelial Growth Factors,
73, 110

Virus, 15, 16, 18

Viscosity solution, 44, 50

Vlasov-Poisson equation, 136

Volume filling, 129

Von Foerster equation, 54

Weak solution (Keller—Segel in dimen-
sion 2), 121

Young inequality, 139, 140, 172

Zooplankton, 23
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