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ABSTRACT. In this paper, we introduce and analyze a mechanical model for tumor growth that
takes into account the life cycle of a tumor cell. The underlying process for tumor growth is
the same as in classical mechanical models: The spatial expansion of the tumor is driven by the
proliferation of the cells (mitosis) which is only limited by the pressure inside the tissue. The
natural incompressibility of the cells, which leads to a movement of the cells away from regions
of high pressure, is taken into account via a nonlinear Darcy’s law. Compared to similar models
studied recently, we include an additional variable, which represents the age of the cells. The
various phases of the life of a cell (growth, mitosis and death) are then dependent on this age
variable.

‘We prove the existence of weak solutions and investigate their behavior numerically, focusing
on the age distribution of the cells inside the tumor, the convergence to traveling wave solutions
and the existence of a threshold for the death rate for expansion/regression of the tumor.

Keywords: Tumor growth, Age-structured model, Nonlinear Darcy’s law, Cross-diffusion,
Existence of solutions
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1. INTRODUCTION

1.1. An age-structured mechanical model. Numerous mathematical models for tumor
growth have been developed and studied. Typically such models take into account several
key mechanisms of tumor invasion, such as competition for space (with other cancer cells as
well as with healthy cells), the availability of nutrients, phenotypic traits that might affect a
cell’s behavior, etc. In this paper, we focus on the simplest type of mechanical models in which
the growth of the tumor is driven by the proliferation of the cells, which is only limited by
the pressure inside the tissue, and by Darcy’s law, which describes the movement of the cells
away from regions of high pressure [14, 26] 25| [7, [I7]. A classical model, introduced in [4] (see
also [2, 3, [B]) and studied for example in [21, [19, [10] [6l 20] models the evolution of the cell
population distribution function p(z,t) by the nonlinear diffusion equation

m—1
: m P
1.1 Op — d Vp) = pF(p), =— | —
(1) o= div (V9 =P o= (L)
where the growth rate F'(p) is a decreasing function of the pressure which vanishes for some
p = py (this maximal pressure pys is called the homeostatic pressure). When m > 1, the
pressure is small when p < pjs and large when p > pjr. If each cells has a fixed finite volume,
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this density pjps represents the maximal packing density of cells. In what follows, we take
pym = 1 (to simplify the notations) and we fix m > 1.

The main object of this paper is a mechanical model for tumor growth which is based on the
same simple considerations as , but which takes into account the life cycle of the cancer
cells. For our purpose, the cell’s life cycle will be assumed to consist of two distinct phases: In
the first phase, the so-called interphase, the cell grows and copies its genetic material. During
the second phase, the mitotic phase, it splits into two daughter cells which can then start the
cycle from the beginning. We thus associate an age to each individual cell, denoted by 6 > 0,
which we define for now as the time since its last mitosis. We then introduce the cell distribution
function n(x,0,t) which can be interpreted as the probability of finding a cell of age § > 0 at
a position z € R%. The evolution of this distribution function under pressure forces and cell
duplication is described by the following boundary value problem:

On + Opn — div z(nVgp) = —v(0,p) n — p(0)n reRY 6>0,t>0
(1.2) n(x,0,t) = 2/ v(0,p)n(z,0,t) do zeRY t>0
0
n(x,0,0) = ni,(x,0) r€R? 6 >0.

We note the presence of the term dyn, which accounts for the aging of a cell, and the coefficient
v, which can be interpreted as the probability that a given cell enters its mitotic phase: That
cell is then lost (the term —wvn in the right hand side of the first equation), but two new cells,
of age 8 = 0, are created (which gives rise to the boundary condition in ) In general,
v depends on both the age of the cell § and the local pressure p = p(x,t) (we note that in
experiments, there appears to be a lot of variability in the typical time between two mitosis
events [13]). Pressure-limited proliferation corresponds to the assumptions

(1.3) opv(6,p) <0, v(0,pr) = 0.

The coefficient () denotes the death rate, which can be taken to be constant or more generally

a function of the age. A maximum age 6,, can be imposed by requiring that foem w(0) do = +o0.
As in (1.1)), the redistribution of the cells away from crowed regions is modeled by Darcy’s

law, but the pressure p now depends not on the local “number” of cells fooo n(x,6,t) dd but on

the volume occupied by the cells. Indeed, we wish to take into account the first phase of the

cells life cycle (growth) by assuming that a cell of age § > 0 occupies a volume V(0), where
0 — V() is a non-decreasing function. The volume density is then defined as

p(x,t) = /000 V(O)n(z,0,t)db.

Finally, the pressure is an increasing function of the volume density p, and as in (|1.1)) we can
take a simple power law:

m
(a1

with parameter m > 1 and maximum packing density pys = 1.

p(.r,t) =

The purpose of this paper is to prove the existence of weak solutions for (1.2]) and to investi-
gate some important properties of the model numerically. We note that the uniqueness for such
cross-diffusion model is a challenging and largely open problem and will not be addressed in



AGE-STRUCTURED MECHANICAL MODELS FOR TUMOR GROWTH 3

this paper. Our analysis can be extended to some related models that take into account other
phenomena that we have ignored here. We mention some of those below.

Pressure-limited growth. In , we assumed (see ) that high pressure (or high volume
density) prevents the cells from dividing, thus limiting the growth of the tumor. Alternatively,
we can assume that high pressure will slow down the whole life cycle of the cell (potentially
preventing a newborn cell from growing and reaching its ”adult” size). To write such a model,
we can change slightly the meaning of the variable 0, to represent a parameter indicating how
far along its life cycle a cell has been able to go (i.e. the cell physiological age). In this model,
a cell no longer ”ages” linearly in time, since its growth is limited by a parameter depending
on the pressure p, leading to the system:

O + r(p)Ogn — div (nVp) = —r(p)v(0,p)n — u(0)n r€RL 0>0,t>0
oo
(1.4) n(x,0,t) = 2/ v(0,p)n(x,0,t)do reRY >0
0
n(z,0,0) = nip(z,0) z R 0> 0.

where r(p) is a decreasing function of p such that r(0) = 1 and r(p) = 0 for p > pyy.

The role of quiescent cells. An important feature of many tumor growth models is the
fact that not all cells behave similarly and that one should make a distinction between the
proliferating cells, with distribution function still denoted by n(z,0,t) and the quiescent cells,
with distribution function ¢(x, 6, t) [15), 111, [16]. After mitosis, a fraction A of the new cells will
be quiescent (and the rest proliferating). In addition, cells can switch back and forth from one
state to the other with probabilities o1 and 2. This leads to the following system of equations:

On +r1(p)Opn — div 4 (nVyp) = —p(0)n — ri(p)v(0,p)n + 019 — o2n
0rq + 12(p)9sq — div »(qVzp) = —u(0)q — 019 + 02n
(1.5) n(z,0,4) = 2(1 — )\)/ v(0, p)n(x, 0,1) df

0

q(z,0,t) = 2)\/ v(0,p)n(zx,0,t)do
0

with r1 and ro the different ”aging speeds” for the two types of cells and
o0
plo,t) = —p(a )™ pla,t) = / V(0)(n(z,0,t) + q(z,0,1)) db
m— 0
Note that the quiescent cells do not duplicate and might have a slower evolution if r; # ro.

Taking r2(p) = 0 amounts to assuming that they have a frozen life cycle: They do not grow or
duplicate - unless and until they transition to the proliferating state.

1.2. Equation for the density. Equations and are related to the classical model
(1.1) as follows: When v = v(p), u = pup and V = Vj are all independent of the age 6, we
can integrate the first equation in with respect to 6 to get the following equation for
p(z,t) = Vo [y" n(x,0,t) do:

(1.6) Op — div (pVp) = p (W(p)r(p) — o), p= 72" z€RY >0
' p(,0) = Vo [y nin(z, 0) df r € RY
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which is (1.1)) with growth rate F'(p) = v(p)r(p) — o-

In this simple case, it is thus possible to solve for p(z,t) without determining n(z,6,t). In
general (when v, ; and V' do depend on ), that is not possible: After multiplying the first
equation in by V() and integrating with respect to 6 we find the following equation for
the volume density p(z,t):

(1.7)
Op — div (pVp) = r(p) /0 V'(0)n(z,0,t)dd + r(p)/o v(0,p)(2V(0) — V(0))n(x,0,t)do

- /000 w@)V(O0)n(x,0,t)do.

The first term in the right hand side describes the expansion of the tumor due to the volume
change of individual cells, while the second term accounts for the change of volume during
mitosis. Such events are typically volume preserving (i.e. the total volume of the two daughter
cells is equal to the volume of the dividing cell), which can be enforced by assuming that
v(0,p)(2V(0) — V(0)) =0 for all > 0. A simple form for the coefficients v and V' describing
this situation is as follows:

if
(1.8) V() = Vo + af 1 0 €1[0,Vh/q]
2Vh if 0 > Vy/a
(1.9) v(@,p) =0 for 6 <Vy/a

in which case ([1.7)) reduces to

Vo/a [os]
Op — div (pVp) = ar(p)/o n(z,0,t)do — /0 p(V(0)n(x,0,t)do.

1.3. Motivations and related work. The fact that tumor cells of different ages have different
proliferation and mortality rates is well-documented, and age-structured models for tumor cell
population without spatial dependence have been investigated by many authors, see [15] 11,
13] 16, [18]. A simple such model is

Ogn + Ogn = — (6 ,u(G)n 0>0,t>0
(1.10)
n(0,t) _2/ 5 t>0.

which corresponds to our model (|1.2)) in the space homogeneous case. Equation has been
used to predict the growth of the tumor and the evolution of the distribution of proliferat-
ing/quiescent cells in tumors. In [I1], for example, Dyson et al. proved that the population
eventually follows asynchronous exponential growth and that the final age distribution of the
population is independent of the initial age distribution. Age-structure models have also been
used to investigate the effects of the immune system, which plays a crucial role in protecting the
body against tumor before they are large enough to be detected. The immune system detects
and removes cancerous cells via a complex mechanism, but simplified mathematical models
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have been proposed [I8] 24]. In [18], the following simple age-structured tumor immune model
is analyzed:

on + Ogn = —p(6 u(@)n —o(0)E(t)n 0>0,t>0
B

(1.11) n(0.1 _2/

where E(t) denotes the number of effector cells (immune cells responsible for identifying and
clearing tumor cells), whose evolution is modeled by

dE(t)
dt

The existence and stability of steady states is investigated and the existence of a threshold for
the existence of tumor-free steady state is established. We also refer to [I] for a tumor immune
model that takes into account the size of tumor cell in the cell division mechanism (V'(#) in our
model).

Most of the papers mentioned above do not, however, take into account the effect of the
pressure on the proliferation rate nor the effect of the volume change during the first phase of
the cell’s life cycle. Pressure plays a determinant role in the long time evolution of the tumor.
Because increasing pressure will inhibit the proliferation of cells in the core of the tumor, only
cells near the outer rim of the tumor contribute significantly to the growth of the tumor, leading
to linear, instead of exponential, growth.

In [I6], Liu et al. consider a nonlinear age-structured model in which the proliferation rate
is a decreasing function of the number of tumor cells (which is a particular case of our model
(1.5)) but still without taking into account the migration of cells toward less crowed regions. As
mentioned in the introduction, other studies have focused on this last phenomena and on the
role of mechanical stress in the growth of the tumor [4]. The resulting models have been studied
by the mathematical community for a decade or so (see for example [211 [19} 10} 8 @, 20} 9]).

Taking into account the cells’ migration in the physical growth of the tumor is crucial,
especially in order to account for the interactions with the surrounding tissues (competition for
space with other healthy and cancerous cells, availability of nutrients etc.). We point out that
when 1 < m < oo, migration is modeled in by degenerate diffusion (porous media type
equation) which leads to finite speed of propagation of the support of p (and thus the support
of n). The limit m — oo has been at the topic of numerous papers since the original work of
Perthame, Quiros and Vazquez [2I] (see for example [19, [9] 23] 20l 8] and references therein).
The resulting mathematical model is a Hele-Shaw free boundary problem which describes the
motion of the interface (the edge of the tumor). We also refer to [12] for a review of other free
boundary problems appearing in the context of tumor growth modeling.

In [4] and [20] both agent-based models and continuum models (similar to and its
singular limit m — oo) have been studied numerically. Our model is an intermediate model
between these, as it does not track the fate of every individual cell, but nevertheless allows us
to take into account the fact that the age distribution in the cell is far from homogeneous. For
example, experimental findings have suggested that most mitosis events occur near the edge of
the tumor (this is also the case with the individual based models considered in [4]) and point to
the development of regions of quiescent cells and of necrosis in the core of the tumor. Finally,
we point out that also shares some similarities with models with phenotypic heterogeneity

t>0.

=s—upE()+7N()E(), N(t) = /OOO n(6,t) do
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studied for instance in [§], but in that case, each cell is associated to a phenotypic variable
y € [0, 1] which affects their proliferation rate but does not change with time.

There can thus be significant advantages in keeping track of both the age and the position
of the cells. Even in the simple framework where v and V' are independent of 6, the boundary
value problem carries more information than , since the distribution n encodes the
age structure of the cell population and can thus give critical insight into the model’s prediction.
Such a model can then be used to model the effects of various therapies since the response of
the cell to the proposed treatment depends on its life cycle (most therapies target cells that are
at some specific stage of their life cycle).

As a final remark, we note that the determination of the parameter v, u, V, r and their
dependence on 6 is a delicate issue. We refer for example to [I3] for further discussion on this
issue.

Outline of the paper: The rest of the paper is organized as follows: In Section [2 we state the
main result of this paper (the existence of a weak solution for ) In Section (3| we further
discuss the properties of the model and present numerical results to illustrate these. The proof
of Theorem [2.T]is developed in Section[d] Additional details about the numerical code are given
in Appendix [A]

2. MAIN RESULT

In this paper, we prove the existence of a weak solution of the equation ([1.2)). For simplicity,
we take ;1 = 0 in this section (this term does not add any difficulties), so the system reduces to

On + Ogn — div z(nVzp) = —v(6,p)n reRY 6>0,t>0
(2.1) n(x,0,t) = 2/ v(0,p)n(z,0,t)do zeRY t>0
0
n(x,0,0) = ni,(x,0) r €R? 6> 0.

and we recall (see (L.7)) that the volume density p(x,t) = [;° V(0)n(z,0,t) dz solves

(2.2) Op — div (pVp) = /OOO V'(0)n(z,0,t)do + /OOO v(0,p)(2V(0) — V(8))n(x,0,t) d6.

We assume that the coefficients satisfy the following general assumptions: There exist positive
constants Vp, C such that

(23) Vo<V <C, 0<V'(9)<C, VI>0, and 0<v(@,p <C, V0, p>0
and
(2.4) [V"(0)],|06v (8, p)| < C.

Assumption (2.3) implies in particular that the volume density p(x,t) is bounded above and
below by the usual number density fooo n(x,6,t)df. Our main result is the following:

Theorem 2.1. For all m > 2 and for any initial condition n,(x,0) such that
(2.5)  ny € PN Llog LR x (0,00)),  (|z]* 4 0)nin € LYR?E x (0,00)),  pin € L(RY)
there exists a weak solution n(x,0,t) of . The function n(x,0,t) is such that

n e L®(0,T; L' N Llog L(R? x (0,0))), (|z]? + 0)n € L>=(0,T; L*(R? x (0,)))
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while the density p(x,t) and pressure p(z,t) = "< p(x,t)™ ! are such that
p € L>(0,T; L' nL*(R?),  Vpe L*0,T;L*(RY)
and the equation (1.2)) is satisfied in the following distributional sense:
(2.6)

T 00
/0 /R/ n(@,0,8)[ — Bz, 0,1) — Op(,0,8) + Vup(a, t) - Vatb(z, 0, 8) + 06, pla, ))(x, 6, 1)] b de dt

/ / Nin(z,0)(x,0,0) dea:—i—/ ¥(x,0,1) / v(0,p(x,t))n(z,0,t)dd dx dt
Rd Rd
for all y € D(R* x [0,00) x [0,T)). Furthermore, the density p(z,t) solves (2.2)).
We point out that the term fo Jrato nVap- Vi) df da dt in the weak formulation ([2.6) makes

sense if we write it as .
/ / </ nV d6’> - Vepdxdt
0 Jrd \Jo

since | [;° nV, df| < C||V||p=p € L*(0,T; L*(R?)) and Vop € L*(0,T; L*(R%)).

Under assumption ([2.3)), the density equation (2.2)) implies in particular
m
m—1

, we deduce the following equation for the pressure p:

m—1

Op —div(pVp) <Cp,  p= p

And multiplying this equation by mp™ 2

(2.7) dip — (m — 1)pAp — [Vp[* < (m — 1)Cp.
This equation will play a role in the proof and it implies the following classical result:

Proposition 2.2 (Finite speed of propagation of the support). Under the assumptions of
Theorem assume further that there exists Ry such that ni,(x,0) = 0 for all |x| > Ry and
0 > 0. Then

n(z,0,t) =0 for all |z| > R+ ™ Y and for all § > 0

for some R depending on Ry and ||pin|| L -

Proof. Setting A := (m — 1)C, we note that given a unit vector e, the function p(z,t) =

et (eAt —VA(z-e— E)) is a super-solution for ([2.7)) with support in {z-e > R+ —=e4!} and
. Vi

satisfying p(z,0) > 1++vA(R— Ry) on Supp p,. Taking R large enough so that B(x,0) > pin(z),
the result follows from the comparison principle applied to ([2.7)). O

On the other hand, it is not obvious that we can get a bound on R(¢) that is uniform with
respect to m, the main obstacle belng the term [ V'(0)n(6) df. This term is responsible for
another 81gn1ﬁcant difference with (|1.1)): Even if we assume that v(6,p) = 0 for all p > py; and
that pin(z) < pas it is not true in general that p(t,x) < pps for all ¢t > 0.

Finally, we note that the proof of Theorem [2.1] could easily be adapted to the pressure limited
growth model (| . In fact, this model has slightly better properties since if we assume that
r(p) = 0 for p > pas (i.e. preventing not only mitosis, but also the growth of cells when p > pys),
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then p(z,t) < pps for all t > 0 if it is true at ¢ = 0. This follows from the fact that the pressure
solves

0ep — (m —1)pAp — |Vp|* < (m — 1)Cr(p)p
and the usual maximum principle.

Before we give the proof of Theorem [2.1] we present in the next section some numerical
results which illustrate other important properties of our model.

3. PROPERTIES OF THE MODEL AND NUMERICAL RESULTS

When the volume V' (6) and proliferation rate 5(f) are independent of #, the volume density
p(t,z) =V fooo n(t,z,0) df solves the classical porous media type equation with growth term
(1.6). This classical model has been extensively studied both theoretically and numerically
(including the singular limit m — oo, see [21], [19]). Classical properties include finite speed
expansion of the support and the existence of traveling wave solutions which describe the as-
ymptotic spreading speed of any compactly supported initial configuration. Similar properties
are expected to hold for general V' (0) and 3(f) and will be investigated numerically below. But
we also note that even in the simplest case mentioned above, our model provides additional
information concerning the spreading of tumor under mechanical process described in the intro-
duction. In this section, we further discuss some properties of the model and present numerical
results to illustrate them.

3.1. Numerical setting. Throughout this section, we fix m =4 (so p = %p?’) and we take

v0.0) = 50) (§ - )

where [ satisfies 3(0) = 0 for some small §. Following [13], we take:

(3.1) B(6) {0 if 6 <6y
' - (0-00)° .
s Tz —tnFe—ay) L0 =0

where yp = 1 and ¢ = 20. We restrict ourselves to the case V(0) = V. Note that for
computation purposes, we need to take the age variable 6 in a bounded interval [0, 0,qz].
When we can take 6,4, larger than the maximum computation time, this maximum age does
not play a role in determining the solution. But since cells do not live forever, it can be relevant
(and numerically less costly) to take 0,4, < T.

In that case, one needs to specify what happens to cells when they reach the age 0 = 0,4,
In the numerical computations that we present below, we assume that these ”older” cells are
still physically present (they contribute to the pressure), but they are no longer proliferating.
This amounts to assuming that 5(6) = 0 when 0 > 0,4,

Note that it would be easy to assume instead that these cells are proliferating with a constant
rate (8(0) = B(Omaz) for 6 > Op42). In practice, we actually see very little difference between
these two settings in the simulations: Indeed, older cells are primarily found in the center of the
tumor, where the proliferation is already negligible because of the high pressure p ~ 3/4. This
is illustrated in Figure [3| which shows the density of the cells of age 6 = 0,4, inside the tumor.
We also point to Figure [7} which shows that when the death of cells is taken into account, the
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FIGURE 1. The density x — p(t, z) for a 2-dimensional tumor at time ¢ = 0, 10,
20, 40 and 50

number of cells of age 6 converges to zero exponentially fast and taking 6,4, large enough will
again lead qualitatively to the same results as when 6,4, = +00.

Below, we present and discuss 2D simulations where the equation is set in the square
[-10,10] x [~10,10] € R? and the system is supplemented with Neumann boundary condi-
tions. Additional information about the numerical scheme can be found in Appendix [A]

3.2. Growth of the tumor and mitosis events. Figure[I|shows the evolution of the density
p(z,t) = [;° n(x,0,t) dI with Omax = 20 for some non-symmetric initial data. One of the most
interesting feature of our model, compared with macroscopic models that only describe the
evolution of the density p(x,t), is that it keeps track of where proliferation is taking place.
Indeed, in vitro experiments with cancerous cells suggest that the growth of the tumor is
mostly due to the proliferation of cells in a small region near, but not at, the outer edge of
the tumor (a similar behavior is observed for the growth of bacteria colonies). Figure |2 shows
the distribution of cells that just experienced mitosis n(z,0 = 0,t) and clearly shows that the
model is consistent with this observation: Most mitosis events take place in an annulus close
to the edge of the support of n.

For comparison, Figure |3| shows the distribution of cells of age 0,,,4, across the tumor. These
are the cells have reached their maximal life span and are no longer proliferating (we can also
interpret this as a necrotic core).



10 DORON LEVY, HYUNAH LIM, ANTOINE MELLET, AND MAEVE WILDES
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FIGURE 2. Number of mitosis events inside the tumor
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FIGURE 3. Spatial distribution of the oldest cells
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FIGURE 4. Average age of the cells across the tumor. The lowest average age is
found slightly inside the tumor and not at the edge.

This phenomenon is related to another important feature often identified in experiments,
the notion of “surfing cells” at the front: The cells at the leading edge of the tumor are being
pushed by the growing bulk density so that the minimum average age of the cells is not found
at the edge. This is illustrated in Figure [4] which represent the average age

5 on(x, 0,t) do

Jo n(x,0,t)do

O(z,t) :

as a function of x for various time.

3.3. Long time behavior and traveling wave solutions. We now turn our attention to
the behavior of the solutions for large time. Two important features of tumor growth are
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the speed of spreading of the tumor and the asymptotic age distribution of the cells across
the tumor. Indeed, a motivation for the study of age-structured models is the development
(or improvement) of therapies. Since cells in different phases of their life cycle are affected
differently by therapies, a precise description of the age distribution of the tumor cells can help
develop effective strategies to limit their growth.

Space homogeneous model. There is an extensive literature (see for example [11]) devoted
to space-homogeneous age-structured models such as (1.10). The long time asymptotic for
(1.10) is a classical problem: This system has particular solutions of the form

(3.2) Noo(0,1) = ceMp(h)
where ¢ solves

Mo+ =—=B(0) o —puO)p,  ¢(0)=1
and A is determined by the condition

2/0 B(6) p(0)do = 1.

The formula shows that the parameter A\ characterizes the exponential growth of the tumor,
while the function ¢ describes the asymptotic age distribution of the cells. In particular, it can
be proved (see [11]) that for any nonzero initial data, the solution of satisfies:
n(0,t
fooon((ﬁ”,g)cw’ — (0) as t — +oo0.
Space-dependent model: Traveling wave solutions. When pressure and space variable
are taken into account, the asymptotic behavior of the solutions is very different. An important
property of the reaction-diffusion equation is the existence of traveling wave solutions and
the finite speed of spreading (see for example [23] 22] and references therein for traveling wave
solutions in the context of tumor growth). In particular, we recall that when F'(p) = pas — p,
(1.1) admits solutions of the form p(xz — ct) for all ¢ > ¢* where the smallest speed ¢* is also
the spreading speed of compactly supported solutions.
The existence of traveling wave solutions for the simple age-structured model

On + Ogn — div z(nVzp) = —v(6,p) n
(3:3) n(x,0,t) = 2/ v(0,p)n(z,0,t)do
0

with v(0,p) = B(0)(pm — p) can be observed numerically in dimension 1 as shown in Figure
After some initial transition time, the solution is asymptotically close to a traveling wave, which
is a solution of of the form n(z, 0, t) = n(x—ct, #) where the corresponding pressure variable
p(x) satisfies the boundary condition

(3.4) Jim p(z) =py.  lim p(z) =0.

A rigorous mathematical justification of this fact is the object of a forthcoming work [27]. This
implies that the growth of the tumor is no longer exponential: The speed of the traveling
wave characterizes the growth of the diameter of the tumor. In dimension 2, for example,
this implies that the total mass of the tumor grows quadratically, a phenomenon that can be
confirmed numerically (see Figure @
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FIGURE 5. Development of a front propagating with constant speed: The fig-
ure shows the evolution of the one-dimensional density p(z,t) starting from a
characteristic function %Xx§_5 at time ¢t = 0, 5, 10, 15, 20, 25, 30 and 35.
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FIGURE 6. Growth of (fQ p(x,t) dx) Y2 over time for a two dimensional tumor.

Focusing on the behavior of n(z,0,t) for large ¢ we see numerically that the traveling wave
solution satisfies

(3.5) n(z,0,t) =n(z —ct,0) ~ dp(xr+c(0 —t)) ast — oo

for fixed = and @ and for some profile ¢. This observation is consistent with the equation since
(3.3) implies Oyn + Jgn = —cOxn + Opn — 0 as © — —oo. This can be explained as follows: As
the tumor is spreading, the pressure at a given x converge to py; when ¢ — oo so that both
diffusion and proliferation become negligible. The asymptotic behavior simply captures
the aging of the cells.
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FIGURE 7. The function ¢oo(f) when p(6) is given by (3.7) and 3(6) is given
by (3.1)) (left) or 5(0) =1 (right)

Death rate: Expansion vs. Regression of the tumor. The long time behavior of the
solutions is quite different when we include the death rate p() in the model:

On + Ogn — div »(nVzp) = —v(8,p) n — p(0)n

(3.6) n(z.0,1) = 2 / 0, p) n(, 0,1) do.
0

First, we observe numerically that for large enough pu, the tumor might shrink and eventually
disappear (lim;—oo n(t) = 0), while for small u, a moving front with positive speed develops
as in the case y = 0. We also note that traveling wave solutions cannot satisfy when
1 > 0 since the right-hand side of no longer vanishes for p = pjs. Finally, when the tumor
spreads, numerical simulations show that there exists a unique profile ¢ (6) such that

n(z,0,t) = ¢o(f) ast — oo

for all z € R? (which is very different from the asymptotic behavior (3.5)). Examples of this
profile ¢ () are shown in Figure [7| when p is given by

0 if0<10
3.7 o) —
(3.7) w(0) {0.1 i 0> 10

and for two different choices of 3(8).
This behavior can be investigated analytically: Going back to (3.3|) we see that the asymptotic
profile ¢oo () (if it exists) must solve

¢'(0) = —v(0,po)(0) — n(0)(0),  0>0
(3.8) ¢(0) =2 /0 v(0, po)(6) db

w0 ([ v a) "

m—1

and we can show the following result:
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Proposition 3.1. Assume that m > 1, that pu(0) satisfies [;° pu(0)df = oo (every cell dies
eventually) and that v(0,p) satisfies (1.3)). Then (3.8) has a unique positive solution ¢oo(0) if
and only if

1

(3.9) / p(@)e=Jo 0+ ds gg 5
0

Proof. For a given pg the solutions of the first equation in (3.8]) are given by

4

B(0) = e Jo V(spo)Fuls)ds
with a € R. The second equation in (3.8)) is then equivalent to

(3.10) =9 / 0(6, po)e— Ji Vispouts) ds g
0
which is a condition on pg. The non-degeneracy condition fooo w1(0) df = oo implies
/ " (6, po)e et gy — g / T (0)e K vsporn(s) s gg
0 0

and so (3.10) is equivalent to
— & U(s.po)tuls)ds gg _ 1
/0 w(@)e Jo do 5

Under assumptions (|1.3]), the left-hand side is monotone increasing with respect to pg and equal
to 1 when pyg = pps. The existence of a unique py € (0, pas) satisfying (3.10)) is thus equivalent

to the condition ({3.9)).

Under condition (3.9)), the discussion above shows that there is a unique py € (0,pas) such
that (3.10]) holds. We deduce the existence of ¢, solution of (3.8) given by

§Z5oo(9) = ae‘foe v(s,po)+u(s) ds
where the constant « is determined by the last equation in (3.8)). 0

In view of this proposition, we conjecture that (3.9)) identifies the threshold that characterizes
the long time behavior (expansion vs. regression) of the tumor mass and that when (3.9)) holds,
the long time dynamic of the tumor will be described by traveling wave solutions of (3.3]) which
satisfy the boundary conditions

lim p(x) =pg, lim 7n(x,0) = ¢puo(6), lim p(z) = lim #a(z,0) =0.
Tr——00

T—r—00 T—+00 r—r-+00

When p and v(p) = f(par — p) are independent of 0, condition (3.9) is equivalent to pu < B pas
which is indeed a necessary and sufficient condition for the growth of the tumor. This is easy
to show since in that case the equation for the density reduces to

Orp — Ap™ = p(Bpym — 11 — D).

When v(p,0) = B(0)(pamr — p) with B(0) given by (3.1), Figure shows the evolution of the
mass of the tumor for different values of p (independent of #). The behavior is consistent
with condition (3.9) which identifies ;1 = 0.1076 as the threshold value when the death rate is
constant.
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FIGURE 8. Evolution of the mass of the tumor when 3(0) is given by (3.1)) and
for different values of the death rate pu. The first two values of u are below the
threshold p = 0.1076 determined by condition (3.9, while the last two values

are above.

4. PROOF OF THEOREM [2.1]

We now turn to the proof of Theorem We will prove the existence of a solution for (|1.2])
in two steps: First we will show that the following regularized system

Oen + Opn — div z(nVzp(p)) —eAzn = —v(0,p) n reRY 6>0,t>0
(4.1) n(x,0,t) = 2/00 v(f,p)n(z,0,t)do reRY >0
n(x,0,0) = ni:(x,é’) r R 6> 0.
has a solution for all ¢ > 0 where we recall that
po) = o et = [ VO,

Then we will pass to the limit ¢ — 0 to construct a solution of ([1.2]) and prove our main result.

4.1. Existence of a solution for the regularized system . The existence of a solution
for will be proved by using a discrete time scheme which splits the transport in 6 and the
diffusion in z: We initialize the scheme by setting ng(x,8) = ni,(x,0) and for all k£ > 0, we
proceed as follows:

Step 1: Given ng(x,0), define nk+%(ac, ) solution of

nk+%—nk+789nk+%:—TV(G,pk)nkJr% zeRY 6>0

4.2 i

(4.2) nk+%(m,0) = 2/ v(0, p) ng(x,0) do r € R
0

where py = p(pr) = %p}?fl and pg(z) = [;° V(0)ng(z,0) d. Note that the space variable
is a parameter in this equation.
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Step 2: Then define ny1(x,0,t) solution of
(4.3) M1 = Mgyt = TV (e Vop(prr)) —emAngpn =0 2 € R?, 6> 0.

Note that the age variable 6 is a parameter in this equation.

This iterative scheme defines nyi(x,0) for all k& € N. We then define n,(z,0,t) piecewise
constant function in ¢ by

(4.4) n-(x,0,t) = ng(x,0), t e kr, (k+1)7)
and

pr(x,t) = /000 V(O)n,(z,0,t)dob.

We also define the piecewise linear function n,(z, 6,t) which satisfies n,(z, 0, k7) = ng(z, 0):

(4.5)  n.(x,0,t) = ((k“)T_t> ng(z,0) + <t _TkT> ng+1(z,0), tekr, (k+1)7)

T

and the corresponding volume density

P, t) = / i (x, 0,1) do.
0

The well-posedness of the scheme (i.e. the existence and uniqueness of a solution to (4.2))
and (4.3])) will be proved below. We then note that by combining (4.2)) and (4.3), we find
(4.6)

Nk+1—Nk
T

+ 39nk+%oo— div o (np41Vaep(pri1)) — eAngrr = —v(0, p(pr)) Myl TE R 6 >0
e @.0) =2 [ 0(0,p(p0)) m(o.6) do zeRY

Our goal is then to derive appropriate bounds on ng, pr and on the interpolations n., p, and
pr in order to pass to the limit 7 — 0 in (4.6)

4.2. Tterative scheme: Existence and estimates from ny, pg.

Proposition 4.1 (Well-posedness of Step 1). Given ng(z,6) non-negative function in L' (R x
(0,00)), there exists ny, 1 (z,0) solution of (4.2). Furthermore, the volume density satisfies
2

1+Cr d
(4.7) pk+%(x) < T CTpk(:v) Vz e R
(4.8) ors1 (@) = pr(a)| < Crpi(z) Vo €RY

for some constant C' independent of k and T and for all T > 0 small enough. Finally, we also
have

(49) [ 6O 4.0~ a0 8| < Cl O lon(o)r V€ B
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Proof. We rewrite (4.2)) as
(1+ TV(Q,pk))nk_gg; + T@gnH% =ny 0>0
nk+%(az,0) = 2/ v(0, pr) ni(x,0) db.
0

This equation can be solved explicitly: With A(9) = foe 1+ 7v(0,pr)dd > 6, the unique
solution of (4.2)) is given by:

o I :
ny1(z,0) = 2= 7A®) / v(0, pr) ni(z,0") d9’ + / e~ T AO) AW N (z,0") do’.
2 0 T Jo
Multiplying the equation (4.2)) by V(6) and integrating with respect to 6, we get the following

relation (using ([2.3))):

ey @) = pu(o) =7 | [ 0,002V O 000 = [T o0V Oy 0.0)

(4.10) + / V’(@)nkJr%(ac,G) dH}
0
(4.11) < Crlon+ pyp ]
which yields first (4.7) and then (4.8]). Multiplying the equation (4.2)) by ¢(#) and integrating
with respect to € also gives (4.9). O

Proposition 4.2 (Well posedness of Step 2). Given Ny, 1 non-negative function in L'(RY x
2

(0,00)) N L®(RY; LY((0,00)), there exists a non-negative function npy; € L*(R? x (0,00)) N
L>(R%; L1((0,00)) solution of ([£.3)). Furthermore the density satisfies:

(4.12)
4q(q —1) / ? 4(g—1) /

q d AT 7 d N 7
/dekH x+(m+q_1)27 R vher g Rd

for all ¢ € [1,00) and

m+qg—1

Vipgsi )

q 2
Vﬂ1§+1‘ de/RdPZJrl dx

2

(4.13) [pkt1 1l oo may < [Pkl oo (mey-

Proof. In order to prove that a solution exists, we first notice that by multiplying (4.3)) by V' (0)
and integrating with respect to 6, we get

(4.14) prar = TAV o (pri1 Vap(pri1)) = T€Aprir = pp1 T € R?,

mfl)

which is a classical nonlinear elliptic equation (recall that p(p) = —"5p . Given p, 1 €
2

L' N L>®(R%), this equation has a unique solution with ppy; € L' N L>®(R?). We then define

ngt1(x, ) the solution of (4.3) with p(pg+1(x)) given by the solution of (4.14)). This solution
exists: indeed, 6 is a parameter in this equation, so we only need to solve this equation for

a fixed § > 0, and when € > 0, the solution pgi1 of (4.14) is smooth, so the advection term
Vp(pe) is smooth and the existence of a solution is straightforward.
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Since we first found pj1 () and then nj4 (2, 0), we need to make sure that [V (0)nj41 (-, 0) df =
Pk+1 in order to show that ng(x) solves (4.3). For that we note that the function u(x) =
pes1(x) = [V (0)nggr (2, 0) db solves

u — div (uVp(pr+1)) — eAu = 0.

In order to prove that u = 0, we take 35(s) = V52 4+ §2 — 0 and multiply this equation by S5(u)
to find:

[ sty de === [ v ds— [ g p(on) - Vuds
= [ o) Vi) - fs(w) de

< / Ap(prs1) (uBl(u) — Bs(uw)) da

Since |s85(s) — Bs(s)| < 6 and sB5(s) — |s| with s85(s) < |s|, we deduce [ |u|dz < 0, that is,
u =0 and so

oo
/ V(0)ngt1(z,0)di = pry1(x), a.e. v € R?
0
thus proving that ny(z) is the solution of (4.3).
Next we derive (4.12): we multiply (4.14) by piﬂ (for ¢ > 1) and integrate in x to get:

—1 4. —1 -1
/R P14 = 7 iV (P Vpp) dz — e /R Prra Ao dr = /R L PPl de

Rearranging, and using the convexity of the function s +— s? for any ¢ > 1 and s > 0, we
deduce:

3 -2 -1
rola=1) [ Vol de +reta=1) [ Al de = [ T — o) do

1 1
-4 _ 4
= /]Rd qpk+% qpk+1 -

which implies (4.12)). To get (4.13]), we can apply the maximum principle to (4.14]) or pass to
the limit ¢ — oo in the inequality ||pr+1ll ey < [Pkl La(ra)- O

4.3. Estimates for n, and p,. We recall that once the n; and p; have been iteratively
constructed, we can define the piecewise constant functions n,(z,0,t) and p,(z,t) and the
piecewise linear interpolations n,(z,0,t), pr(x,t) (see and ) In what follows, we fix
T = KT > 0. We start with the following straightforward consequence of Propositions

and (4.2}

Proposition 4.3. There exists C such that if 7 < %, then p, > 0 is bounded in L>(0, T; LI(R?))
for all q € [1, 00] uniformly with respect to T.
Furthermore, for all g € (1,00), there exists Cy such that if T , then

m4qg—1
(4.15) ||VPT ’ ||L2 (0,T;L2(Rd)) T 5||VPT 172 (0.7522(rdy) < Cq
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Proof. Combining (4.12)) with (4.7)) yields

4g(g — 1) L
I s M

(4.16)

Similarly, combining (4.13|) with (4.7]) yields:

1+Cr
(4.17) 1ok-+1 1l Loo () < 17||Pk\|1:oo (R)-

Using the fact that if—i <1+ 4z when x € [0,1/2], and iterating (4.17)), we get
K
x|l oo (ray < (1 +4CT)™ [lpoll oo (ray < €4CKTHP0HL°°(Rd)
as long as 7 < % Similarly, (4.16]) gives

K
Pkl Laray < (1 +4CT)" |lpoll pagray < €4CKTHP0HL¢1(Rd)-

These inequalities imply the first statement.
Next, we can rewrite (4.16]) as

4q(q — 1) / mtq—1 4(q—1) a
q 2 2 2 2
Prodx + ——————=T Vip dx +eT———= Vp dx
/Rd Pt (m+q—1)2 Rd| (et )l g Rd| il

1+Cr\1?
< ’d -1 id
< [t |(6) -] foter
§/ pZdaz+Cq7'/ P} dx
Rd R

as long as Cy7 < 1 for some constant C; depending on ¢. Summing up for k = 0,... K, we
deduce:

4q(¢ — 1) e )2
(m+q— 22 / Pyt ) dz
4(q—1)

+e TZ / \Vpk+1| dx < (1—|—C KTe4qCKT) HPOHLq (RY)

which implies (4.15). O

Next, we prove the following result, which will be used to control the values of n, at infinity
(in 2 and 0):

Proposition 4.4. There exists a constant C such that if T < %, then

(4.18) sup / / (|z|* + 0)n,(z,0,t) dd dz < C
te[0, 7] JRE JO

with C' dependent on T by not on T.
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Proof. Multiplying (4.2) by ( (|z|?> + 0) > 0 and integrating in = and 6 gives

| / (ol + Oy ol
/ /30”k+ (| +9)dwd9+/ / (lz|* + 0)ny dz dO
= T/ /]Rd”lwr1 dxd9+7/dnk+;(%0)|$’2dw+/0 /}Rd(|$’2+9)nkdxd9

ST/ ,ok+1dx+7'/ 2/ y(&,pk)nk(x,H)]m\Qdex—i-/ / (|| 4 0)ny, d do
R 2 Rd Jo 0 Jrd

(4.19)
o0
ST/ pk+1d56+(1+07')/ / (|z|* 4 0)ny dz db.
R4 2 0 R4
Similarly, (4.3)) yields:

/ /(!x\Q—i—H)nkHda:dG:/ /(\x!2+9)nk+1dxd9+2dr/ I+ e da.
0 JRd 0 JRd 2 Rd

Combining these inequalities give:

/ /(|x|2+9)nk+1d:cd9§(1+07')/ /(\$|2+9)nkdxd0+07'/ Pyt FPR 1 +Eprsr da
0 JRd 0 JRd Rd 2

and the bounds from Proposition (together with (4.7) to control p, 1) implies
2

o0 o
/ / (||* 4+ 0)npy1 dzdd < (1 + CT)/ / (|| 4 0)ny dz do + C(T)T
0 R4 0 Rd
for all k£ < K (with K7 =T). which implies
(4.20)
/ / (22 +0)ny dzd6 < (1+C7) / / (224 0)nin da+ C(T) (14 CF)F+ < C(1+Cr)F
R4

and the result follows.
O

Finally, we note that while p, is bounded in L>(0,T; LP(R%)) for p € [1,00], we only have
n, bounded in L>(0,7T; L*(R¢ x (0,00)). In order to show that we do not get a measure (in )
in the limit 7 — 0, we will make use of the following result:

Proposition 4.5. The piecewise constant function n, > 0 is bounded in L*°(0,T}; Ll(]Rd X
(0,00))) and satisfies:

(4.21) sup / / nr(x,0,t)log, n.(x,0,t)d0de < C
t€(0,T) JRd

for some constant depending only on T and the initial condition.

This proposition follows from the following Lemma which we prove below:
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Lemma 4.6. There exists a constant C' such that
(4.22

)
/R d /0 11 (1, 0) 10g (11 (, 0))V/(0) df
+ T o)) o
< (14 C7) / /Oo ng(z,0) log(ng(z,0))V () dd dz + C1(1 4+ C1)*.
R4 JO

Note that inequality (4.22]) also yields a bound on szl/ % We did not include this estimate
in Proposition since we will not be using it.

Proof of Proposition[4.5 Tterating (4.22)), we get:
/ / ng(z, 0) log(ng(z,8))V(6)do dz < (1 +CT)k/ / Nin(x, 0) log(nin(z,0))V(0) d dx
R4 JO R4 JO
+ Ckr(14 C1)".
Recalling that k7 =T, we deduce
sup / / ng(z,0)log(ng(z,0))V(0) db de < eCT/ / nin(z, 0) log(nin (z,0))V(0) db dz
k=1,...K JRa Jo R JO
+ CTeT.

Next, we recall the classical inequality |slog s|xo<s<1 < sw + Ce /2 (for all w) with w =
0 + |z|2. We deduce:

/ / nrlog, (n)V(0) df dx
R4 JO

g/ / ny log(n. )V (6) d9dm+/ / ((9+ |x|2)nT+ce—<9+‘ffl2>/2) V(0) do dz
R< JO R< JO
and so (4.18) implies
o0 [e.e]
(4.23) / / nrlog, (n;)V(0) df dx §/ / n;log(n.)V(0)dodx + C(T)
R< JO R4 JO

for all ¢ € [0, 7] and the result follows.
U

Proof of Lemma[{.6 Multiplying (4.3) by V(0)(log(ng+1) + 1) and integrating with respect to
0 and x yields:

L[ e = ) 0g(misn) + VO 0o+ 7 [ Vplpni) - Vo da =0
R 0 R

and so the convexity of s +— slog s and the definition of p(p) gives
(4.24)

(o] 4 oo
L[ mentostusv@avdos T [ 9o Rde < [T sy Vio)ds ds
R4 JO m JRrd Rrd Jo 2 2
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Similarly, multiplying by V(6)(log(ny,., 1 )+ 1), we get
/Rd /Ooo(nk_% — nk)(log(n,ﬁ%) + 1)V (0) db dx
= _T/Rd /OOO 89(nk+% log(nlﬂ_;))V(G) df dx — 7'/Rd /00 v(0, pr) nk+;(log(nk+%) + 1)V () df dz
<7'/ (! 1 (z, 0)log(nk+ (z,0)V d.CU+T/ / nk+1log (! )V (0) dO dx

—7'/ / v(0, pr) (! log(nkJr 1)V (0) df dx.
Rd

Using the convexity of s — slogs again, we deduce

/Rd/O Mgy log(nk+%)V(0) dﬁd:ﬂ—/Rd/O ng log(nk)V(0) do dx

<: / My (,0) 108 (ny. 1 (2,0))V(0) da

T /R / (4.1 log(ny 1) [V'(0) — (0, pr)V (0)] db du.

The first term can be bounded using the monotonicity of s ~— slog, s and the fact that
(! 1 (2,0) < Cpi(x) which is bounded in L' N L>®(R?) (by a constant depending only on T').
For the second term, we use the fact that [V'(6) — v(0,pr)V(6)] < CV(0) and get:

/Rd/o nkJr%log(n/,c+ dﬁdx—// ng log(ng)V(0) df dx

<Cr+0Cr /Rd/o Mgy s log(nkJr%))‘ V(6) do dz

and we can proceed as in (4.23)) (we combine (4.19) and (4.20) to get the required bound on

the moments of n,H_%) to get:

/Rd/() nk+%log(nk+%)V(9) dex—/Rd/o ng log(ng)V (0) do dx

(4.25) < CT—i—CT/ / (nkJr% log(nkJr%))V(H) df dx 4+ Cr(1 + C7)*k.
Re J0

which implies (assuming 7 is small enough so that C7 < 1/2 and ﬁ <(1+4+Cr)):
(4.26)
/ / ! log( ! )V (0)dodr < (1+ CT)/ / ng log(ng)V(0) df dz + C(1 + CT)*.
R4 R4 Jo

We combine this inequality with (4.24)) to get (4.22). O
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4.4. Weak convergence of n, and strong convergence of p, as 7 — 0. Since n, is
bounded in L>(0, T; L' (R? x (0, 00)), Propositions implies that it converges up to a subse-
quence for the narrow topology to n € L>®(0,T; M(R? x (0,00)). From now on, we thus fix a
subsequence (still denoted n, for simplicity) such that

(4.27) /// n.(x,0,t) xﬁtd@dmdt%/// n(x,0,t)y(t, z,8)do dv dt
R4 Rd

for all ¢ € CY([0,T] xR x (0, 00)). Furthermore 4.5/and Dunford Pettis theorem imply that n €
L>®(0,T; L' (R%x (0, 0)) and that the limit (4.27)) holds for function 1 € L>([0, T]xR%¥x (0, 00)).
If we take ¥(z,0,t) = V(0)p(z,t) in (4.27)), we deduce (along the same subsequence)

po(@,t) — pla,t) = /0 " 0,0V (6) db.

In order to pass to the limit 7 — 0 and derive (4.1]), we need to establish the strong conver-
gence of p; and Vp™~ 1. A key ingredient for that is the following equation for pg, which we
obtain by combining (4.10) and (4.14):

(4.28) Pit1 — Pk — TV o (pr+1VaeD(Pry1)) — TEApR11 = TF

where
Fule) = [ o002V On(o,0) a0~ [ 0000V Oy (0.0 a0+ [ VI O)n 4 (2.0) b,
0 0 0
We have
[Fi(2)] < Cpr(z) + Cpyy 1 (2)
and so F, is bounded in L>(0,T; L' N L>°(R%)). We will deduce the following proposition:

Proposition 4.7. Up to another subsequence p.(x,t) converges strongly to p(z,t) in L?(0, T; L?(R%))
and almost everywhere in [0,T] x RY.

Proof. First, we will prove the convergence of the piecewise linear function p,(t): The bound
(4.15) with g = 2 gives
ellVprll2omr2meyy < C
(this bound is the main reason we added the regularization eAn). Since p; is the linear inter-
polation with the same value as p;, it is easy to check that we also have
ellVorllpzo,rr2@ay < C.
Furthermore, we have

Oupr = PHLE — div o (o1 Vap(prn) + eBpppy + 7TF, for t € (kr, (k+1)7)

and so
10ep7 | 20,111 (02)) < C-
. d 2 ~ ..
Together with the bound on fR |x|*pr dz (see Proposition , we have all we need to ap-

ply Aubin-Lions and show that {j,},~¢ is pre-compact in L?(0,T; L?(R%)): There exists p €
L%(0,T; H'(R%)) such that j, converges (up to a subsequence) to p strongly in L2(0, T'; L?(R%)).
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Finally, note that for ¢ € [kT, (k + 1)7), we have
t—kr

pr(,t) = pr(z,t) = (Pk+1 — Pk)
= (t — k7)[div 2 (pk+1Vap(prt1)) + Dppi1 + F
and so
lor = brllL2orim-1(rey) < CT
It follows that p, converges to pin L2(0,T; H~(R%)) and since p, is bounded in L2(0, T; H'(R%)),
it also converges strongly in L2(0, T; L2(R%)).
O
Finally, since p; is bounded in L (0, T, L=°(R?)), we deduce the convergence of the pressure
pr= %p;n_ :
Corollary 4.8. Along the same subsequence as above, p; converges to p strongly in LP((0,T) x
RY) and so pr(z,t) = Zp;(2,t)" converges to p(x,t) = 2 p(x,t)™" strongly in LP and
almost everywhere in (0,T) x R

4.5. Strong convergence of Vp, as 7 — 0. The strong convergence of p, allows us to pass
to the limit in most terms in the weak formulation of except for the term n,Vp,. Since n.,
only converges weakly, we have to show that Vp, converges strongly. This is proved by using
the p; equation (4.28) and its limit:

First we define the piecewise constant function

Fr(z,t) = Fi(x) t e lkr,(k+1)7).
We note that (4.9) implies

Fi(z) = /0 (0, )2V (0)n (., 0) d— /0 0, p)V (O)ng(x, 0) B+ /0 TV 0)ng (2, 0) dO-+-O(C pr()7)

with C' depending on [|[V||oo, [|[V' |0, |06V |loc and ||V ||se. We can thus write:
o [ee)
Fr(z,t) :/ v(0,p:)2V(0)n,(z,0,t) dﬂ—/ v(0,p:)V(0)n,(z,0,t) d0+/ V'(0)n,(x,0,t) d0+O(T)
0 0 0

The weak convergence of n, and the strong convergence of p, imply that F:. converges weakly
in L2(0,T; L?(RY)) to

Pla) = /0 v(0,p)2V (0)n(x, 0) df — /0 v(0, p)V (O)n(, 0) dO + /0 V! (0)n(x, 0) db.

oo

Furthermore, we can rewrite equation (4.28]) as
Opr — Apt —elpr = F;
and passing to the limit 7 — 0 (since pI* — p™) in the sense of distribution, we see that the
limit p(x,t) solves
(4.29) Op—Ap™ —eAp=F
in D'((0,T) x RY). This will be the key to proving the following proposition:

m—1

m—1
. .

Proposition 4.9. Up to another subsequence, Vp converges strongly to Vp
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Proof. Multiplying (4.28) by pm72, and using the convexity of s — s™ — 1, we get

pZ:'_l ,07,3,1 1 dr +7 | pre1Vap(p )vpm_Q dx
T — 1~ ] k+1V xP\Pk+1 k+1
< /(Pk—f—l — or) Pt d$+7/Pk+1pr(Pk+1)VPZLH2 dx
T/kazq__f dx
which yields
pm 1 pm—
K+1 0
e —i-i /!Vmppk+1\d$<z /kakﬂ dx
that is
. T m—1 m—
/p( "t s dH / /mpm |2d$</ / 2 da 4 O(7)
m—1 m —
so that

lim inf - / /|V;Cp pr )| de < — / L) d + da:—i—/ /Fpm 2 dx.
T—0 -1 m—l

We now use the limiting equation for p, (| - Multiplying that equation by p™ 2 and inte-
grating in x and t gives

T m—1 m—1 —9 T T
/p( ) po dr + = / /pr(p)IQd:r:/ /Fpm_de
m—1 — m 0 0

Together, these two relations imply

lim inf / /\pr pr )| dz < < / /pr )| dx
70
which in turn means that Vmp(pT) converges strongly to pr(p) in L2(0,T; L?(R%)). O

4.6. The limit 7 — 0: Solutions of (4.1)). Given a smooth test function ¢(z, 8,t), compactly
supported in R? x [0, 00) x [0, 00), we multiply ([£.6) by ¢r = ¢(x, 0, kT), integrate with respect
to z and 6 and sum over k:

0 o]

1
ZT/d/ ;(nk+1¢k — NEPk) — ”k+§‘90%0k + 1 Vap(Prt1) - Vaspr — engr1Bapp df da
P R4 J0

—->or [ 2 [ v dayde -3 7 [ [T upng o dodo
—o JR? Jo i—o JRJo 2

and writing Y 72 o Nk+19k — ek = 2 peq Tk (k-1 — k) — Nowo, we deduce:

/ / / —n:0pp — Nr0gp + N Vap(pr) - Vo dd — ens Ay dx dt
R Jo

—/ /2/ V(Q,pT)nT(x,G,t)d@(p(x,(),t)d:vdt—/ // v(0,pr) nrpdf dedt + O(T)
o Jre Jo o JriJo
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where 7, is the piecewise constant function equal to n, 1on the interval [k, (k + 1)7).
We note (see (4.19) and (4.26])) that n, 1 satisfies the same bounds on ny, so that n,(z,0,1)
2
converges weakly in L'(0,T; L' (R? x (0,00)) as well (up to another subsequence) and (.9))

implies that this limit must be n(z, 0, t) (and therefore that the original subsequence converges).
We can thus pass to the limit in all the terms. For the diffusion term, we have to write

/ / / nTpr(pT)-anpdexdt:/ / / n:Vyedl - Vp(pr)dx dt
0 R2 JO 0 R4 JO

and note that [ n,Vypdf converges weakly in L2(0,T; L?(R%)) to [;°nVaedf in order to
pass to the limit in that term (using the fact that Vmp(pT) converges strongly).
We deduce that n(x,0,t) is a weak solution of (4.1) in the sense that

/ / / —ndyp —ndpp + nVyp(p) - Ve dd — enAyp dx dt
Rd

/ / / v(0,p)n(z,0,t) ddp(x,0,t) de dt — / / / v(0,p) np db dx dt.
R4 R4

4.7. The limit ¢ — 0: Proof of Theorem From now on, we denote by n.(x,,t) the
solution of (4.1)) constructed in the previous section and by p.(z,t) the corresponding volume
density. We saw that n., p. satisfies (4.30) and we now need to pass to the limit ¢ — 0.

(4.30)

Much of the arguments are similar to the limit 7 — 0: Indeed, Proposition .3] implies that
pe is bounded in L>(0,T; L9(R%)) for all ¢ € [1,00] and by passing to the limit 7 — 0 in ([&.15)),
({4.18) and (4.21)), we easily get the following bounds (uniform in ¢):

g1
(4.31) ||VpE 212, orrzry) <Cq  Vg>1
(4.32) sup / / (|z|* + O)ne(x,0,t) dd dz < C
te[0,7] JRA
(4.33) / / |nelogng| dedf < C
Re Jo

In particular, we can proceed as Section [4.4] to prove the existence of a subsequence ¢ — 0 along

which
/// ne(z,0,t) x@td@dwdt%/// n(x,8,t)(t,z,0)dd dx dt
R4 R4

for all ¢ € L>([0,T] x R? x (0,00)) and

pel,t) — pla,t) = /0 oz, 0,0)V (0) do.

The main difference is in the way we prove the strong convergence of p., since in the proof
of Proposition [£.7, we used the bound on Vp, which was not uniform in e. Instead, we will
use to prove the strong convergence of p? for s large enough (the argument below does
not appear to work with the time approximation, which is the reason we had to introduce the
regularization € > 0 in the system):
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Proposition 4.10. The sequence p7? is precompact in L?(0,T; L*(R?)).

We immediately note that this implies the existence of a subsequence along which p7+?2

converges strongly in L? and almost everywhere. This implies the convergence almost every-
where of p. and the uniform bounds in L(0, T; L¢(R%)) implies that p. converges strongly in
L7(0,T; LI(RY)) for all ¢ € [1,00).

We can then prove the strong convergence of Vp, = %me_l as in Proposition and

£

pass to the limit in to get and complete the proof of Theorem
Proof of Proposition[{.10. Taking ¢ = m+5 in implies that p”*2 is bounded in L?(0, T'; H'(R?)).
Furthermore, we recall that p. solves (see ([4.29))
Ope — Apl" —eApe = I
with F. bounded in L?(0,T; L?(R%)) and so

1 B
O = I AP+ epl T Ape + Fopl

To show that the right-hand-side is bounded, we rewrite
pIH AP = div (pI V) = VIt vl
and

P Ap. = div (o Vpe) — VI Vp, = miQApZ‘” — m
Since implies that Vp is bounded in L?(0,T; L*(R?)) for all s > %, we see that these
two terms are bounded in L2(0,T; H~*(R%)) + L' (0, T; L' (R%)).

We have thus shown that p™*2 is bounded in L2(0,T; H'(R?)) and that d;p*? is bounded in
L2(0,T; H Y (RY)+L'(0,T; L' (R?)). Together with (£.32), this is enough to apply Aubin-Lions
lemma to prove that p7"*2 is precompact in L2(0,T; L?(R)). O

APPENDIX A. NUMERICAL SCHEME AND ALGORITHM

Focusing on the discretization of the variables 6 and t, we write ny;(z) = n(z, kAt,iAf).
Using first-order approximations, Equation (|1.2]) leads to

Nik+1,5 — Nky Nki — Nki—1 .
(A-l) ZAt * + : Ab - dlvx(nk,ivxpk) = —VgiNki — HiNk i,

fori=1,...,ip — 1. Setting A :== At/A6, and rearranging (A.1)), we obtain
(A.2) N1 = i + A(kim1 — Ni) + div o (ng s Vapi) At — v ing At — ping ;At.

Since cells that reach the age 6,4, = ipsA0 do not age or duplicate, the equation for ngyy ),
is:

(A.3) Mt Ling = Mhging T Miking—1 + (AO[AIV o (Tk,in, VaPr) = Viging king = Hing ksing]
The density at time kAt is then given by

(s

Pk = Z Ny A0
=0
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and using (A.1))-(A.2), we get

(A4)
iM
Prt1 — M 1,080 = p — ng 0 A + ny oAt + (ALAD) Z[diVm(nk,ivmpk) — Uik, — HiMli)-
i=1
With a slight abuse of notation, we write vipr = szo Vk,ink,i A0 and ppy, = Zfo ping i A0, so

that equation (A.4) can be rewritten as
Pkt1 =Pk + (Mit 1.0 — .0) A0 + 1 0 AL + div 5 (pk Vapr) At — div ; (ng o Vapr) AtAG
(A.5) — Uppr At + v ong 0 ALAD — ppp At + pong 0 AtAL.

With the same notation, the equation for the density (1.7]) can be discretized as px+1 = pi +
div 4 (px Vapr) At 4+ vipr At — pprAt. Combining these two equations leads to

2uppr At = (nkz—i-l,[) — nk70)A0 + ng oAt — divw(nkygvxpk)AtAQ + Vg 0 0 ATAD + pong 0 AtAD,
which gives the appropriate discretization of the condition at § = 0 (i = 0):

in

Nk+1,0 = 2 Z ijﬂlk’iAt + N0 (1 - )\) + divx(nk,ovxpk)At - Vk’(]nk,(]At - ,u,()nk,gAt

i=0

i
(A.6) =2 Z Vk,ink,iAt + Nk (1 — A+ Z/k,gAt — ,LLOAt) + divx(nk,ovmpk)At.

i=1

Equations (A.2)-(A.3)-(A.6) provide the numerical scheme for the aging/duplication/death
of the cells. Importantly, we note that in order to reduce the computational cost, it might be
necessary to take Af to be much larger than At (A < 1). The discretization with respect to
the spatial variable x is done with a uniform grid Az; = Axzy = Az and the gradients are
calculated by the centered difference
_ Pi+1,m — Pl—-1,m

(vzip)l,m 2Ax ’
Algorithm [1| provides the pseudocode for the algorithm used for the simulation.

i=1,2.
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