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Abstract

We study a system of equations arising from angiogenesis which contains a non-
regular term that vanishes below a certain threshold. This loss of regularity forces
one to modify the usual methods of bifurcation theory. Nevertheless, we obtain
results on the existence, uniqueness and permanence of a positive solution for the
time-dependent problem; and the existence and uniqueness of a positive solution
for the stationary one.
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1 Introduction

Cancer is a primary area of medical research, and many scientific fields have been
involved in the effort to understand and solve this problem. Mathematical modelling
can also contribute towards the understanding, description and prediction of the
evolution of the process, by offering its own distinct point of view. Such modelling
is difficult because cancer is a complicated phenomenon involving many biochemical
and physiological processes, which are themselves not completely understood. Given
this, deciding which simplifying assumptions are acceptable is a non-trivial task.
Furthermore, the models usually present theoretical difficulties, and information
about solutions generally has to be obtained via numerical approximations.

*The authors acknowledge the support of the MEC under grants BFM2003-06446 and
MTM2006-07932.



This paper considers a mathematical model of angiogenesis, which is an essential
phase of the tumor growth (see [13]). It forms part of the process of vascularization
of an avascular tumor, which serves to increase the contribution of those nutrients
necessary for its growth. This vascularization is also one way to spread the tumor
cells to other parts of the body thereby promoting metastasis. Angiogenesis begins
with the release of a number of chemical substances (TAF) by the tumor which
diffuse into the surrounding tissues, weaken the basal laminas of the endothelial cells
(EC) which form the neighboring blood vessels and stimulate the migration of these
endothelial cells towards the tumor. In a second step, angiogenesis stimulates the
proliferation of the endothelial cells to help the formation of a network of capillary
sprouts which vascularizes the tumor.

This second step only begins when TAF concentration reaches a threshold. This
fact has been modelled in previous works (for instance, in [2] for an one-dimensional
model and [7] for the numerical study of a general model) by means of the intro-
duction of a factor in the equation for the EC of the form

0 if v <wo*,
60 ={ |y wu S (1)
where v* > 0 is a fixed threshold. The presence of this factor, which is not differ-
entiable at v*, introduces some mathematical difficulties in the theoretical study of
the model and it is therefore interesting initially to try to resolve these difficulties
in a very simplified model. This is the first step in the study of a more realistic
model in which a chemotaxis term in the EC equation, a third variable modelling
the extracellular matrix or even more realistic boundary conditions would be con-
sidered.

So, in this paper we are interested in the following system

uy — Au = Au(l —u)G(v) in Qx(0,7),0<T < oo,
vy — Av =v(p — v — cu) in Qx (0,7), (1.2)
u=v=0 on 90 x (0,T), '
u(0,2) = up(z) > 0,v(0,2) = vo(z) >0 in €,
and the corresponding steady-state problem
—Au=Au(l —u)G(v) in Q,
—Av=v(p—v—cu) inf, (1.3)

u=v=20 on 092,

where Q is a bounded and regular domain in RV, A >0, p € R, ¢ > 0 and G(v) is
given in (1.1). Here u represents the population density of endothelial cells (EC),
and V the concentration of TAF. Following [7], we suppose that mitosis (growth) is
governed by a logistic type growth Au(1l —u), where X is a positive constant related
to the maximum mitotic rate. Mitosis only occurs when the TAF level passes the
threshold level v = v*. In the second equation, the loss due to the consumption of
EC and the balance between the production rate of TAF by the tumor cells and
the rate of decay of chemical appear; we model the first one by the term —cuv



and the second one by the logistic term puv — v2. This equation means that the

concentration of TAF has a logistic growth in the absence of EC. We take Dirichlet
boundary conditions.

We will show that the stationary problem (1.3) is a predator-prey type system
because there is an a priori bound u < 1, see Lemma 2.2. In this case it is well-
known that the method of sub- and supersolutions does not give optimal existence
results, and for this reason we will study the problem by considering bifurcations
with respect to the parameters A and p. Our main result relating to the existence
of solution is:

1. There is no non-negative non-trivial solution of (1.3) for pu < Ay, where A; is
the first eigenvalue of —A with homogeneous Dirichlet conditions; in fact, the
only solution is the trivial one.

2. There exists a value p* > Ay and a function Ag : (u*, +00) — [0, +00) that is
decreasing and satisfies

lim Ao(p) = +o0, lim Ag(p) =0
nlp* pul+oo

(see Figure 1) such that for p < p* the unique solution of (1.3) is the semi-
trivial (0,v), and for p > p* a positive solution of (1.3) exists if and only if
A> X (/,L)

Although the uniqueness of the positive solution for a system like (1.3) is a hard
problem (see [5]), we are able to prove that (1.3) has a unique positive solution if
¢ is small. Because of the loss of regularity of the function G(v) when v = v*, we
have to use an appropriately adapted version of classical bifurcation results, along
with the Implicit Function Theorem.

For the parabolic problem (1.2), we obtain the existence and the uniqueness of a
positive solution for all A > 0 and p € R. We also study the asymptotic behaviour
of this solution, showing that if p < A\ then (u,v) — (0,0) as ¢ — oo; while if
> A1 and A < Ag(p) then (u,v) tends to a semitrivial solution of the form (0,7),
and so the CE concentration tends to zero. Finally, we analyze the interesting case
A > Xo(p). One might hope to find a positive solution of (1.3) that is globally
attracting, but this is not an easy task in non order-preserving system. Instead,
we prove that the system is permanent, that is, there exists a positive set which is
bounded away from zero in each component and which all solutions enter in a finite
time. To show this we use an Average Lyapunov Function approach, see Section 4
for details and references.

The organization of the paper is as follows: in Section 2 we study the elliptic

system, in Section 3 we analyze the parabolic problem, and we finish with concluding
remarks and a biological interpretation of our results.



2 Existence and uniqueness of positive solutions
of the elliptic system

Given a regular domain D C RY and g € L>(D) we denote by AP(—A + g) the
first eigenvalue of the problem

—Au+g(z)u=Au in D, u=0 onD.

We write AP := AP(—A) and we omit the superscript D when Q = D.
Now, take a function g € L*>(Q2), g > 0 and non-trivial. Consider the eigenvalue

problem
{ —Au = dug(z) in Q,

u=20 on 0f). (2.1)

Denote by A1(g) the first eigenvalue of (2.1). We recall in the following result some
of the main properties of A;(g).

Lemma 2.1 The map g € LY (Q) \ {0} — Ai(g) is continuous and decreasing.
Moreover, if g, € L(2) \ {0} is such that ||gn|lcc — 0, then

A1(gn) — +oo.
Proof. Observe that if we denote by
m(A) == A (=A = Ag),
then m is a decreasing map, and Aj(g) is its unique zero. Hence,
m(A) <0 (resp. m(A) >0)if A > Ai(g) (resp. A < A1(g).) (2.2)

If f < gthen A\{(—A —Xf) > A (—A — )\g), and so A1(g) < A1(f). This proves
that the map is decreasing. The continuity follows by the continuity of the map
g M(—A - Ag).

Now, take a sequence g, € LT (Q2) \ {0} such that ||gn|/cc — 0. Then,

0= )\1(_A - Al(gn)gn) > )\1(_A - Al(gn)HgnHoo) = )\1 - Al(gn)HgnHom

and so,

Hence, Aq(g,) — +00 as n — oo.
Before studying our problem (1.3), consider the logistic equation

(2.3)

—Au=ocu—u?® inQ,
u=20 on 0N).

It is well-known that (2.3) has a positive solution if, and only if, o > A;. Moreover,
if there exists a positive solution, the solution is unique and stable; we denote it by



0,. We extend 0, = 0 when o < A\;. Furthermore, it is well known that 6, < o,
the map o € (A1,00) — 0, is increasing and |0, || — 00 as o — oc.

It is immediate that any weak solution of (1.3) belongs in fact to X := [C}(Q2)]%.
We have three kinds of solutions of (1.3): the trivial one (0, 0), the semitrivial (0,6,,)
and those with both components non-negative and non-trivial, called coexistence
states. If we denote by IC the positive cone of X, by the strong maximum principle,
any non-negative and non-trivial solution of (1.3) belongs to int(K).

First, observe that if (u,v) is a solution of (1.3), then v < 6, and so if u < M\
we get that v = 0, and hence going back to the equation of u, we deduce that u = 0.

On the other hand, since the map u — 6, is increasing, there exists a value
w* > A1 such that

v* =maxf,. < p’.
Q

Hence if p < p* we get that 6, < 6,- < v* and so G(v) < G(#,) = 0; and then
u = 0. Since we understand completely our problem when p < p*, in what follows
we assume that

> pt > .

Our first result provides us a priori bound for the first component of a positive
solution of (1.3).

Lemma 2.2 Let (u,v) be a positive solution of (1.3). Then u < 1 in Q.

Proof. Assume that the set Qq := {z € Q: u(z) > 1} # 0. Then,
—Au—1)<0 inQ, u—1=0 ondQy,

and so, v < 1 in Q, which is a contradiction. Therefore, u < 1 in Q.
Now, take K large enough, then

{ (-A+ K)(1—u)=(1—u)[K - gG(®)] >0 inQ,
1—u>0 on 012,

and so, by the strong maximum principle it follows that v < 1 in Q.
Through this paper, the map

€ (p*,+00) = Ao(p) := A1(G(0,))
plays an important role. In the following result, we show some of its properties.
Proposition 2.1 The map p— Xo(p) is decreasing, and
;}ll%l* Ao(p) = +o0,
MlTiJrrnoo Ao(p) = 0.

Proof. Since 8, is increasing in p1, by Lemma 2.1 we conclude the monotony property
of Ao(u) with respect to p.



Recall (see (2.2)) that \o(p) is the unique root of the map
9(A) =M (=A = AG(0,)).

Since 0,/ — 1 uniformly in compact sets as ¢ — 400 (see for instance Theorem 2.1
in [9]), then given an € > 0 and a subdomain ; € €2 there exists po > 0 such that
for p > o

v <pu(l—e) <0, <p(l+e) inQy.
Then, using the monotonicity of the principal eigenvalue with respect to the domain
and the above inequality, we get

9N = M(=A = 2AG(0,)) < AP (—A = AG(u(1 - €))) =
A (A = A1 — £) = v7) = A = A(u(l - £) — v7),
and so,
ASH
A < —
O(M) = ﬂ(l _ 5) —*
It is easy to conclude that lim,, ;400 Ao(p) = 0.
Finally, since as p | p* we get that ||G(0,)]|cc — 0, we can apply again

Lemma 2.1 and conclude that Ag(p) — +o0.
We have represented in Figure 1 the curve A = \g(p) in the (A — p)-plane.

"

Figure 1: The curve A = Ag(p).

The study of the following equation will be very useful from now on,

{ —Au = Au(l —u)g(z) in £,

u=20 on 0f). (24)

We get the following existence and uniqueness result.



Lemma 2.3 Assume g € L>®(Q) \ {0}, and X > 0. There exists one positive
solution of (2.4) if and only if X > A1(g). In the case that the positive solution

exists, it is unique, we denote it by v\ g; and it is extended by vy g = 0 when
A < Ai(g).
Moreover, -
Vg <1 in Q, (2.5)

and if h < g, then vy 5] < U g)-
Proof. First, observe that if u is a positive solution of (2.4) then
0=X(—A=X1-u)g(x)) > A (—A = )\g),

and so A > A1(g).

On the other hand, it is not hard to show that (u,@) = (ep1,1) is a sub-
supersolution of (2.4) provided that ¢ is small enough and ¢ a positive eigenfunction
associated to Aj(g). The uniqueness of positive solution follows by [4]. Estimate
(2.5) and the monotonicity with respect to g follow combining the sub-supersolution
method and the uniqueness of positive solution.

We are now ready to show the main result about existence:

Theorem 2.1 Assume that ;> p*. Then (1.3) possesses at least a positive solution
if and only if X > Ao(p).

Proof. Since v < 8, it follows that
0=XM(—A=X1-u)G(v)) > M(=A=AG(v)) > A (A = XG(0,)),

and so A > Ao(p).

In order to prove the existence result we apply the bifurcation method. Observe
that the first reaction term in (1.3) is not differentiable, so we will approximate it
by regular functions. Indeed, consider the family G.(s) of C* functions, increasing
in s, decreasing in ¢, G.(0) = 0 and such that G. — G as € | 0 uniformly.

Consider now the approximated problem

—Au = u(l —u)G.(v) in Q,
—Av=v(p—v—cu) inQ, (2.6)
u=v=0 on ON.

Observe that (0,

0) is solution of (2.6) and the unique semitrivial solution is (0,6,,).
Denote A:(p) := Aq(

+(6,,)) the principal eigenvalue of
—Au=MuG:(0,) iInQ, u=0 ondN.

It is clear that
Ae(p) = Ao(p) ase— 0.

We can now apply Theorem 4.1 of [12] and conclude the existence of a continuum
(a maximal connected component and closed subset of the set of solutions) C. C



R x int(K) of positive solutions of (2.6) emanating from the semitrivial solution
(0,6,) at A = A-(p), such that C. is unbounded in R x int(K).
Now, observe that for any solution (u,v) of (2.6) we have that

u<1l and v<46, <y, (2.7)

and hence (u,v) is bounded in X. On the other hand, repeating the arguments
used before, we can show that for A < A.(u) the problem (2.6) does not posses any
positive solutions.

So, it is clear that II(C.) = (Ac(p), +00), where II is the projection of R x X
over R, i. e., II(A,u) = A.

Now, we are going to apply the following topological result (see Theorem 9.1 in

[15]):

Lemma 2.4 Let A, be a sequence of connected closed sets of a complete metric
space X such that liminf A,, # (), and U, A,, is relatively compact. Then, limsup A,
is mon empty, connected and closed.

Consider the metric space X = [C3(Q)]? and a sequence ¢, — 0. Let C, be the
connected component obtained before for ¢ = ¢,. We are going to show that C,
satisfies the hypotheses of Lemma 2.4. First observe that since A, (1) — Aog(u), it
is clear that liminf C, # (). Moreover, thanks to the a priori bounds (2.7), U,C,, is
relatively compact. Indeed, if (Mg, ug, vr) € U,Cy, is a sequence bounded in R x X,
then thanks to (2.7) and the elliptic regularity theory we get that (Ag,ug,vk) is
bounded in R x [W2P(Q)]? for all p > 1. Therefore, passing to the limit through a
subsequence we get that it is convergent in R x X.

So, we conclude that C := limsupC,, is a connected, closed and nonempty set.
Using an standard argument, it can be shown that the elements of C are solutions
of (1.3).

We will prove that C is non-degenerate, i.e. that C does not degenerate to the
axis A = Ao(), or the solutions (0,6,,) or (0,0).

First, observe that at A = Ag(x) the continuum can not degenerate because (1.3)
does not have solution for A = Ao(p).

Now, assume that for a sequence of solutions (A, un,v,) € C, we have that
(Ans Un,vn) — (X, 0,0), with A > X\g(p). Define

Then, it is clear that
_AUn = An(]n(l - un)gé‘n (Un)7

and so —AU =01in Q, U =0 on 99, and ||U||ec = 1, an absurdum.
Analogously, if (A, Un,v,) € Cy, is such that (A, un,v,) — (X,0,60,) with X >
)\O(/u’)v then
—AU =2UG(0,,),

and so A = \g(u), again an absurdum.



2.1 The uniqueness result

Before proving the uniqueness result, we analyze the behaviour of (1.3) near to
¢ = 0. It is clear that if A > Ag(p) and p > Ay, (1.3) possesses a unique positive
solution (ug,wvg) for ¢ = 0, and it verifies

—Aug = Aug(l —up)G(vg) in Q,
—Avg = vg(p — vo) in Q,
ug =vg =0 on Of.

Observe that vo = 6, and ug = V[ g(v,)- The following result shows that the
solutions of (1.3) are near to (up,v9) when c is small. Its proof is similar to, for
instance, Lemma 3.1 in [3].

Lemma 2.5 Let (u.,v.) be any positive solution of (1.3). Then,
(te,ve) = (up,v) wuniformly asc | 0.

Theorem 2.2 Fiz A > 0 and p > p* such that X > Ao(u). There exists ¢g =
co(A, ) > 0 such that for ¢ < ¢ there exists a unique coezistence state of (1.3).

Proof. The proof is based on the Implicit Function Theorem. Observe that the
nonlinearities of our systems are non-differentiable, so we can not apply directly the
mentioned result.

Denote by L := (—A)~!, subject to homogeneous Dirichlet condition, and Y :=
[W2P() N Wy P (Q)]2 with p > N. Define the map F : R x X — Y by

F(c,u,v) := (u— ALu(1 —u)G(v)],v — Lipv — v* — cuv]).

Thanks to the elliptic regularity, F' is well defined. Also, it is clear that (u,v)
is solution of (1.3) if, and only if, F(c,u,v) = 0. And, finally F(0,ug,v9) = 0.
We are going to apply the Implicit Function Theorem in [8], see the remark after
Theorem 15.1 in [8]. For that, we need to find a homeomorphism £ € L(X,Y) and
a constant k > 0 such that

| F(c,u,v) — F(c,u,v) — L(u—1,v—70)"y <kl|(u—1,v—2)x, (2.8)

for (u,v),(w,v) € Bx((up,vo),70) and ¢ < ¢o for some ¢y > 0 and 79 > 0 to
determine, and k such that k||[£7!|| 1y, x) < 1, where Bx ((ug,vo),70) denotes the
ball in X centered at (ug,vo) with radius rg.

Now, we build £. Observe that the nonlinear part of the first component of
F(c,u,v) — F(c,u,v) can be written as

u(l —u)G(v) —u(l -mw)G([©) = (u(l —u) —u(l —u))G(v) +u(l —u)(G(v) - G(v)) =

= [(1 = 2u0)G(vo) — (1 = 2u0)G(vo) + (1 — u — WG (v)](u — u)+
(1 - A= 20)

P ) — x(@)uo(1 — ug) + x(x)uo(l — uo)](v — ),



where
X(.’E) = X{0,>v* )

(xa stands for the characteristic function of a set A € R”Y). With a similar rea-
soning to the second equation, we can show that

F(e,u,v) — F(e,u,0) = L (u—T,v—0)" + K (u—1,v—71)"

)

where £ = (L;;), K = (K;;) with

L11§ =& — AL[(1 — 2u0)G(vo)€],

Lian = —AL[x(z)uo(1 — uo)n],

L21 =0

Loon :=n — L[(pn — 2vo)n],

K& = L[A(x)],  Kian:= L[B(z)n], Kun&:=L[C(x)f], Ksmn:=L[D(z)n],

where
Az) == =AG(v)(1 - l&- ) —ggjvo)(l — 2ug)),
B() = 2@ 1) TLZIO) g1 - ),
C(z) = v,
D(z) :=—(2v9 — v — T — cu).

First, we show that £7! is well-defined. Take (f, g)! € Y, we have to prove that
there exists a unique (§,7) € X such that

LEm =f9)"

or equivalently,

(—A = AG(vo)(1 = 2up))§ — Mug(1 — ug)x(z)n = —Af in Q,
(—A - ( —2vp))n = —Ag in Q,
E=n= on Jf).

Observe that since vg is a positive solution of —Awvg = vo(u — vg), we get
AM(=A = (1 —2v9)) > M (—=A = (1 — o)) =0,

and so n is well defined. On the other hand, since ug is a positive solution of
—Aug = Mug(1 — ug)G(vo), we get

0= /\1(—A — )\(1 — UO)g(Uo)) < )\1(—A — )\g(’Uo)(l — QUO)),

and so ¢ is also well-defined.
Hence,

|F(c,u,v) = F(c,w,7) — L(u—T,v —0)'|ly = [|K(u—a,v—-7)"y
<Kl Lx v l(w — @, v — D) x.

10



Now, we compute |||, (x,y). Take [[(§,7)"|x = 1 and denote by (f, g)" = K(£,n)",
then

—Af=Ax)+ B(z)n inQ, —Ag=C(z)§+ D(z)n in 9,
f=0 on 0f), g=20 on 0f),

and so by the elliptic regularity

1/

for some positive constant K. Now, by Lemma 2.5 we have that A(x) — 0 point-
wise as ¢ — 0, and similarly to the functions C' and D. So, using the dominated
convergence theorem, we get that

2p < KHAL, + [1Bnllp} Mlgll2p < K{ICEN, + 1Dl }

[Allp, IClp, I1Dll, — 0 as ¢ — 0.

We need to show a similar result to B. Denoting by

we can show that
|GC| S 13

and that pointwise
Ge(w) — x(2).

Then, the dominated convergence theorem concludes that ||Bl|, — 0 as ¢ — 0.
Therefore,

1Kl Lex,v) = sup 1K n)ly —0 asc— 0.
I€m)Ix=1

Hence, there exists cg > 0 such that for ¢ < ¢ we have that
IKIx,yy <k

for k such that k||£71 1 (v,x) < 1. This proves (2.8) and completes the proof.

3 The time dependent problem

We denote by O, the unique positive solution of
u — Au=ocu—u? inQx(0,7T),T< o0,
u=0 on 092 x (0,7, (3.1)
u(0,2) =up(xz) >0 in Q.

It holds (see Theorem 4.4 in [5]) that

O, — 0, in CYQ) ast — +oo.

11



Before studying the system (1.2), we analyze the following equation

up — Au = Au(l — u)G(z,t) in Qx(0,T),
u=0 on 002 x (0,T), (3.2)
u(0,x) = up(x) > 0, in 0,

where G € C7(©2 x Ry) for some v € (0,1), G > 0 and non-trivial, and for instance
ug € C3(Q). The following result shows the existence and uniqueness of positive
solution of (3.2) and its asymptotic behaviour. Its proof is standard, see for instance

[14] and [5].
Proposition 3.1 1. There exists a unique positive solution of (3.2), denoted by
Tira-
2. Assume that g € C7(Q), v € (0,1), g > 0 and non-trivial. Then,
Ting = Vng, in CHE) ast — +oo.
where vy g = 0 when A < Aq(g).

The following result shows the existence and uniqueness of positive solution for
(1.2).

Proposition 3.2 Take (up,v9) € X, ug,v9 > 0. There exists a unique positive
solution (u,v) € (C(2 x [0,T]) NC2(Q x (0,T)))? of (1.2).

Proof. Observe that in this case we can not assure that v < 1 because we do not
know the size of ug. So, our coupled system (1.2) has non-monotone nonlinearities.
Anyway, we can apply the general sub-supersolution method (see the definition 8.9.1
in [14] for instance) with

(@7H) = (07K)a (y75) = (O’GM)a

where K is a positive constant such that K > max{1, ||uo|lcc}. Observe that al-
though the nonlinearities are not C!, they are Lipschitz and satisfy the condition
(8.8.15) in [14], and so we can apply the method, see Theorem 8.9.3 in [14].

The positivity and uniqueness follow easily.

With respect to the asymptotic behavior, we get

Proposition 3.3 Assume that A < \o(p). Then if (u,v) is the positive solution of
(1.2), we have that
(u,v) = (0,0,) ast— +oo,

where 0, =0 if p < Aq.

Proof. First consider p < Ay. Observe that if (u,v) is the solution of (1.2), then

v< 0O, (3.3)

12



So, v — 0 as t — oco. Hence, for t large we get that v < v*, and going back to the
equation for u, we deduce that © — 0 as t — oo.
Second, assume that \; < pu < p*. Take € > 0 positive and small such that

10ulloc +€ < |0+ ]|c = v™.
So, using (3.3) for large ¢ we have that
v <6, +e <0,

and then v — 0 and we conclude that v — 0, as t — oo.
Now assume that p > p* > A; and A < Ao(p) = A1(G(0,)). By the continuity
of A1(H) with respect to the function H, there exists € > 0 such that

A< A(G(O, +¢)).
Observe that again by (3.3), there exists ¢y > 0, such that for t > tg, we get
v<0,+e.
So, for t > tg
w — Au = Au(l —u)G(v) < AuG(v) < AuG(b, +¢).
Hence, u is a subsolution of the linear problem
2 — Az =X2G(0, +¢)
and since A < A1(G(6, +¢)) we get z — 0, and so it follows that
u—0 ast— +oo.

Hence, we conclude that v — 0, and then v — 8, as t — oo.
Finally, we consider the case yu = p*. Fixed A > 0, thanks to Lemma 2.1 there
exists € > 0 small enough such that

A< AL(G(0, +6)).

Now, we can reason similarly to the above case.

Now, we want to show that for A > Ag(u) the solution of of (1.2) enters and
remains in a bounded set of X for away from zero for large time, that is the system
is permanent. For that, we use a similar argument to [6], see also [5].

In order to formalize this, we need some notation. Define the map

m: K x[0,00) — K, 7(ug,vo,t):= (u,v)
being (u,v) the unique solution of (1.2) in ¢ initially in (ug, vg). We will show some

properties of 7 later. We say that (1.2) is permanent if there exists a bounded set
U C X such that
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1. inf,ep d(u, OK) > 0, where d(u, 0K) = inf,cox d(u,v), and
2. limy 00 d(m((ug, v0),t),U) = 0 for all (ug, vg) € int(K).
Our main result reads:
Theorem 3.1 Assume that A > Ao(u). Then the system (1.2) is permanent.

For that, we use the following result (see Corollary 2.3 of [11] or Theorems 4.1
and 4.2 in [5]).

Theorem 3.2 Assume that m is dissipative and (-, t) is compact for t > to for
some ty > 0. Let A denote the global attractor for ™ and

X":=n(B(Ae),[to,0)) and X" :=na(X',t)
for some t' large, and B(A,¢) is a neighbourhood of A. Finally, denote by
S:=X"noK.

Assume that there exists a continuous function P : X" +— [0, +00) with P(u,v) =0
if and only if (u,v) € S, and define

P(7(ug,vo,t))

a(t, (u,v)) = liminf ( P(ug,vo)

('Uf()y”[))*’(uvv)

) ,  with (ug,v9) € X"\ S. (3.4)
Then, (1.2) is permanent if

supa(t, (u,v)) >
t>0

1 (u,v) € w(9),

0 (u,v) €S,
where w(S) denotes the w—limit set.

We need to check the hypotheses of the above theorem.

Lemma 3.1 The map 7 is well defined, it is dissipative and compact for large t.

Proof. First, we show that the solutions are bounded in L*. Observe that since
v <0, and O, — 0, < past— oo, there exists to = t(vy) such that for ¢t > ¢g

v<0, <p+l
Denote now by z(¢; z9) the unique positive solution of

2z — Az = Az(1 = 2)X 213G (p+ 1)  in Q x (0, +00),
z=0 on 092 x (0, 400), (3.5)
z(0,2) = zo(x) > 0 in Q.

It is not hard to show that there exists a unique positive solution z of (3.5). More-
over, the steady state equation to (3.5) is similar to (2.4) with ¢ = G(p + 1), and
hence by (2.5)

zZ = Up g <1, ast— +oo.

14



Thus, for ¢ > t1(z9) we get
z < 1.

Now, take ¢ > tg and consider Z the solution of (3.5) with z(0,x) = u(tg,x). It is
clear that since v < 4 1, Z is supersolution of the u-equation and so

u<z<l1
for t > t1 = t(up). Thus, for ¢t > t3 := max{tg, t1} there exist M;, i = 1,2 such that
u(z,t) < My, w(x,t) < Ms. (3.6)

Now, denote by -
E =[Gy,

and h; : [0,00) — CJ() as
hi(r) := Au(z,r)(1 —u(z,r)G(v(z, 7)), ha(r) :=v(z,r)(p—v(x,r) — cu(z,r)).

Thanks to the bound (3.6), we have that sup,c(g o) ||h1-(7")||08(§) < oo, and by

Lemma 3.2 in [6] we get hat (u(t),v(t)) € EP, where EP denotes the fractional
power space, 8 € (0,1) and given t > 0, there exist M;(¢), i = 1,2, depending only
on t such that for t > ¢

(u, 0) [ e < My (D) (uo, vo) || g0 + Ma(f) Sup )||(h1(r),h2(T))||E0-

Taking ¢ = 1 in Lemma 3.1 of [6], getting B — [C}(2)]? for 3 > 1/2. So,

[[(u, v) ||[cl(ﬁ)]2 < M(1),

and therefore 7 is well defined and it is dissipative in K.

We will show now the compactness of . Now, take (ug,vo) € [C&(Q)]?, and so
up € EY := LI(Q) for all ¢ > 1. It is clear that hy(r) € LI(Q) for all ¢ > 1 and
|h1(r)|ly < C. Putting A = —A, we can write the solution u as

¢
u(t) = e uyg —|—/ e~ A=, (s)ds.
0

Consider the complex interpolation spaces E® between E° = L7(Q) and E! :=
W24(Q) N Wy?(). Tt is known that Ef = L2%9(Q) are the Bessel potential
spaces, see [1]. Hence,

t
lu(®)ls = 1A%u(®)lq < e uolls +/0 le= = ha(s)]| pds.

On the other hand, by Theorem 1.4.3 in [10] we have

le™*uollg < Cot™ e luollq
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for some 6 > 0 and Cg > 0. Then,
5 t efé(tfs)
Ju®lls < C | P Juoly + sup [ha(la [ G sds|
s€0,t] 0 (t—s)

and so,
[u(®)llg < C.

Now, by Theorems 7.63 and 7.57 in [1] we get
LPP9(Q) — Wm21(Q) — C1(Q),

for N < (208 —e — 1)q. It suffices to take ¢ large. Similarly, we can reason with the
equation for v. Hence, 7 is compact and the proof is completed.

We are now ready to prove our main result.

Proof of Theorem 3.1. Once we have proved that 7 is dissipative and compact,
we need to build a continuous function P verifying the hypotheses of Theorem 3.2.
It is clear that

S={(,v) eX:u=0 inQ,or v=0 inQ},

and so
W(S) = {(Oa 0)7 (Oa 0#)}

Now, denote by ¢ a positive eigenfunction associated to A\; and ¢, a positive
eigenfunction associated m(\) = A (—A — AG(6,,)), that is

—Apx —AG(0,)px =m(N)px inQ, ©x=0 on .

Recall that m(X) < 0 for A > Ag(u). Define

B B2
P(ug,vp) := </ <P/\Uod$> (/ <P1Uod1?>
Q Q

with 8 and (3; positive constants to be chosen.
First, observe that P can be written as

P(ug,vg) = exp {61 log (/Q @Auodx> + Bz log (/Q <p1110dx> } .

Take (ug,v9) and denote by (z1, z2) = m(ug, vg,t). Then,

m exp{ {log< gokzl> log (/Q ¢Au0)]
() ()]}
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Using that log(f(¢))—log(f(0)) = fot 1(s)/ f(s)ds for a positive and regular function
f, we get

P(z1,22) _ cxp {51 /Ot {fg or(Az1 + Az1(1 — 21)G(22))

ds+
P(ug,vo) Jo exz(z,s)dx }

5 /t |:fQ (‘01(Az2 + pzo — Z% - 02’12’2):| dS}
0 Jo prz2(x, s)dx '

Using that

/Q%A?A :/Q(_)‘g<9,u)_m()‘>)90/\217 and /QsolAZ2 = —M/ﬁtmzz,
we get that

P(ziz) "I Jaerzi (M1 = 21)G(22) — AG(6,,) — m(N))

P(ug,vo) p{ﬁl/o { Joerzi(@, s)da

h /Ot {fg P122(p — A\ — 20 — czl)} ds} |

Jo erza(x, s)dx

} ds+

(3.7)
Now, since z; and zo are bounded, there exist di,ds € IR such that

AL = 21)G(22) = AG(0,) —m(N) > di, p— A — 22— cz1 > dy,

hence
P(z1,22)

P(an UO)

and so a(t, (u,v)) > 0 for some ¢.

It remains to show that a(t, (u,v)) > 1 for some t > 0 if (u,v) € w(S). Take
(u,v) € w(S) and (ug,vo) — (u,v). We distinguish two cases:
Case 1: (u,v) = (0,6,,). Observe that if (ug, vg) is near to (0,6,), then the solution
(z1(x, 1), 22(,t)) is near to (0,6,,) for t € [0,1] for instance, because (0,6,,) is the
solution of (1.2) with initial data (0,6,). Taking into account that multiplying the
equation of 6, by ¢1 we get,

> exp {(Bidy + B2d2)t},

/ 9019u(# — A1 — ou) =0,
Q

we conclude that for all s € [0, 1]

Jo er22(p — A1 — 20 — c21) . Jo 010 (p = A1 = 0,)

=0, as (ugp,v9) — (0,6,).
fﬂsﬁlzz(l’,s)dx fQ(ploudz (uo,v0) — (0,6,,)

Moreover, since (z1, z2) — (0,0,) as (ug,v0) — (0,6,) and m(A) <0, for all e > 0
small enough we get

A1 — 21)G(22) — AG(6,) — m(A) > —e —m(N) >0,
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and so, using (3.7)

a(1,(0,0,)) > exp(fr(—e — m(A))) > 1.

Case 2: (u,v) = (0,0). In this case, if (ug,vo) — (0,0) then (21, 22) — (0,0). Then,
there exists d € R such that

AL = 2)G(22) — AG(6,) —m(\) = d—m(N), A — 2 — ez = L

>0,

and so,

a(1,(0,0) > exp{fh(d —m(N) + Ba(“ ) > 0

taking Oy large enough.
This proves the claim and completes the proof.

4 Concluding remarks

We have framed a simple model to study the difficulties that appear when the
proliferation of EC only occurs when the TAF level reaches some threshold. We
can summarize the behavior of the solutions of this model in the following manner.

Fix A > 0, i.e. the maximum mitotic rate of EC. We can calculate g such that
Ao(po) = A; it results Ay < p* < po (see Figure 1). Then:

1. If g < Aq, the growth rate of TAF is small. The consumption of TAF by EC
and the decay of chemical lead the system to solution v = 0 and so u = 0 also.
There is no angiogenesis.

2. If Ay < p < pg, then while TAF remains it is not sufficiently large for the pro-
liferation of EC. The system tends to (0,6,). Again, there is no angiogenesis.

3. If u > po, the system is permanent, i.e., the solutions of the system maintain
a distance from zero. In this case, the angiogenesis occurs.

Moreover, by Proposition 2.1 we know the behaviour of py with respect to A. In
particular, if A increases to +oo, then pg — p*; while if A decreases to zero, then
o — +00.
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