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Abstract

This paper deals with a nonlinear system of partial differential equations modeling the
effect of an anti-angiogenic therapy based on an agent that binds specific receptors of the
endothelial cells. We study the time-dependent problem as well as the stationary problem
associated to it.
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1 Introduction

This paper deals with the theoretical study of a system of PDE which is related with
a model of anti-angiogenic therapy. It is well-known that tumor induced angiogenesis is
a complex process by which a tumor prompts the formation of a vascular network which
starts of a near blood vessel and leads to vascular growth towards it to gain access to
the necessary nutrients to continue growing. Also, the tumor cells acquire a means of
transport to form a new colony in distant organs (metastases). This process begins when
the avascular tumor mass releases substances called tumor angiogenic factors (TAF) which
diffuse through the surrounding tissue, from which the extracellular matrix (ECM) is part,
and arrive to a blood vessel; the TAF weaken the wall of the vessel and provoke the out
of control growth of the endothelial cells (EC), which form the vessel, towards the tumor
through the ECM, forming an irregular vascular network which ends up arriving to it
(cf. [23]).

Among the continuum models, in a first step, the process is modeled by two equations,
one for the EC density and another for the concentration of the TAF. The first one is a
parabolic equation with a chemotaxis term, which takes into account the cellular movement
towards the tumor, and a reaction term which models the growth of EC. The second one
is a parabolic equation with a linear diffusion and a decay term. This basic model is
sometimes completed with one equation for the ECM, a differential equation without
diffusion and with a degradation term (see, for instance [24]); the statement of a variable
for the ECM density allows to introduce in the EC equation the term of haptotaxis which
takes into account the dragging of the EC on the ECM. Also, the time scale of the diffusion
of the chemical substances (TAF) and the time scale of the cellular splitting underlying
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to the generation of the vascular network are different, and sometimes this is modeled by
the statement of one elliptic (non parabolic) equation for the TAF.

Here, we are interested to model an anti-angiogenic therapy and we are going to com-
plete the basic model with one equation for the therapy, which will be a parabolic equation
with linear diffusion, a decay term and a term which model the introduction of the drug
in the organism. We assume a tumor, whose boundary is I'y, surrounded by a vessel and
we consider a “virtual” regular boundary, I's, next to the vessel: our bounded regular
domain, Q C RY is limited by I'; and I'y (see Figure 1, where we have represented a
particular situation).

Blood Vessels

Figure 1: A particular example of domain ).
In this domain we consider the equations

u = Au— V- (a(v, 2)uVv) + A\B(v, 2)u —u? in Qx (0,T), T >0
ve=Av—v in Q x (0,7), (1)
2 =A0Az—z+ I in Q x (0,7),

where u stands for the density of the EC, and v and z stand for the concentration of
the TAF and the drug, respectively. The growth of the EC follows a logistic law and A3
represents the rate growth; A is a real parameter and  depends on v and z, because,
for instance, it is known, [8], that there is no growing until the TAF exceed a threshold
value. The function « represents for chemotactic sensitivity, which is signal-dependent
and depends on v and z (see [19]). Iy stands the introduction of the therapy and can be
constant (constant introduction of medicine), periodic, etc.; in this paper I is a general
function depending on = and t.
With respect to the domain, we consider the case

0 =T1UTIy,

with I'y N Ty = ), being I'; closed and open in the relative topology of 9Q2. We assume
Robin homogeneous boundary conditions on I'ys and also on I'; for the first and third
variables, but on I'y, the EC come in the domain and the TAF and the drug leave the
domain toward the vessel and on I'y the EC and the drug leave the domain penetrating
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in the tumor. For the second variable on I'y, it is known that the TAF is produced by
hypoxic cells, that is, tumoral cells which have deprivation of oxygen. In order to avoid
one equation for the oxygen, we include the relationship between the oxygen and the EC;
in fact, the oxygen is transport by the red blood cells and these arrive at the tumor cells
through the vascular network formed by the EC. So, a low EC level implies a low oxygen
level and a high TAF level production, and the other way round. It is the reason because
we consider a Neumann non-homogenous boundary condition where v will be a positive
and decreasing function. Then, we arrive to the following boundary conditions

(2)

Biu = B3z =(0,0) on 9Q x (0,7,
Byv = (y(u),0) on 99 x (0,7T),

where we have denoted

ou ov 0z

— +mu only, — on I'y, — + 3z on I,
o on o on o on
Blu = B2'U = Bgz =
ou ov 0z
— —7iu on Iy, — +mv on I's, — + 7132z on Iy,
on on on

with 1,71, 72,73, 73 > 0 and n denotes the outward unit normal vector.

We must consider closely the action mechanism of the angiogenic process. When the
TAF arrive at the EC, the molecules must fit in some receptors existing in the cellular
membrane through which can cross to the cytoplasm starting a chain of biochemical re-
actions whose result is the degradation of the basal lamina which cover the surface of
the capillaries, the development of the foot-like structures on the normally smooth cell
surface, the penetration of the basal lamina in the ECM and the proliferation of the EC
towards the gradient of the TAF. So, a possible anti-angiogenic therapy consists in the
introduction of a drug which blocks these receptors stopping the process; the TAF in the
ECM is inactive and have not bad consequences. The introduction of this therapy gives
rise to a complex situation in which there are free receptors, which can join to molecules
of the TAF, occupied receptors by molecules of TAF and inactive receptors by the drug.
The study of this system permits to conclude that the functions « and 3 depend on the
one variable, s, which represents the free receptors, then

a(v,z) = ag(s) and [(v,2) = Br(s),

being ar, Or are regular functions in [0, 00). The TAF attract the EC, so the chemotactic
sensitivity is positive and we will suppose ap positive with ag(0) > 0. The rate growth
of the EC will growth with a high level of free receptors, so we will asume that Sg is
increasing and Gr(0) = 0. The dependence of s on v and z is also regular.

Various models of tumor induced angiogenesis, discrete as well as continuous, were
introduced in [4]. In the continuous model it was supposed a non-diffusive equation and
no-flux boundary condition for the TAF. Such a condition was also assumed in [20] where it
is proposed an angiogenesis model that takes into account biochemical processes. Under
the hypothesis that some of the biochemical processes are quasi-stationary it is proven
in [16] existence and uniqueness of a global-in-time solution and local stability of stationary
solutions in 1-Dimensional domains. The previous condition was discussed in [23].

A similar model to the one in the present paper, without an equation for the therapy,
and a flux of TAF entering in the domain depending only of the amount of TAF in the
domain was study in [12] for the linear case and [10] for the nonlinear case.
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Let us mention [13] and [24] where it is proved the global existence and uniqueness of
solution for a model of tumor invasion, another important process in the tumor develop-
ment.

Finally, in [14, 15] different models of tumor in the breast are proposed and the effect
of different therapies are studied by numerical experiments.

The structure of the paper is as follows. In Section 2, we study the evolution problem,
proving the existence and the uniqueness of positive solution for the system. In Section 3
we study the stationary problem showing the existence of coexistence states for A\ greater
than a certain value. In Section 4, we apply our results in the particular case when I is
constant, with supplementary hypotheses on ag, Br and s.

2 The evolution problem
Let © ¢ RY a bounded regular domain whose boundary 0 := I'y UTy with T'y, I'y

open and closed sets in the relative topology of ). Let A\ € IR, 1,72, 71, T, T3, T positive
constants and Iy € C([0,T]; C°(Q)). We consider the evolution problem

u = Au— V- (a(v, 2)uVo) + A\B(v, 2)u —u? in Q x (0,7),

v =Av—v in Q x (0,7),
w=Az—z+1I in Q x (0,7), ;
Biju = Bsz = (0,0) on 99 x (0,7T), B
Bov = (y(u),0) on 092 x (0,7),
(u,v,2)(z,0) = (u®, %, 20) in Q,

where B;, i = 1,2, 3 is defined above. During this work we assume the following hypothe-
ses:
v € CY(R), v decreasing and ~(0) > 0,

(H) a(v, Z) = aR(S)7 ,B(U,Z) = ﬁR(S)> where s = 8(“72)7 s e Cl(]R2)7
ag,Br € CY([0,4+00)), ar positive and ar(0) > 0, B increasing and Bz (0) = 0.

Remark 2.1. If p > N then by the embedding WP (Q2) — C°(Q) and by (H), there exists
C > 0 such that

(o) = 5@ llwrsgey + 12(6) = 20 oy ) -
(0@ = 5O lwro@) + 12(0) = 20 o )

|

for allt € R, v(t),v(t) € W'P(Q), 2(t),2(t) € C°(Q).
Let p € (1,00), for j > 0 we define the operator
A(j)ow := —Aw + jw

with domains

Di(A(j)o) :={w € W?P(Q) : B;(w) =0} i=1,2,3.
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We pick j > 0 sufficiently large such that Re o(A(j)o, B;) > 01 = 1,2,3 where o(A(j)o, B;)
stand for the spectrum of A(j)o with domains D;, ¢ = 1,2, 3. Observe that since 1o, 73,73 >
0 we can take j =1 for i = 2, 3.

Let p € (0,1). By the positivity of the spectrum we have that the fractional powers
(A(j)5, Bi) i = 1,2,3 in the sense of [18, Ch. 1, Sec. 4] for (A(j)o,B;) i = 1,2,3 are
well-defined. Let

sz = D;(A()f) i=1,2,3

then by [18, Theorem 1.6.1] we have the following embedding properties

X!, — Wh(Q) for k— N/q<2p—N/p, ¢ > p,

X7, = C¥(Q) for 0 <v <2p—N/p.
Since (A(j)o, B;) i = 1,2,3 are sectorial operators then
Ti(t) := e t(A(7)0,B1) Ti(t) == e~ HAMo,Bi) ; _ 2.3

define analytical semigroups in LP(€2). Moreover having in mind [18, Th. 1.3.4,Th. 1.4.3]
T; i = 1,2, 3 satisfy the following;:

a) For every § € (0, min{Rec(A(j)o, Bi), i = 1,2,3}), there exists C' > 0 such that

1Tl zzr,Lry < Ce™® i=1,2,3.

b) Let p € (0,1) then there exists a constant C, such that for every u € LP(Q2),t > 0
and § € (0,min{Rec(A(j)o, Bi), i = 1,2,3}) we have

IT;(t)ull xr < Cot™Pe|ull, i=1,2,3.
3y4

c) Let p > N. Combining (4) and an easy variant of [25, Lemma 1.3] then for all

u e C3P(2), t > 0 we have
1T () Vullgoy < Ct 7 ullp,

for some constants C' > 0, v € (0,1). In particular, the operator T3 (¢)V admits an
extension for all u € LP(§)) where the above inequality holds.

Let
A(1)o = Ao.

It is known that (A, B2) is a normally elliptic problem (see [3, p. 18]). Therefore we can
construct an interpolation scales of spaces; let £y = LP, 1 = Wé’zp where

{zeWs7(Q) : Baz=0} ifl14+1/y<s<2,
Wyl =4 W(Q) if—14+1/y<s<1+1/7,
(W=7 (Q)) if —241/y<s<—-1+1/7,

and Fj is a completion of Ey (see [3, p. 29]). Next we define

Eg = (Eo, Ex)ap = W, for 20 € (0,2) \ {1,1+1/p},

5
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where (-, -)g, denotes the real interpolation functor. Then, there exists a family of opera-
tors Ag € L(E149, Ep), with —Ap the infinitesimal generator of an analytic semigroup on
Ey (see [3, p. 28-30]).

In our next result we show the existence and uniqueness of local in time weak solutions
for the problem (3) and the continuity of the solutions respect to the initial data and the
function Iy. Moreover, it is proven that, if the functions «, § and  are regular, then the
weak solution is classical.

Theorem 2.2. Letp > N,

Xy = C(0, T CO), Vi = C(0, T); W(9)),
and the initial data

ug := (u%,2°,2%) € X := C%(Q) x WP(Q) x C°(Q).

Then there exists T(||uolx) > 0 such that the evolution problem (3) admits a unique

solution
u:= (u,v,2) € X;:= X, x Y x X

Moreover, there exists C' > 0 such that
[u(uo) — u(uo)x, < Cllug — o||x

where u(ug) and u(dg) stand for the solutions to (3) with initial data ug and o, respec-
tively. Furthermore, there exists C' > 0 such that

lu(Zo) — u(lo)lx, < C|Ho — Tollx,
where u(Iy) and u(Iy) stand for the solutions to (3) with coefficients Iy and Iy, respectively.

Proof. In the proof we will use the Banach fixed point Theorem. Let 2a € (1,1 + 1/p)
and g the trace operator. We define the closed sets

Bx(R,T) :={f € Xr : ||fllx, <R},
By(R.T):={f€¥Yr: |flyy <R}

and B(R,T) := Bx(R,T) x By(R,T) x Bx(R,T). On B(R,T') we consider the operator

Fl(ua v, Z)
F(u,v,2) == | Fy(u,v,2)
FS(ua v, Z)

where

t

Fi(u,v,2) :=T1()u’ 4+ [ Tyt —s)(=V - (v, 2)uVv) + (A\3(v, 2) + j)u — u?)ds,

t

Fy(u,v,2) == To(t)v" + | Ta(t — s)(Aa_1B%0(y(u)))ds,

S

S— 55—

F3(u,v,2) == T3(t)2° + | T3(t — s)lods.
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Here
B° := (Ba] kera,) -
Let us point out that A, B¢ € L(W?*~1-1/PP(9Q), Wé‘;”’p) and vp € L(C(Q2), C(0R)).
Therefore by the embedding
C(0N) — LP(N) — W2—1=1/pr(HQ),

Aq_1B%yg is well defined.
Step 1. There exist R,t > 0 such that F(B(R,t)) C B(R,t). For some constants
0 <k < p<1we have

t
HEWMMMW)SCM%mm+A(MW—@W%M%WNWWmm+

HITi(E = 5)(AB(v, 2) + )o@y + 1T (= )l ooy ) ds

t
gcqubg+1A (C(t — 5)*[la(v, 2)uT o]t
LO(t — )R et (IAB(v, 2) + ully + [u2l],)) ds

tl—p 1-k

t
A8 oo j H—.
=, FOOBIR + iR+ B

By [11, Lemma 2.1] there exists n € (0, 1) such that

< Clluo|x, + Cllaloc R

t
1F2(u, v, 2)[[1p < Cllo° i) + /0 Ot = 5) 7"l Aa-1B%0(v(w))llyyz0-2ds.
The last term in the right-hand side is estimated as follows
[Aa—1Bv0(y()lly2e-20 < Cllvo(y(w)[w2a-1-1/00(00)
2

< Cllvo(y(w)llcan)
< Cly(Wlleogm) -
Thus, we get
ti=n
1—

12 (u, v, 2)[[1,p < Clluollx, + Cllv]l

Finally for F3 we can argue as for [} to obtain

tl—n

15 (u, v, 2l cogm) < Clluolix, + Cllollx,7—

for some k € (0,1). The previous estimates assert that there exists 79 such that for every
<1
IF(u, v, 2)[|x, < Clluollx, + 1.

If we take R > C/|lugl|x, + 1, it follows that that F(B(R,t)) C B(R,1).
Step 2. F is contractive in B(R, 7) for some 7 < 79. Let t < 79 and (u,v, 2) € B(R,1),
(u,v,z) € B(R,t). We have

[1F1(u, v, 2) = F1(W,0,%) | co@)y < /0 (HTl(t = $)V - (a(v, 2)uVv — a(, 2)uV)|| co @ +
T2t = s)(AB(v, 2) + 5)u — (AB(0, Z) + 5)u) || oy +

Ty (= ) (u2 — ﬂz)HCo@)ds.

7
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We denote by (al), (a2) and (a3) the first, second and third term respectively in the
right-hand side of the above inequality. In what follows we provide with a bound for each
term in the above inequality.

(@) < [ Tt = 97 - ((v.2)u = V) ooy + IT2(E = 5)V - (@0, (0 = D)o+
HIT1(t - )V - (a(v, 2) - al®,2)aVD) | oy

t
S/O C(t = 5)"PClllalloo, R)(llu = ullgoy + lv = Vllwrr@) + 12 = Zllco@))

where p € (0,1). In the same fashion for some x € (0,1) we obtain

t
(a2) < /0 C(t = 8)CG, I1Blloos B)(lu — @l ey + 1o = Bl + 112 = Zll o)

t
(@) < [ Clt= 9 2Ru~Teny

Putting the previous estimates together we get

- tl—p ‘ tl—n B
IFas0:2) = Fi0. 2oy < (Cllalles B)f— + CO I3l B — ) u =,

Now, we deal with Fb:

t
[ F2(u, v, 2) — Fo(0,0,2)|1,p S/O C(t =) "y (u) = y(@)ll o ds
t-

<C
=07,

lu =l x, -
Finally,
[ F3(u, v, 2) — F3(U, 7, %) coy = 0
Therefore, there exists 7 < 79 such that F is contractive in B(R, 7).
At the end we show the continuity of the solutions respect to the initial data and

the coefficient Iy. Let R > C max{||uo]|, |[to||} + 1. Then, there exists 7 such that F is
contractive; as a consequence, there exists k < 1 such that

[u(uo) —u(do)llx, < [T1(t)(w” —a)|cog + IT2(t)(v° = T°)|l1p+
T3 (2" = 2 po ) + [F(u(uo)) — F(u(to))llx,
< Cllug — o||x + &[[u(uo) — u(uo)lx, -

The proof of the continuity on Iy follows in the same fashion. [

Proposition 2.3. The local in time solution provided by the previous Theorem satisfies
additionally

(u,v,2) € CH(0,7); WP(Q)) x Cl(<0,7'); WhP(Q)) x C1((0,7); W2P(Q)).
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Proof. Let us fix any ¢ € (0,7) then by [18, Th. 3.5.2] for every p € (0,1) we have that

du dv
E(t) € f,p ) %(t) S 2p,p ’ %(t) € Xg,p‘

In particular, by [11, Lemma 2.2] X} < WLP(Q) for p sufficiently close to 1. Therefore,
there exists p < 1 such that

%(t) c Whr(Q), %(t) c WhP(Q), %(t) e WhP(Q).
We observe that
—Av(t) +o(t) = -%@) inQ,
{ By(v(t)) = (v(u(t)),0)  on €.
Hence, the elliptic regularity [3, Th. 9.2] asserts v(t) € WP(Q). In a similar way, we get
z(t) € W?P(Q). Finally we rewrite the u-equation as follows

{ —Au(t) + ju(t) = h(t) inQ,

By (u(t)) = (0,0) on 09,
where
h(t) == =V - (a(v(t), 2(t))u(t) Vo(t)) + A(B(u(t), 2(t)) + ult) — u(t)® — %(t) :
Since h(t) € (W'P(Q)) then u(t) € WP(Q). n

Remark 2.4. Let v € (0,1). If we additionally suppose that 8—‘;‘, ~" are Lipschitz and
Iy € CY((0,T);C¥ (), then for every t > 0 the solution constructed in Theorem 2.2 is
classical.

Proposition 2.5. Under conditions of Theorem 2.2, if u’(x),v%(z),2%(x) > 0 for all
x € Q and Iy(z,t) > 0 for all (z,t) € Q x (0,7) then u(z,t),v(x,t),z(x,t) > 0 for all
(x,t) € Q x (0,7).
Proof. Let uy := max{u,0} and u_ := min{u,0}. We consider the problem
(= Au—V - (a(v, 2)u Vo) + A3(v, 2)uy —uuy  in Q x (0,7),
vy =Av —v in Qx (0,7),
z1=Az—z+ 1 in Q% (0,7),
0
o = (Cug,miuy) on 90 x (0,7), O
Byv = (v(u),0) on 90 x (0,71),
Bsz = (0,0) on 99 x (0,7),
(u,v,2)(z,0) = (u®,v°, 20) in Q.

Since the positive part is a Lipschitz function then we can argue as in Theorem 2.2 to get a
unique local solution solution to (5). Now, we take u_ as a test function in the u-equation
and we integrate in the space variable to obtain

d 2 _ 2
o Q(u_) = /Q\Vu_\ .

9
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Hence,

/Qu_(t)2 g/Qu_(O)2

for every t € (0,7). Thus, u_(t) = 0in  for all ¢ € (0, 7). Since u is positive then we have
u = uy and the unique solution to (5) is also the unique solution to (3). The positivity of
v and z are consequence of a standard maximum principle for parabolic equations.

]

Remark 2.6. Let us observe that we can argue as in Theorem 2.2 to get
t
[vll1p < Clo’llip + 07(0)/ e 79t — )7 < Clfvoll1p + C(0)
0

for somev >0,p>1,n€(0,1) and for every t < Tpas. Moreover,

Izl c@) < Clzolleg) + [Hollo@))- (6)

Let us denote T,,,, the maximal existence of time for the solutions constructed in
Theorem 2.2. Taking into account that the equation for z is linear and (6), in order to
show that Tinax = +00 we just need to find a function w : (0, 00) — (0, 00) such that for
each T > 0,

I t) o ()l goa xwinay < (D), 0 <t < minfT, Tras).

For this purpose we will use the following estimates. The first one is the Sobolev-Trace
inequality, see for instance [17, Lemma 6].

Lemma 2.7. (Sobolev-Trace inequality)
For every e > 0, 6 > 1 there exists a constant C = C(£2,60) such that

/ w? < e/ [Vw|? + C(e™? + 1)/ w?, Ywe WH(Q).
Iy Q Q
Lemma 2.8. Let s > N, for every § > 0 there exist m > 1 and a constant C(2) such that
/ [wVv - V| < CQ)[Volls(@llw|iz +mé™™w]3), YweWH(Q), v e WH(Q).
Q
Proof. By the Holder inequality
| w9 Vul < Vel Tl

such that 1/s+1/q = 1/2 and ¢ > 2. Moreover, by the Gagliardo-Nirenberg interpolation
inequality we get

lwllg < CEQ)w||fallwlly™" with 2 < g < 2* = 2N/(N —2), 6 € (0,1).
Hence, using the above estimate we get
146 1-60
/ﬂ [wVv - V| < CQ)||Vols[lwlly 3wl ™
Finally we deduce the result by the Young inequality with exponents r, v’ and taking into

account that (14 60)r = (1 —0)r' = 2. n

10
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Now, we look for the bound of u(t) in C°(Q). In a first step we provide a bound in
LP(Q2) for every p € [2,+00).

Proposition 2.9. Let t < 1,4 then we have that
[u®)ll, < C(t) Vp € [2,00).

Proof. Let w := uP/2. On multiplying the u-equation by u?~! and integrating in the space
variable we get

1d 4
L et === el = [ et + [ (ot s
2 2\, p—1
+p(p—1)/Q@(U,Z)UJVU'Vw—l-/Q()\ﬁ(v,z)u—u YuP~t,

Then,

1d/w2§—42(p—1)/ ]Vw|2+01/ w2+02/ \wVv-VwH—/(/\ﬂ(v,z)u—uQ)up_l,
Q p Q Ty Q Q

pdt
where 2 0
p_
Cr =1+ nlafclvlec, C2:= Tllalloo- (7)

We apply Lemma 2.7 with § = 2 and Lemma 2.8 for some s > N to obtain

1d

pn w <A66/\Vw]2+05e/w +/ (M\B(v, 2)u — u®)uP~t
p

where 4
A(d,€) := CaC(Q)||Vv||s6 + Cre — P(p -1),

C(6,€) := CoC()||V||s(8 + md™™) 4+ C1C(e 2 + 1),

and the constants C' and C(2) are given by Lemmas 2.7 and 2.8. We pick € = ¢y, § = dy
such that A(dg,€p) < 0. Thus,

1d / W < (C (6o, €0) + MBll) /Q w?

D dt
and the result follows after integrating in the time variable. [

Finally for the bound in C°(Q) we have just to argue as in the bound for Fj in
Theorem 2.2.

Proposition 2.10. Let 0 < 7 <t < Tjq where T is given in Theorem 2.2, then we have
that

[u(®)ll oy < C(#)

Proof. For some constants 0 < k < p < 1 we have

t
lullco@ < Cllulllcog +/0 (C(t—8)”’Ha|!ooIIUHLpHU\Ico@ +
+O(t = 8) " (M|Bllo + Dlullp + ul3,) ds.

By the Gronwall Lemma we easily deduce the result. [

11
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Then, we can conclude:

Theorem 2.11. Assume that the initial data (u°,0°,2%) € CO(Q) x WIP(Q) x C°(Q),
p > N, with u®(x),0%(z),2%(x) > 0 in Q and Iy € C((0,00); C%(Q)) and Iy(z,t) > 0 for
x € Q andt > 0. Then, there exists a unique non-negative global solution in time solution

of (3).

3 The stationary problem

In this section we consider the stationary problem associated to (3)

—Au= -V - (a(v,2)uVv) + A\3(v, 2)u —u? in €,

—Av = —v n Q,

Az =—2 + I(] in Q; (8)
Biu = B3z = (0,0) on 012,

Byv = (7(u),0) on 99,

where Iy € CP(€2), p € (0,1) and non-negative function.
Along this section, we are going to use the following notation: for p € (0,1) we denote

X1 :={u € C*’(Q) : Byu = (0,0) on 99},
Xy :={v € C?P(Q) : Ov/On + v = 0 on Ty},

and finally
X = X7 x X.

We need introduce more notations. Given functions m,c,b € C°(Q), b > 0 and a €
C*(Q) we denote by
Lu:=—Au+ c(z)Va-Vu

and consider the following eigenvalue problem

Lo+m(z)p =Ab(z)p in Q,
By = (0,0) on 012,

being B an operator similar to By, By or Bs, that is,

0
v + b1y on Ty,

By = gg

5, b2 only,

with by,bs € R.

Since b > 0 in Q, it is well-known (see for instance [6]) the existence of a principal
eigenvalue of (9), denoted Ai(L + m;b; B).

When no confusion arises, we delete the operator B in the notation of the principal

eigenvalue.
On the other hand, if for A € R we denote by

p(A) == A (L+m— Ab; 1)

12
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then A\ (£ + m;b) is the principal eigenvalue of (9) if, and only if, A; (£ 4 m;b) is a zero of
w(A). Moreover, since b > 0 the map u()) is decreasing and so

M(L+m—Ab;1) >0 (resp. <0) < A< A (L+m;b) (resp. A > A\ (L +msb)).  (10)

Finally, recall that A\;(L + m;b; B) is continuous on b and m, see for instance [6].
Moreover, in Proposition 5.1 of [5] it is proved that Ai(L+m;b; B) is also continuous with
respect to the coefficient ¢ when the boundary conditions are Dirichlet, see also [2]. In the
following result, we show this continuity with the boundary conditions B.

Proposition 3.1. The principal operator A1 (L~+m;b; B) is continuous with respect to the
coefficient ¢ in L*°().

Proof. First, we make a change of variable which transforms (9) into another equivalent
eigenvalue problem with Robin boundary condition and positive coefficients.
Since 0 is regular, there exists 1 € C?(€2) (see Proposition 3.4 in [22]) such that

a—pro>0 on 0f).
on

Under the change of variable

problem (9) is transformed into

{ —Aw + N(z) - Vw + M(z)w = Ab(z)w in Q,

Bw = (0,0) on 0},
where .
N(z):= —2KV1 + ¢(x)Va,
M(z) == —K%V¢|* + Ke(z)Va - Vi) — KA + m(z)
and 3
aw 4+ Riw on T}y,
Bw = on
ow
— + Row on I'y,
on
being
o
Ri(z) :=b;+ K—, =1,2
(x) + o i
and so, taking K large,
R; >0 on 09 fori=1,2. (12)

Fixed such K, we are going to prove the continuity of the principal eigenvalue of (11).
Observe that when you move the coefficient ¢, you move M and N. Since we know the
continuity with respect to M, we fix our attention on the coefficient N. On the other
hand, it suffices to show the continuity of A\1(L 4+ M;1; B) because \1(L + M;b; B) is the
zero of A\ (L + M — Ab;1; B). Take N; € [C°(Q)]N, i = 1,2, such that

IN1 = Nalloo < e

13
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Denote by A1 (N;) := A\ (£; + M; 1; B) with
Liw := —Aw + Ni(z) - Vuw,

and w; a positive eigenfunction associated to Ay (NV;).
Step 1: Assume that A\;(N;) =0, and so

My, = inf M(z) <0.
TS

Indeed, if M > 0, then positive constants are strict supersolutions of (£; + M, B1) and so
A1 (Nl) > 0.
Take p € (0,1). Then,

Lowf + M(2)uf = p(1 = pyuwt 2|V + pwl~ Vy - (N — Np) + M(x)(1 - p)uf >
> p(1— p)ut "2 [Vn > — puf [V ||No — Ny| + M(x)(1 - pJuf >

> {‘4(16[})62 + Mp(1 - p)] w?.

Consider p such that
€

l—pe—°
b= o /=,

we get that
Low! + M(z)w] > e [—\/—ML + Z] w) in Q.
On the other hand,

8w'lo p p
o + Ri(x)w] = (1 — p)Ri(x)w] >0 on Y.

Hence, wf is a supersolution of (Lo + M — e [—/=M + §| , B) and then

M(Ny) > e {—\/—ML v ﬂ :

that is

c [\/—M - ﬂ > M (N1) — A (Vo). (13)

Step 2: Assume now the general case that Al(ﬁl) € R. Then, there exists a K; € R
such that

A (N1 K) == M (L1 + M+ Ki313B) = M (L1 + M; 15 B) + Ky = A\i(Ny) + K1 =0.

Then, applying the Step 1 and (13), we deduce that

AN =M1 (Na) = A (V) K1 — (g (No)+ K1) = M (N3 K1)—i (No; K1) < & {\/—M _ ﬂ .

Consider now A;(N2) € R. Then, there exists a Ky € R such that

A (No; Kp) = A (Ny) + Ky = 0.

14
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Then, applying again the Step 1 and interchanging the roles of N and NQ, we deduce that

V V V ¥; ¥ v €
A1(N2)=A1(N1) = A1(No)+Ka—(A1(N1)+K2) = A (No; Ko)—A1(Ny; Ko) < ¢ [\/ﬁ _ ﬂ .
Therefore,

X N €
(M) = A (V)| < e [V - Z] ,
This concludes the result. .

The next result will be useful along the work.

Lemma 3.2. Consider sequences my, cp, b, € C°(Q), with b, > 0 and such that m,, — m,
¢n — ¢, by — 0 asn — oo in L°(Q). Denote by

Lou = —Au+ cy(x)Va - Vu, Lu:=—Au+ c(z)Va- Vu.

Then,
+oo if M(L+m;1) >0,

M (Ln + mp; by
i " )—>{ —oo if M(L+m;1) <O.

Proof. Denote by A, := A1(Ly,+mp; by) or equivalently 0 = A\ (L, +mp,—Apbp; 1). Assume
that A1 (£ + m;1) > 0, then by the continuity of the principal eigenvalue with respect to
the coefficients we get that Ai(L,, + my;1) > 0 for n large. Hence, since A, are the zeros
of the maps A\ (L, + my, — Ab,; 1) we conclude that A\, > 0 for n large. Assume that A\,

is bounded. Since
0=X(Lp+mp — Apbn; 1)

then we conclude that 0 = A;(£ 4 m; 1), an absurdum. "

Observe that since A\ (—A+1;1; Bs) > 0 and Iy > 0 there exists a unique non-negative

solution zg of
—Az+z=1y inQ, B3z = (0,0) on 0. (14)

Then, to solve (8), we need to study the following system

—Au = -V - (a(v,20)uVv) + A\3(v, z0)u — u? in Q,
—Av=—v in €, (15)
Biu=(0,0), Bav=(y(u),0) on 0€).

Observe now that (15) possesses the semi-trivial solution (0,vg) being vy the unique
positive solution of

—Av+v=0 in €, (16)
Byv = (7(0),0) on 09.
Observe that since A\j(—A + 1;1; B2) > 0 and v(0) > 0, this positive solution exists.
In order to find positive solution of (15), we are going to use the bifurcation method
from the semi-trivial solution (0,v¢). In fact, we will show that a continuum of positive

solutions emanates from the semi-trivial solution (0, vg) at a determined value of ), exactly,

A= )\1 (007 ZO))

15



May 17, 2011 M. Delgado, C. Morales-Rodrigo, A. Sudrez

where A1 (v, z9) denotes the principal eigenvalue of the problem

{ —A{ = =V - (a(vo, 20) VVo&) + AB(vo, 20)§ in €, (17)

Bi¢& = (0,0) on 09.

Observe that (17) is in the general setting of (9) with b = (B(vo,20), ¢ = «a(vo, 20),
a = vy and

m(z) := ay(vo, 20)| Vol 4 o (v, 20) Vg - Vo + a(vg, 20) Avp.

We need some important previous results. In the first one we obtain a priori bounds
of positive solution of (15). For that, we have divided the proof in different steps.

Lemma 3.3. Let (u,v) be a solution of (15). Then,
[0lloe < llvolloo,

[0]11,s < C(0), (18)
[0]l2,s < Clly(w)llwa-17s(ry)s

for all s € (1,00), vg is the unique positive solution of (16) and C is a positive constant
depending on €.

Proof. For the first inequality, observe that since 0 < y(u) < v(0) we have that

0 0
—Av+v=0 inQ, —vgfy(O) on I'y, —v—i—TQ'U:O on I'y,
on on

and then
v<wvyy in .

The other inequalities are direct consequences of Proposition 3.3 in [1] and that 0 < y(u) <
~(0). n

In the second step, we show that u is bounded in LP(Q) for all 1 < p < oo.
Lemma 3.4. Let (u,v) be a solution of (15). Then,
lull, <C and |ull12 <C (19)
for all p € (1,00) and C is a positive constant depending on €.

Proof. Let us compute explicitly the constants appearing along the proof, because they
will be used in the next results.
With a completely similar reasoning that Proposition 2.9, we get

4
0<——(p— 1)/ \Vw\Q + Cl/ w? + C’g/ lwVv - Vw| + / (AB(v, z0)u — ug)up_l,
p Q I'a Q Q
where w = u”/? and C) and Cy are defined in (7). Then, by Lemmas 2.7 and 2.8 we get

/ WP+ A / VP2 < / [(AB(v, 20)+C1C(e P+ 1)+CoC(Q) Vo]l (5+md—™)+1 )P 1],

16
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where 4

A= P(p — 1) — C1e — CC(Q)|| Vv 56. (21)
Take ¢ and ¢ such that A > 0. Now, it is clear that for some constant C' > 0
(AB(v, 20) + C1C (7% + 1) + C2C(Q) | Vo|s(6 + m6™™) + D)uP —uPT < C for all u > 0,

and then u is bounded in LP(Q2) for all p € (1, 00). Also, using (20) with p = 2, we get that
u is bounded in H'(Q). Finally, from (20) we deduce that «?/> € H*(Q). This completes
the proof. [

We are ready now to show the main result of a priori bound.

Theorem 3.5. Assume that A € A, a compact of R. Then, there exists a constant C > 0
such that
H(U,U)HX <,

for all (u,v) solution of (15).

Proof. First, observe that since u € H'(2) and v is a Lipschitz function, v(u) € H(f)
and so vo(y(u)) € H'/2(I'1) and then by [1] we get that v € H?(R2) and

[v]l22 < C. (22)
Now, we re-write the equation of u as
—Au = —ay, (v, 20)u| Vo2 —a. (v, 20)uVv-Vzg—a(v, 20) Vu-Vo—a(v, z0)uv+AG(v, zo)u—u?.
Observe that 54 Ba
(v, 20) = QR(s) 5o ax(v,20) = ag(s) 5

and then taking into account that ap is regular and 8 bounded, we get for any p > 1 that

(0, 20)ulVol? € L2(9),

a;(v, z0)uVv - Vzg € LP(Q),

a(v, z0)Vu - Vo € LI(Q), for some j < 2 and close to 2,
—a(v, z0)uv + AB(v, z0)u — u? € LP(Q).

Hence, we can conclude that v € W?2J(9), and so picking j close to 2, u € W1I"(Q) for
7% > 2. Repeating this argument several times, we can conclude the result. n

The following result proves the non-existence of positive result for A very negative.

Proposition 3.6. There exists A\g < 0 such that if X < X\g, (15) does not possess positive
solution.

Proof. In the first part of the proof we use a Moser’s argument to obtain a bound in
L>®(Q) for u independent of A < 0. Indeed, denoting w = u?/2, from (20), A < 0 and

Lemma 3.3 we get that
a/ Vaw|? < b/ w?, (23)
Q Q

17
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where 4 .
ai=—(p—1) = Cie — C2L—=4,
p p
—0 S P 1 —-m
b:=CC(e +1)+C2T((5+m5 ),
and

C = CO(Q)(0) oo
where we have used (18). Taking

1 -1
0=— and Esz,
pC pCh
we get
-1
a:p2 > 0,
p
and so,

/|Vw|2§b/w2.
Q a Jo

Now, we use H'(Q) — L"(Q), r > 2, and we get

1/r 1/2
(/ w’”) < Cs [/ |Vw|* + / wz]
Q Q Q
2/(rp) b 1/p 1/p
L)<l (G (f)
Q n a Q

R(p) :=C3 <Z + 1> :

and hence,

Denoting

we have that
p2+29

2
2 p 146
R(p) = C3 (3 + Cl(?p—_ 1 +C; Ci(p — 1>9+1

+ 2m01+mp1+m> .

Consider now ¢ = r/2 > 1, we have that

lallpg < (R(P)"/Pull,-

Taking p = 2¢™, n =0,1,2... we get

ullagnir < (R(2))Y2(R(29))/24(R(24%))/%0".....(R(24™)/*0" [l

It suffices to take n — oo and take into account that

lim (R(2))Y2(R(29))"/%(R(2¢%))/>7 ......(R(2¢™))V/*" < C,

n—oo

we conclude that
[ulloo < Cllulf2.

18
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Then, using (20),
lul|oo < C' = C(7(0),9), independent of A <O0. (27)

Consider now the v-equation. Then, since y(u) > v(||u|/s) > 7(C), we have that

0 0
—Av+v=0 1inQ, —UZV(C) on I'y, —v—i—TQv:O on I'y,
on on

and then
v > v >0,

being v, the unique positive solution of the linear problem

—Av+v=0 in €, @:7(0) on I'q, @JrTgv:O on I's.
on on

Finally, observe that since A < 0
AB(v, 20) + C1C(e™0 + 1) + C20(Q) || Vol[s(§ +md™™) +1 <

AB+C1C(e™? + 1) + CoOQ)|Vo[[s(§ +md ™) +1 <0
for A\ < Ao for some Ay < 0. Here, we have denoted  := min [(v,z9) > 0. Now, it
- 0

vy <v<u,
suffices to use (20). "

Now, we can prove the main theoretical result of this section:

Theorem 3.7. Assume that

A > (Uo, Zo). (28)
Then, (15) possesses at least a positive solution.
Proof. We are going to apply the bifurcation method. We consider A as bifurcation pa-

rameter. First, we apply the Crandall-Rabinowitz theorem, [9], in order to find the bifur-
cation point from the semi-trivial solution (0, vp). Consider the map F : R x X; x X3 +—

CP(Q) x CP(Q) x CP(Ty) defined by

F\u,v) = (—Au+V - (a(v, 20)uVv) — \B(v, 20)u + u?, —Av + v, g—z —y(u)).

It is clear that F is regular, that F(\,0,v9) = 0 and

Al(&ﬁ)

D(UW)F()\lv uy, 'Ul) g = _A’ﬂ —+ n ’
T\ S
on Y 1

where

A1(&m) = AL+ V- ([a(vr, 20)§ + aw(v1, 20)nui] Vo + a(vi, 20)ur V)
—(MB(v1, 20) — 2u1)€ — M Bu(v1, 20)u1n.
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Hence, for A = Ao := A1 (vo, 20), see (17), and (u1,v1) = (0,v9) we get that
Ker[D(uw)]:()\o,O,vo)] = span{(®1, Do)}
where ®; is an eigenfunction associated to Ag and
(—A+1)P2=0 inQ, By(P2)=(7(0)P1,0) on IN.
Hence, dim(Ker[D ) F(Ao,0,v0)]) = 1.
On the other hand, observe that
—B(v1,20)€ — Bu(v1, 20)urn

D)\(u,v)}—(AlvuhUl) ( : ) = 0
7 0

We can show that D)y, ) F(Xo,0,v0)(®1,P2)" ¢ R(D(y.)F (Ao, 0,v0)). Indeed, suppose
that there exists (£,7) € X such that D, ) F(Xo,0,v0)(&n)" = (—=B(vo, 20)®1,0,0), and
S0

—Af + V- (a(’Uo, zo)§Vv0) — /\oﬂ(vo, Zo)f = —ﬂ(vo, Zo)@l in €, B¢ = (0, 0) on 0f).

Consider @7 the eigenfunction associated to the adjoint equation of ®1, that is

—APT — a(vg, 20) Vg - VOF = NofB(v0, 20)P] in Q, (29)
Bi®1 =0 on 01},
where
0P} “
. o T (71 + a(vo, 20)7(0))®]  on Iy,
L_ o3 r
n (11 + mvoa(vo, 20))P7  on Ts.

Then, multiplying the equation by ®7, we get

02/6(”07ZO)¢)1(1)L
Q

an absurdum. Again, it can be showed that R(D ) F (Mo, 0,v0)) has co-dimension 1.
Hence, from [9], the point (A, u,v) = (Ao,0,vp) is a bifurcation point from the semi-
trivial solution (0, vy).
Now, we can apply Theorem 4.1 of [21] and conclude the existence of a continuum
CT C R x X1 x X5 of positive solutions of (15) emanating from the point (A, u,v) =
(Mo, 0,v0) such that:

i) CT is unbounded in R x X7 x Xo; or
ii) there exists A € R such that (),0,0) € cl(CT).

Alternative ii) is not possible by the v-equation. Therefore, alternative i) holds. On the
other hand, by Corollary 3.6, (15) does not possess positive solution for A < )y and by
Theorem 3.5, it follows that C* is bounded in X uniformly on compact subintervals of \.
Hence, we can conclude the existence of at least coexistence state for

A > )\1(’[)0, Zo).

This completes the proof. [
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Condition (28) is related to the local stability of (0,vg) with respect to the parabolic
problem.

Proposition 3.8. Assume A\ < Ai(vo, z0) (resp. A > A1(vo, 20)). Then, (0,vp) is stable
(resp. unstable).

Proof. Observe that the stability of (0,v¢) is given by the sign of the real parts of the
eigenvalues for which the following problem admits a solution (£,7) € X \ {(0,0)}

—A&+ V- (a(vg, 20)§Vvg) — AB(vo, 20)§ = o€ in Q,

A — in 2

n+n=on in €, (30)
B1£=(0,0) on 0f),
Byn = (7(0)€,0) on 9.

Assume that £ = 0, then 0 = X\j(—A + 1;1; Bg) > A\ (—A + 1;1; Ba) > 0. Suppose that
& # 0, denote by
,Cf = —Af +V. (04(7)0, Zo)fvvo),

then
Re 0 = Re )\](,C — )\ﬁ(vo, Zo); 1; Bl) > )\1(,6 — )\B(’Uo, Zo); 1; Bl) >0

because A < A1(vo, 20), where we have used (10).
Assume now that A > A1 (vg, 20). Then,

o1 := A (L — AB(vo, 20); 1; B1) < 0.
Denote by £ a positive eigenfunction associated to oy, that is
LE — N3(vo, 20)§ = 01§ in €, B1£=(0,0) on 0f2.

Since o1 < 0, then
AM(—A+1—-01;1;Bg) >0,

and so there exists n such that
—An+n=o0m inQ, Bon=(7(0)&0) on dN.

Then, o1 < 0 is an eigenvalue of (30) with associated eigenfunction (£,7n), so (0,vg) is
unstable. L]

4 Application and interpretation

In this section we consider the case Iy > 0 is a positive constant. In this case, recall
(14),
20 ‘= I(]e, (31)

where e is the unique positive solution of

—Ae+e=1 inQ, Bse = (0,0) on 09.
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We remind that the functions « and 3 depend on a variable s which represents the
free receptors, so

s =3s(v,2), a(v,z) = ar(s(v, 2)), B(v,z) = Br(s(v, 2)),

supposing ap positive in [0, +00) and g increasing with Sz(0) = 0, remember hypothesis
0

If we consider the behavior of the function s = s(v, z), it is reasonable to think that
when z is big (a lot of medicine), s tends to 0. Also, we will suppose that this rapproche-
ment is regular and so, s, (v, z) and s, (v, z) tend also to 0 when z goes to +00. Finally, we
will need the technical hypothesis that zs, (v, z) goes also to 0. These hypotheses move to
« and  in the following way

a(v,z) — ar(0), asz— oo,
av(”’ Z) - 07 (32)

saz(v,z) — 0,

B(v, z) — Br(0) = 0.

In the following result we study the principal eigenvalue A;(vg, 20) in function of Iy,
that is, the map

I() c [0, OO) — /\1(1)0, Z()) = /\1(1)0, Ioe) = )\1 (Io) € R.

Let us to introduce some notation before enunciating the result. Denote ¢1([p) a principal
eigenfunction associated to Ai(lp), that is,

(33)

*AQOl (Io) = —V . (Oé(vo, Ioe)Vvogol(Io)) + )\1 (Ig)ﬂ(vo, Io@)(pl (I(]) n Q,
B1g01 (Io) = (0, 0) on 89

We denote also ;1 := ¢1(0) a positive eigenfunction associated to A1(0), that is

—A§01 + V . (04(1)0, O)Vv()(pl) = )\1 (0),8(1)0, 0)(p1 in Q,
Bl<,01 = (0, O) on 89

Moreover, ¢] stands for a positive eigenfunction associated to the adjoint problem, that
is

_ASOT - a(U070)vvo : V@T = )\I(O)ﬁ(UOa O)SOT in Qa (34)
Bl =(0,0) on 09,
where §
QL 4 (1 + (v, 0)7(0))" on T
s 5, T+ a(vo,0)7(0)¢1 onTh,
1¥91 = Ot
521 — (11 4 m2vpa(vg,0))p] on Is.

Finally, we denote by
Aso 1= A1 (L + ag(0);1; By).

where Lo := —A¢ + ar(0)Vyy - Vo.
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Proposition 4.1. Then map Iy — A1 (Ip) is derivable in [0, 00),

L OV
/f& 0, )6901s01+/az(vo, 0)ewr Vg - Vwﬁ/ O‘Z(UO>O)6§01§0167£

1(0)=— =
/ﬁ UOa 801()01

and

(35)

lim )\1(]0) =

Ig—+o00

100 if Ao > 0,
—00 if Ao < 0.

Proof. The regularity of the map A (/) follows by standard argument, see for instance [7].
Now, we can differentiate (33) with respect to Iy at I = 0 and obtain

—A¢ + V- (a(vo, 0)Vuew]) — A1(0)B(vo, )¢y =
=V - (az(vo, 0)ep1Vvg) + (A1(0)B(vo, 0) + A1(0)B:(vo, 0)e)pr  in £,
B¢ = (0,0) on 09.

Multiplying by ¢ and integrating we get (35).
To obtain the behaviour when Iy — +o00, we re-write (33) as

—Agpl (I()) + Oé(’l)o, Ioe)va . Vgol (Io) + M(I())gol (Io) =\ (Io)ﬂ(vo, Ioe)gpl(fo)

where
M (Ip) = ay(vo, Ioe)|Vvo|2 + Ipa, (vo, Ipe) Vg - Ve + a(vg, Ipe)vop.

Taking into account the properties of the functions o and (3 in (32), we can show that as

Iy — o0
a(vg, Ipe) — ar(0) in L*=(9Q),
ay(vo, Ipe) — 0 in L*>(Q),
TIpa, (vg, Ipe) — 0 in L°(9),
()

B(vg, Ipe) — 0 in L*°(Q),

and using Lemma 3.2 we conclude the result.

Now, we would like to give a biological interpretation to the main results of the work.
Basically, we compare the stability of the semi-trivial solution (u,v) = (0,vp) in the cases
Iy = 0 (absence of treatment) and Iy > 0. We understand that if (0, vp) is stable, then
the process of angiogenesis does not occur, that is, the EC disappear when time is large.

a) Case Iy = 0: Observe that in absence of medicine, Iy = 0, the semi-trivial solution
(0,vp) is stable if A < A1(0) = A1(vo,0) and unstable for A > A;(0). So, if the growth
rate of the EC is less than A;(0), then the angiogenesis does no occur and it is not
necessary to introduce the medicine.

b) Case Ip > 0: Assume that A > A;(0) and let us introduce medicine, that is Iy > 0.
Now, (0,vp) is stable if A < A1(Ip) = A1(vo,20). We have studied this map in the
last section. We distinguish two cases:
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(a) Assume that Ao > 0. Then, A\;(ly) — oo as Iy — oo. Hence, fix A > A;(vp, 0),
that is (0,vp) is not stable in absence de medicine. Then, in this case there
exists a value of I& > 0 such that for Iy > I& we have that

A< )\1([0).

That means that introducing a sufficient quantity of medicine, Iy > I&, we can
avoid the angiogenesis.

(b) Assume that Ao < 0. In this case, A;(Iy) — —oo as Iy — oo. So, we can not
assure that the angiogenesis could avoid even introducing a great quantity of
medicine. We try now to give an explication to this fact. Observe that the
sign of Ao depends on Vg, ag(0), the domain Q and the boundary condition
B;y. For example, A\ < 0 if 71 is large, that is, if the number of EC which
are introducing along I's is large, hence, even introducing a lot of medicine we
can not eliminate the ECs. That is, the capacity of binding receptors is not
sufficient to avoid angiogenesis, due to there are a lot of EC.
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