Electronic Journal of Differential Equations, Vol. 2017 (2017), No. 235, pp. 1-16.
ISSN: 1072-6691. URL: http://ejde.math.txstate.edu or http://ejde.math.unt.edu

UPPER SEMICONTINUITY OF ATTRACTORS AND
CONTINUITY OF EQUILIBRIUM SETS FOR PARABOLIC
PROBLEMS WITH DEGENERATE p-LAPLACIAN

SIMONE M. BRUSCHI, CLAUDIA B. GENTILE, MARCOS R. T. PRIMO

Commumnicated by Claudianor O. Alves

ABSTRACT. In this work we obtain some continuity properties on the param-
eter ¢ at p = ¢ for the Takeuchi-Yamada problem which is a degenerate p-
laplacian version of the Chafee-Infante problem. We prove the continuity of
the flows and the equilibrium sets, and the upper semicontinuity of the global
attractors.

1. INTRODUCTION

The inspiration for this study arose from the description by Chafee and Infante
of the bifurcation scheme and stability properties of the equilibrium solutions for
the semilinear problem

Up = Mgy +u —u®,  (z,t) € (0,1) x (0, +00)
uw(0,t) =u(l,t) =0, 0<t< 400 (1.1)
u(z,0) = up(x), € (0,1),

where \ is a positive parameter and the initial data are sufficiently smooth [4].
Using a time-map method that adjusts the initial speed of a Cauchy problem to
ensure that the desired boundary conditions are satisfied, Chafee and Infante proved
that for fixed values of A > 0 there are a finite number of stationary solutions to
the problem , which bifurcate in pairs from the null solution at each point of
a decreasing sequence {\,}, each new pair being symmetrical with respect to the
abscissa axis and containing one more zero than the prior pair in such way that
when \,, — 0, the number of stationary solutions of tends to infinity.

Since this problem belongs to a class of problems in which trajectories asymp-
totically tend to the equilibrium points when t — oo, and also when t — —o0 in
the case of complete trajectories, detailed knowledge of the stationary solutions is
useful in understanding the attractor structure, which for gradient systems, is the
set of all equilibrium solutions with their connecting trajectories, [6].
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Subsequently Takeuchi and Yamada published a detailed description of the bi-
furcation diagram for equilibria of the quasilinear problem

wy = M |ug [P 2ug )z + |u|92u(l — |ul"), (2,t) € (0,1) x (0, 400)
u(0,t) =u(l,t) =0, 0<t<+o0 (1.2)
U(.’[,O) :UO(x)7 T € (071)7

where p > 2, ¢ > 2, r > 0 and A > 0, taking into consideration the relations
between p and ¢, [I3]. Denoting by Ex = E\(p,q) the set of equilibria of problem
(1.2), which describes a gradient system, we find that:

o If p>q, Ex = {0} Uy, £EY, where EY = E}(p, q) is the set of stationary
solutions ¢, with n zeros in (0,1) and the sign + indicates the sign of
(¢n)z(0), any equilibrium ¢ € +FE) = E) has positive initial condition
¢.(0) and —F) is the set of the opposites. In this case, there is a relevant
sequence {\,} such that, if n > 1 and A > A,,, then EY is a single set. Eg
is always a single set.

e if p = g, E) changes depending on where the parameter A is located with
respect to two sequences, {\*} and {\,}. The first sequence sets the max-
imum number of zeros allowed to an equilibrium. The second sequence, as
in the prior case, states for each n > 0, if EY is a single or a continuum set.
If A > Af, then Ex = {0}. If A}, <A< A}y, then By = {0} UM +E%.
E())\ is always a single set.

e if p < g, E) also changes according the position of A\ with respect to two
sequences {\}(p,q)} and {\,}. Again, if A > A5, Ex = {0}. If A}, <
A < Ny, then Ey = {0} UM (£{F?} U+LEY), where F' = {¢,,} and, if
A= X:(p,q), EY =0, EY = {¢,} if Ay <X < A:(p,q). Here 4, and ¢,, are
equilibria with n zeros in (0, 1), |9 ()| < |¢pn(x)| for all z € (0,1) except
for zero points of ¥, and ¢,,.

In any case, if n > 1 and XA < A, then EY is diffeomorphic to [0, 1]".

When p = ¢ there are notable similarities between problems and , par-
ticularly in regarding the stability properties of the equilibria. The trivial solution
in each case is asymptotically stable for large values of the diffusion parameter A
and becomes unstable when the first pair of nontrivial equilibria bifurcates from
null solution. These, in turn, remain asymptotically stable, while other stationary
solutions are unstable.

The principal difference between problems and lies in the following. In
the former, semilinear problem, although the number of elements in the equilibrium
set tends to infinity when the diffusion goes to zero, it remains discrete, because
the equilibria bifurcate from the trivial solution in pairs. In the later, quasilinear
problem, however, the equilibrium set can contain continuum components if the
diffusion coefficient is insufficiently large since the stationary solutions can reach
their extremes at 1 and —1, which are zeros on the right side of the equation. Thus,
stationary solutions can form flat cores when attaining these values and, although
the sum of the lengths of all flat cores must be constant, it can be freely distributed
among them. Accordingly there is a continuum of equilibrium solutions with the
same number of zeros. This situation does not occur in the semilinear problem, as
the “z-time” required for equilibria to achieve their extremes in 1 or —1 is infinite.

Nevertheless, in regard to problem , for each fixed value of A, there are
finite connected components of Ey(p,p), each composed of solutions containing the
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same number of zeros and bifurcating from the trivial solution. The attractor is the
finite union of the unstable set of the connected components of E. In this case, the
attractor is the union of E with the complete trajectories joining their connected
parties, [2, 13]. It was proved in [2] that the problem can be attained as a
limit of when p | 2 and, for each fixed value of A\, F) behaves continuously
with relation to p, becoming discrete when p is located in some positive distance of
2.

Only the case p = ¢ is considered in [2], as in other cases, the complex configura-
tion of the equilibrium sets diverges significantly. The purpose here is to prove the
continuity of the equilibrium set of problem with respect to ¢ when ¢ — p.
To this end, the following questions must be considered. For A fixed, when ¢ T p,
even when ¢ is close to p, given n > 0 there are at least two solutions in Ey(p, q)
having n zeros in (0,1). When p = ¢, however, there exists a maximum value M
such that any solution in E\(p,p) have a number of zeros less than or equal to M.
The value of M is determined as a function of the position of A\ with respect to the
points of the sequence {\,}. When ¢ | p, the number of zeros in (0,1) of equilib-
ria is bounded if p = q or p < ¢ but the sequences that determine the maximum
value of zeros for a stationary solution are distinct, being {A%} in the first case and
{A:(p,q)} in the latter. Further, given n, Ey(p, q) can contain two entirely distinct
equilibria with n zeros, £¢¥, that do not appear in the configuration of E(p,p).
As will be shown in Section 4 these unanticipated equilibria, i.e., the stationary
solutions which are not supposed to exist in case p = ¢, converges to the trivial
solution when ¢ — p despite the value of A.

The lower continuity of attractors is not an easy problem and there is no much
we know about. In the specific case when p = ¢ and the diffusion parameter A is
such that A} < A < A{, then we can say that the attractors A, of the problem
are lower semicontinuous at p = 2. This follows from the fact that, in this case,
there exists only two complete trajectories for the Chafee-Infante problem (case
p = 2), (see [§], p126), and then we can combine the continuity of the semigroups
on p with the continuity of the equilibrium set to verify that each point on those
complete trajectories can be reached as a limit of points on complete trajectories
inside the attractors A,,p > 2.

Regarding the diffusion parameter A, once )\, depends on (p,q), the question
arises if the connected components of F)(p, q) and E\(p, p) have similar cardinality
properties when g is close to p, whether when p # ¢ the equilibrium components
of Ex(p,q) that have natural correspondence with some component EY (p,p) when
p = q are discrete or continuum according to the respective cardinality of EY(p,p).
The answer to this query is no, as detailed in Section 4. There is but one situation
described in Case 3, Section 4, in which this fact must be addressed, but the
continuity of Ey(p,q) is not affected. Similarly, despite the fact that sequence
Ak (p, q) depends on ¢, the same maximum value M for the amount of zeros allowed
to an equilibrium in Ey(p,p) and Ex(p,q), p < ¢, is found consistently.

Based on the preceding, the continuity of the sets E)(p,q) is studied via the
continuity properties of equilibria. In Section 4, the ordinary differential equation,
which describes the stationary solutions of , is reviewed and its dependence
on initial conditions and parameters is analyzed. Section 2 presents the required
uniform estimates and locates the dynamics of problem in WJ(0,1). Subse-
quently it is proven that the family of attractors Ay, is upper semicontinuous with
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respect to (p,q) in CI0, 1] topology. Additionally, if p remains fixed, A,, is upper
semicontinuous with respect to ¢ in VVO1 (0, 1).

2. UNIFORM ESTIMATES AND ASYMPTOTIC PROPERTIES

The asymptotic behavior of solutions of problem is a well known issue,
and it is not difficult to prove that ( . ) defines a semigroup which has a global
attractor when set in L?(0,1) or even in I/VO (0, 1), since it enjoys good properties
of compactness and dissipativity. In this section we list all the necessary estimates
to guarantee the existence of these attractors. Most of the results below is shown
in [2], so we will just explicit the uniformity of the upper bounds with respect to
parameters p and ¢ when (p,q) is in a bounded subset R of (2,00) X [2,00). We
will denote by u,q a solution of .

We first need to obtain estimates for the L2(0, 1) norm of solutions. This is done
exactly as in [2 Lemma 2.1], whose statement is repeated here properly fitted to
the context of this work.

Lemma 2.1. Let upq be a solution of (1.2)) with upq( ) = up € L%(0,1). Given
Ty > 0 there exists Ky > 0 such that ||upq( Nz < Ky fort > Ty and (p,q) €
R. Furthermore, given B C L?(0,1), B bounded, there exists Ki > 0 such that
tupg()|l2 < Ky fort >0, (p,q) € R and ug € B. The positive constants Ky, K,
are independent of (p,q) € R, r > 0 and A > 0.

Remark 2.2. We note that the constant K; gives us a L?(0,1) estimate after
some time has elapsed from the origin, and it is uniform on (p,q) € R, completely
independent of the initial data and uniform on bounded sets with respect to the
parameter r. The constant K7, which estimates solutions since the origin, carries,
as expected, a dependence on the initial data which is uniform however on bounded
subsets of L?(0,1).

To establish the estimates on W, (0,1) we introduce the following notation:
Prgr 02 L2(0,1) — R given by

r 1,
(p ( ) fO |uT | dx + q-}-r fO |u ‘q+ dr, u€ Wy p((], 1)
pa —|—oo, otherwise,

and
2 () = fo |u(x)|?dx, we L1(0,1)
Pl —i—oo7 otherwise
It is advantageous to rewrite the equation in (1.2 in an abstract way involving
the difference of two subdifferential operators. Thus the existence of global solutions
is easily obtained as a consequence of [I1] and new estimates can be obtained, this
time in a stronger norm.

1) + 0ph, (u(t)) — D (u(1)) = 0 (21)

where 6<p11,q and 8@3 are subdifferential of <p11)q and <p§ respectively.

Remark 2.3. Given ¢y and gz, 0 < ¢g < 1, qpr > 2, there exists ¢ > 0 depending
only on r and ¢y such that

3 (u) < coppy(u) +c
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for each u € Wol’p((), 1), A>0and 2 < g <qy. In fact, if n > 0,

1
‘pi(u) = 5““”%(1(0,1)
atr (A p 1 g+
< o T Gl * )

Let g(q) = (%O)qu = eatr M(€0/9) then g'(g) < 0 and it is enough to choose n

q T
such that 0 < n < (;—]&)QM%T for 2 < g < qpr. Then qn% < ¢p and
. r
c= —.
(2—|—r)2pz+rr]qu+

The following lemmas show the estimates we have in WO1 7(0,1) norm. Note
that, even if the initial data are taken into L?(0,1), since the flow is governed
by a subdifferential (so it has good smoothing properties), we can ensure strong
estimates in W, ?(0,1) from any positive time elapsed from the origin.

Lemma 2.4. Given § > 0 there exists Ky > 0 such that [upg () lwrao,1) < K, for
t > § and for all initial data ug in L*(0,1)

Remark 2.5. The above lemma is a direct consequence of [I3, Lemma 2.1] and
the first assertion of Lemma The constant K, carries the same dependence of
K, that means, it is uniform on (p,q) € R, completely independent of the initial
data and uniform on bounded sets with respect to the parameter r.

However, if we are interested in estimates since the beginning of evolution, so
we naturally find upper bounds dependent on the initial data. The demonstration
is exactly the same as [2, Lemma 2.2].

Lemma 2.6. Let u,, be a solution of (1.2)) with u,,(0) = ug € Wy?(0,1). Given

M > 0 there exists a positive constant Ko > 0 such that ||“pq(t)HW1,p(0 , < K,
a7,

fort >0 and (p,q) € R. Furthermore, the positive constant Ko can be uniformly
chosen for (p,q) € R, and ||u0||W01,p(0,1) <M.

Finally, from the above lemma we conclude our set of uniform estimates of {uq},
giving bounds to the solutions of the problem (1.2)) in L*°(0, 1).

Lemma 2.7. Let uy, be a solution of ([[2) with uyy(0) = ug € W,P(0,1) and
||u0||W01,p(071) < M. From Lemma we obtain

tpq() |0 < K3(M), t>0.

Remark 2.8. If the initial data are in L2(0,1) — Wy?(0, 1), for each § > 0 we find
K3 depending on ¢ and p, with

The existence of the global attractor in L?(0, 1) is a simple consequence of Lemma
and Lemma as it is claimed in 2, Corollary 2.3]. It is also very simple to ob-
tain the existence of global attractor to the restriction of the semigroup to the space
Wol’p(O7 1). In fact, for each (p,q) € R, let us denote by {Sp,(t)} the semigroup
associated with problem in W,*(0,1). We prove below that {S,,(t)} is a
continuous semigroup of compact operators. The following result will be necessary.
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Lemma 2.9. Let B C Wol’p((), 1) be a bounded set and let T > 0, qpr > 2. There
18 a constant K4 such H%qu(t)nﬂ(o,l) < Ky foranyp>2,2<q<qn,te0,T]
and ug € B.

Proof. Multiplying the equation in (1.2]) by %upq(t) and integrating from 0 to T'
we obtain

T
0
/0 ||a“pq(5)||2L2(o,1)d5 + QO;)Q(UPQ(T)) < CP?I(qu(T)) + Sﬁ;l)q(upq(o))

S CO@;q(upq (T)) + @;q(upq (O)) +c
where ¢y < 1 and c is the same of Remark On the other hand, if we denote
fa(s) = |s]972s(1 — |s|") then

(2.2)

1d a 0

5%”“1)(1@ +h) - qu(t)H%Z(o,l) = <§qu(t +h)— aupq(t)v Upq(t + 1) — upg(t))
< (fqupg(t + ) — faupg(t), upg(t + h) — upq(t))
< Cllupg(t +h) — upq(t)”zm(o,l)a

ap +r—2

where C = (qas — 1)~ = . So by Gronwall we obtain

[tpq(t +R) — upq(t)”%?(o;) < lupg(s +h) = qu(5)||2L2(o,1)62CT-

Therefore,
9 2 T 2 20T
T||§qu(t)”m(o,1) < ; ||§qu(5)||L2(o,1)d5€
and from (2.2)) we conclude that
0
Haupq(t)”L?(O,l) < Ky.
(I

Theorem 2.10. For each t > 0 the mapping Spy(t) : Wy (0,1) — WyP(0,1) is
continuous and compact.

Proof. Let T > 0,0 <t < T and {ug,} C W,(0,1) a sequence converging to ug
in W,?(0,1). Then ug, — ug in L?(0,1) and, from [I3, Lemma 2.1], Sp,(-)uo, —
Spq(ug in LP(0,T;WyP(0,1)). Therefore we can conclude that exists a subse-
quence denoted by {u,(t)} C {Spe(t)uo, } which converges to u(t) = Spq(t)ug a.e.
in [0,T]. Let A C [0,T] the set where |Ju,(-) — u(-)||W01,p(071) — 0. Given an arbi-
trary ¢ € (0,7] we claim that ||un(f)“wg”’(o,1) - ||’U/(t)||W&,p(0,1). In fact, for each
fecA

| (1n () = @pq (u(O)] < 10pg (un(t)) = @pq (un(0)] + |0pg (un(9)) = @pq (u(B))]
+ 103 (u(8)) — g (u(1)))]

and

oL, (1)) — 91, (un (6))] < /9 s

(Ophalatn () 5-tun5)

3 (.0 ) I )
=3 55 un()lz20,1ds + 5 ; [ fq(un ()72 (0,1)ds,

where f,(s) = |s|77?s(1 — |s|"). We can obtain the same result changing u,, by u
in the above inequality. So, it follows from Lemma[2.7) and Lemma [2.9] that, given
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n > 0, we can choose 6 € A close to ¢ and n large enough to obtain |p), (un(t)) —
©pq(u(t))] < 1. Therefore we conclude that u,(t) — u(t) in WyP(0,1).

We observe that, in fact, this proof shows that Sp,(t) is continuous from L?(0, 1)
to W,(0,1).

To prove the second statement, let B C VVO1 ?(0,1) a bounded subset. Let us
prove that S,,(t)B is relatively compact in W,*(0,1). As W, *(0,1) is compactly
immersed in L?(0,1), given any sequence {ug, } C B, there is ug such that ug, —
ug € L2(0,1) and so Spy(t)ug, — Spq(t)uo in WyP(0,1), which concludes the
proof. ([

The existence of a global attractor A,, for Sp,(t) in WP(0,1) is a consequence
of Lemma Theorem and [0, Theorem 2.2].

Proposition 2.11. Given (p,q) € R, let Spy(t) : WyP(0,1) — W,y P(0,1) the
semigroup determined by problem (L.2). Then {Sp4(t)} has a global attractor, which
is compact and invariant.

3. CONTINUITY OF FLOWS AND UPPER SEMICONTINUITY OF THE ATTRACTORS

In this section we proof that, given T > 0 and (pg, o) € R, the solutions {u,,}
of go to the solution w4, of in C([0,7]; L*(0,1)) , when p — po and
q — qo. After that, we will obtain the upper semicontinuity of the family of global
attractors

{Apg CW57(0,1); (p.q) € R}
of at (po,qo) in the topologies of L2(0,1) and C([0,1]). Furthermore, when
p = po we will prove the upper semicontinuity in I/VO1 Po(0,1).

First of all we observe that from Section 2, there exists a positive constant M,

independent of ¢ > 0 and (p, ¢) € R, such that

Hupq(t)”WOLP(o,l) <M
for all t > 0 and (p, ¢) € R. Following exactly the same steps in Section 3 of [2] we
obtain an adapted version of Baras’Theorem, [I5], as we state bellow.
Lemma 3.1. Given T > 0, the set
MPT = {upq C Wol’p(O, 1) : (p,q) € R, upq is a solution of with
Upq(0) = o pq € Wol’p(ov 1), wopg — uo as (p,q) — (Po,qo) in L*(0,1)
and ||u0pq||WJ,p(o71) < M, ¥Y(p,q) € R},
is relatively compact in C([0,T]; L?(0,1)).

Theorem 3.2. For each (p,q) € R, let {uy,} € Wy*(0,1) be a solution of
d - — I
aupq(t) = A(|(upq(t))a]” 2(“pq(t))m)m = Jupq(t)]? QUPq(t)(l + ‘“(t”pq)v t>0
Upg(0) = ugpq € W(Jl7p(0> 1).
Suppose that ||u0pq||W01,p(071) < M for every (p,q) € R and ugpq — uo as (p,q) —
(po,qo) in L?(0,1). Then, for each T > 0, u,q — u in C([0,T); L?(0,1)) as (p,q) —
(po, o), where u is a solution of
d

() = Mua ()P 2 us(t))s = ()" 2u(t)(1 + |u(t)]"), ¢ >0
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u(0) = ug € L*(0,1).
Proof. Throughout this proof we denote
faw(®)) = o)1 20() (1 + |u(t)]").

Since
l[upq (t) ||W01’P(0,1) <M

for all t > 0, (p,q) € R with M independent of ¢ > 0 and (p,q) € R, we ob-
tain that {up,(¢)} is uniformly bounded in L>(0,1) for (p,¢q) € R and t € [0,T.
Furthermore, from Lemma {upq} converges in C([0,77]; L?(0,1)) to a function
u:[0,T] — L?(0,1), when p — pg and ¢ — qo. Since f,(up,) is uniformly integrable
in L([0,77; L*(0,1)) and

| £q(upg(t)) = fao WD < ([ £g(upg () = Fao (upg )| + [ fao (upg (8)) — Fao (w()l
< Klg — qol + Kupg(t) — u(t)],

we obtain fy (upg(t)) — fg (u(t)) in L?(0,1) for each ¢ > 0 when p — pg and ¢ — qo.
Now, with the same arguments used in [2] we obtain that u is a weak solution of
d
—70(t) = Mlua (O P ua(t))e = [u@)*u®)(1+ [u@)]"), >0
u(0) = ug € L*(0,1).
and we obtain the desired result. g

Corollary 3.3. The family of global attractors {A,, C Wy*(0,1)) : (p,q) € R} of
problem (1.2)) is upper semicontinuous at (po,qo) in the L?(0,1) topology.

Proof. The results in Section 2 imply that there exists a bounded set B C L?(0,1)
such that A,, C B, for every (p,q) € R. Since A,, , attracts bounded sets of
L?(0,1), for every 6 > 0, there is T} > 0 in such way that

)

N

sup diStL2(Q) (upo,qo (Tl ; 1/’pq)7 Apo,qo) <
Ypq€Apq, (P,9)ER

where 4, (t;%pg) s a solution of problem when p = pg and ¢ = ¢g with
initial condition )p,.

Now, the previous results in this section imply that there exist dg > 0 and € > 0
such that

0
l2pq (5 %pg) — Upogo (5 ¥pg)llL2(0,1) < 3

for |p — po| < o, |¢g — qo| < eand T >t > T;.
Thus, for |p — po| < o, we obtain

distr2(0,1) (tpq(T1; ¥pq)s Apogo)
< ||upq(T1ﬂ/1pq) — Upoqo (Tl; ¢pq)HL2(O,1) + diStL2(0,1)(Upoqo (T177/’pq)7-/4p0q0) <4
On the other hand, it follows from the invariance of the attractors that
diStLQ(O,l)(quvApoqo) <9,

for every |p—po| < do and ¢ such that |g—qo| < € showing the upper semicontinuity
desired. (]
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Remark 3.4. It follows from Theorem Corollary [3, Lemma 1.1] and
the compact immersion of Wy*(0,1) in C([0,1] that the family {A,,} is upper
semicontinuous at (pg, go) in the topology of C([0,1]).

Now we are interested in obtaining the upper semicontinuity of global attractors
of (1.2)) in a stronger topology. To do that, we consider p fixed, and ¢ — ¢o.

Theorem 3.5. For each (po,q) € R, let {up,q} C Wy°(0,1) be a solution of

d Po—2
2 Wpoa(t) = A (poq ()" (Upoq 1))z )

= |upoq(t)‘qizupoq(t)(1 + [u()pogl™), >0
upoq(o) = quoq € VVOLP0 (07 1)'

Suppose that ||u0p0qHW01,po(071) < M for every (po,q) € R and upp,q — uo in

L?(0,1) as ¢ — qo. Then, for each T > 0, up,q — u in C’([O,T];Wol’po(O, 1)) as
q — qo, where u is a solution of

%U(t) = A (@)l (u(t))a)s = lu(t)| " *ut)(1 + [u(®)]"), ¢>0

u(0) = ug € Wy*°(0,1).

The above theorem is a simple consequence of Tartar’s Inequality, Lemma
and Lemma

With the same argument as in the proof of Corollary [3.3] we can prove the next
result.

Corollary 3.6. The family of global attractors {A,, C Wy?°(0,1)) : (po,q) € R}
of problem (1.2)) is upper semicontinuous at (pg,qo) in the topology of Wol’p“ (0,1).

4. CONTINUITY OF EQUILIBRIUM SETS

In this section, considering p fixed, we prove the continuity of the family of
equilibrium points of the equation when ¢ goes to p. To analyze the continuity
of the equilibrium sets it is interesting to remember how the stationary solutions
are obtained in [13].

Let ¢oq be a solution of

)‘(w)z + fq((baq) =0, in (07 Oo)
¢aq(0) = 07 (41)
P(0) = a

where a is a parameter, 6 = |(aq)e|”"2(6aq)s and f,(6) = [01726(1 = |4]7). We
observe that, in order to a solution of be an equilibrium point of (L.2)), o must
be such that ¢aq(1) = 0.

We denote by X («, p,q) the function that measure the z-time that the solution
Gagq Of takes to reach the first maximum point. Because of the symmetry we
have that ¢(2X (a, p, ¢)) = 0 or, more generally, ¢, ,(2kX (o, p,¢)) =0,k =1,2,....
Also, we have that 2nX (a, p, ¢) = 1 is a sufficient condition to ¢o4 be an equilibrium
point of with n — 1 zeros in (0,1) C R. Due to the symmetry of the problem,
we can only consider a > 0.
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The function X is
AMp—1)\ /P -
X(Oé7p,q) = ((p)) ](p>q7¢a,q)7
where q@a’q is the maximum value of ¢, 4 and

a
I0.0:0) = [ (Fyfa) = Fy(0) ™o,
with Fy(¢) = F(¢,q) = [ fo(s)ds = £ — 220 € C1((0,00) x (2, 00)).

In [13], the authors studied the behavior of the function Y (p, ¢), which describes
the distance between two consecutive zeros of an equilibrium and, analyzing their
graphs for p > ¢, p = ¢ and p < ¢, they obtain that if p > ¢ there exists a
decreasing sequence A, (p, q), An(p,q) — 0 when n — oo such that the equilibrium
set E = {0} UUX, EE where EZ denote the equilibrium sets within the equilibria
with 4 zeros in (0,1) and if A < A\, (p, q), the set EljE is diffeomorphic to [0, 1], for
1 <7 < n. We observe that in this case there are equilibrium points with any
amount of zeros in (0, 1).

If p < ¢ there exist decreasing sequences A\, (p,q) — 0 and A% (p,q) — 0 such
that XS (p,q) > A\n(p,q@). If p=q, for Apr+1 < A < Ay, the equilibrium set is given
by E = {0} U Uij‘iOEii. If p < g, for Aprp1 < A < Ay the equilibrium set is given
by E = {0} UUM (EF U {F*}), where E denote the equilibrium sets containing
equilibria with ¢ zeros in (0, 1) and Ff = {wzi} also is equilibrium with ¢ zeros in
(0,1). Furthermore, if p < g and A < A, (p, ¢), the set EZjE is diffeomorphic to [0, 1]7,
for 1 <4 < n. In any case, Ef = {¢F} for A\ < Xo(p, q).

About the stability of the equilibria, in [I3, Theorems 4.2, 4.3], they obtain that
0 is asymptotically stable if p = g and A > Ag or if p < ¢, 0 is unstable for p > ¢
or p=gq and A < Ag. The equilibrium ¢ar is asymptotically stable if A > Aj and
attractive for A < A§, and if ¢ > p, 9o is unstable for A < Aq.

Since we deal with the dependence on the parameter ¢ and there are qualita-
tive changes in the equilibrium sets depending on the relation between p and ¢, if
necessary, we will exhibit explicitly the parameters p and q.

To prove the continuity of the equilibrium set, we take a sequence of equilibria in
EZjE with a fixed number of zeros and, analyzing the initial slopes of such stationary
solutions, we conclude through the continuity properties of problem , that this
sequence must converge to an equilibrium point of the limit problem with the same
amount of zeros in (0, 1) or, when it is not possible, the sequence converges to the
null stationary solution. We also prove that any sequence of equilibria taken in
{4} € F* converges to zero.

We start with the analysis of the dependence of g?)a,q on g and a. We know that
QEQ’Q is strictly increasing and C! in «, a € [0, ap) (see [2]). With respect to ¢, since
q}a’q is the maximum value of ¢, 4, then éa,q satisfies

F((Z;a,qaq) = /\(pp%l)b"pz%l'
Calculating
9 _ ¢lglng—1) ¢ ((¢g+r)ng—1)

where §(0) = %, for > 2. As /(0) > 0, thus %F((b, q) < 0.
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Also 8 35 (0,q) = ¢971 — ¢t > 0, if ¢ € (0,1). Using the Implicit Function
Theorem we obtain that the map ¢n, is C' on (a,q) . Also,
0 - 7F(¢Ot aq)
2y —E 0t
q %F((baqa Q)
then qgaq is strictly increasing on gq.
Now we analyze the function I(p,q,a). In [I3], the authors rewrite I(p, g, a) as

@ 1
IZI(p,q,a):/o (Fq(a)_Fq(¢))_1/pd¢=a1_q/p/ D, (s,a) " /Pds,

0

where ®,(s,a) = % — 1_qf:: a”. Then we obtain I(p,q,a) is C% on (2,00) x
[2,00) x (0,1]. For each p fixed, we analyze the behavior of I(p,q,a) with respect
the parameter q. We study the behavior of I(p,q,a) with respect to ¢ for a close
to zero because I(p, q,a) is C? on (2,00) x [2,00) x (0,1] and the major difference
in the cases occurs close to zero. We prove that I(p, ¢, a) is increasing with respect
to g for a near to zero.

Lemma 4.1. For0<a < e /2 fized, a%[(p,qm) > 0, for (p,q) € (2,00) X [2,00).
Proof. In fact, since I(p,q,a) = [;'(F. F,(¢))~'/?d, it follows that
—-1/p
I(p.q.0 / 8q ~ Fy(6) 7o
,1/1771 8
= —*(Fq(a) — Fy(9)) 50 (Fala) = Fy(¢))d
o P q
Since (F,(a) — F,(¢))~'/?=! > 0, we only consider

a9 o) — _a’ln(a)  —a?  a’""In(a) ad™r
aq(Fq( ) Fq(¢))— q + q2 (q+r) (q+7,)2
_ [¢q In(¢) n —‘fq 97 n(¢) " pIt" .
q q (g+r)  (g+r)

Now we define ¢(6) = 92 — 7. Then ©'(0) <0, thus p(g+7r) —(g) < 0. Define

also (0) = & 12(9) eq(zrl?)(e) Then for 6 < e=1/2

1
/ qg—1 q+r—1
P'(0) < [0 -0 ](ln&—i—iq 7n)<0,

thus ¥(a) — ¢(¢) < 0 for 0 < ¢ < a < e~ /2. Therefore,

a%(ma) CF(8) = olg + 1) — plg) + bla) — () <0 (4.2)

Finally, we obtain

oI 1 —1/p—1 9
a*q(p,q,a):/0 —5(Fala) = Fy(@)) / agFal@) = Fy(9))de > 0. (4.3)

O
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Now we consider p > ¢. In [I3], the authors show that 2 (p, q,a) > 0 for ¢ < p,
then

0X

Ap—1)\1/p(0T, =~ I, - Opag
aq(a,p,q)=((p ))1/( 0

’ 8( D, 4 Paq) + %a (P4, Paq)—— 94 )>07 P> q.

Fixed p and n, for each ¢ < p, we consider oy the initial condition such that the

r-time X (ag', p,q) is kept constant and equal to 1/2n. We have that

Ofg(a" )787)((0/1 )d£+a£(an )
- dq q?p7q - 8@ q?pvq d 8q qvp7q

A o1 - O¢agda DI o1 - 00,
= ( ( D ))l/p[a ( b, q a¢aq) g qdia + ai(paq ¢aq]) 8a(p7Q7¢aq) gqq]
_Alp—1) 1701 ©\0bagda  0a
_( P ) [8 ( b,q a¢aq)( 8aqd7q+ 8qq)+87(p’q (baq)}

Since 4L (Pag) = ngq do 4 62?1’ %é >0, 9L > 0 for ¢ < p, and a%q >0, aqsaq -0
then we conclude that do‘ < 0. We summarize the previous results in the followmg

lemma.

Lemma 4.2. If p > q, let a(q) be such that X (a(q),p,q) remains constant. Then
a(q) is decreasing with respect to q.

Now we can prove the following result.

Theorem 4.3. Suppose p > 2 fized. Let M be the mazimum number of zeros of an
equilibrium when q = p. Let ¢,,(q) € EX forp > q. If n < M, then ¢,,(q) converges
to another stationary solution, with the same amount of zeros when q — p~. Ifn
is greater than M, then ||¢n(q)|lc1(0,1) goes to zero when q — p~.

Proof. We rewrite (4.1]) in the form
Z = h(z,q), (4.4)

where 2 = [6, 4] and h((6, %), q) = (sign(t)[6]"/®, — £,(6)/)). We have that
the map h depends continuously on ¢ and its local Lipschitz constant with respect
to z is independent of ¢ for g € (qo, p), Where qo is close enough to p. As it is done
in [2], if o is such that X (al,p,q) = 5, there is an open set U C R? such that
(a,q) €U and a is a C! function of g. Then, once we have that the solution z, of
depends continuously on ¢ and on (¢(0),1(0)) = (0, ), (see [7]), z4 converges
to z, when ¢ — p. If n > M, we obtain aj — 0 when ¢ — p~. In fact, since ay
is decreasing and bounded, given a sequence ¢;, ¢; — p~, and of = a" (g;), there
exists o™ such that o] — ™. If @™ > 0, by continuity, we obtain that when p = ¢
there exists an equilibrium point of with n zeros in (0,1). Since n > M, it
is not possible, then a™ = 0. Therefore, from the continuous dependence of initial
data and parameters, we obtain ||¢;(q)|lc1(0,1) goes to zero when ¢ — p~. O

Regarding the case ¢ > p, since %(p,q,a) < 0 when ¢ > p and a is close to
zero it is not possible analyze the sign of %—}q(. In [13], it was proved that for each
q, q > p there is only one a*(q) such that a*(g) is the minimum point of I(p, ¢, a),
that means, %(q, a*(¢)) = 0 and ga;’ (g,a*(q)) > 0. We will prove that a*(q) goes
to zero when ¢ goes to p™.
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First of all, using the Implicit Function Theorem for %(q, a) = 0, we obtain that
a*(q) is a C* function. Then we have the following theorem.

Theorem 4.4. Suppose p > 2 fived. Let ¢;(q) € EE for ¢ > p. Then ¢;(q)
converges to another stationary solution, with the same amount of zeros when q —
pt. If(q) € Fii, then [|vi(q)||c1(0,1) goes to zero when ¢ — p*.

Proof. The first part of the statement follows as in the previous theorem.

Let ¢, be a sequence that g, — p™ and a’ = a*(g,). Since a} is a bounded se-
quence it contains a convergent subsequence a,, . Suppose that a,, — a* > 0. Then
I(p,p,a*) = limg—oo I(D, Gny ay,) and ZE(p, p,a*) = limg—oe 55(p, Gn,- aly,) = O,
that means, a* is a critical point of I(p,p,a).

But, in [I3] the authors have proved that I(p,p,a) is strictly increasing in [0, 1).
Then, it is only possible a* = 0 for any sequence a,. Thus, we conclude that a*(g,)
goes to 0 when g, — pT. Therefore, since that each equilibrium point ;(q) of
is a solution of with initial date ¢(0) = 0 and ¥(0) = Gy,q, Where &y, is
the a such that &, < a*(g¢), from the continuous dependence with respect initial
data and parameter q, we have that 1;(q,) converges to zero when ¢, — pT in
cto,1]. O

Now we join some results about I(p, q,a) for ¢ > p in the following lemma.

Lemma 4.5. If g > p, then
(i) a*(q) — 0 when g — p™,
(ii) I(q) = I(p,q,a*(q)) is increasing with respect to q,
(iii) I(q) — Iy = I(p,p,0), when q — pt.

Proof. Ttem (i) follows from the prior discussion.
(i) I(q) = I(p, q,a*(q)), with p fixed. We obtain
) = e 0.0 @) G0+ 5 (0,07 (@) = (00’ (@) > 0
which means that the minimum value of [ is increasing with q.
(iii) It follows by using (ii) and the continuity of I(p,p,a) in a = 0 and I(p, g, a)
for a > 0. (]

Since the sequences A, (p, ¢) and X% (p, q) depends on (p, q), even if ) is fixed it is
possible to occur changes in the relation between A and A% (p, ¢) and A, (p, ¢) when
q — p. Then, before proving the continuity of equilibrium sets FE(p,q) in ¢ = p we
analyze that the possibilities among A, A, (p, ¢) and A% (p, q).

Let {\.}, {\2}, {\(p, @)} and {\}(p, q)} be defined as follows:

n = pf 1(2(n + ]-)IO)_pv

* . D * —
An(p,q) = E@(n +1)I"(q))"",q > p,
where I*(q) = I(p,q,a*(q)) denotes the minimum value of I(p,q,a) with relation
to a, Iy = limg_o+I(p,p,a), and
. p _ p _
Here {\:}, {\:(p, q)} are the sequence that determine the number of zeros allowed
to a stationary solution of (1.2)) when p = ¢ and p < ¢ respectively, and {\,(p, q)}
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determines the existence of continuum components in Ey(p, q). All details can be
found in [13].
Now we fix p and A\. We observe that there are only four possibilities

(1) A# Ai and A # A7 for any 7 and any j;

(2) A# Ai and A = A7 for any i and for some j;

(3) A=A; and A # A} for some i and for any j;

(4) A= A; and A = A} for some i and some j, i > j.
We have the following:

Case 1. Let jy be the least index such that A > A;;(p,p). Since I(p, g, 1) behaves
continuously on g, if ¢ is close enough to p, than A > \;,(p,¢). By Lemma we
also have that I*(¢q) = minI(p,q,a) is increasing with ¢ if ¢ > p and I*(q) — I
when ¢ | p. So, if A > A} for some given ig, then A > A} (p,q), if ¢ is close enough
to p. Therefore, if p < g, ¢ can be chosen in a neighborhood of p in such way that
the maximum number of zeros of any equilibrium in Ey(p, ¢) is M and, in both case
p > q or p < g, components having equilibrium with the same amount of zeros,
namely k, are discrete or continuous according with the cardinality of Ef(p,p).
Thus, in this case there is no additional qualitative differences between the sets of
equilibrium beyond those which we deal in the prior discussion.

Case 2. To analyze this case, let us consider the variation of A (p, q) with respect
to q, ¢ > p. By Lemma I*(q) is increasing with ¢ if ¢ > p and I*(q) — Iy when
q | p, then Aj(p,q) < A7. Thus, A = A} implies A > A(p,q). This allows us to
conclude that if there exist stationary solutions in Ey(p, ¢) having n zeros in (0, 1),
then there is also solutions in E)(p, p) having n zeros in (0,1). In other words, once
A = A} there is no solution with j zeros in (0,1) and, as Ai(p,q) < A\j = A there
is no solution with j zeros in (0,1) for ¢ > p. Finally, if A = A7 then A < A, for
0 < k < j —1 the analysis follows the Case 1, for solutions with & zeros in (0, 1).

Case 3. Once X\;(p,q) = 1)1'%1(2(2' +1)I(p,q,1))"P, using the continuity of I(p, g, 1)
we obtain A;(p,q) — A\; when ¢ — p. If I(p,q,1) < I(p,p, 1) there exists a contin-
uum of solutions with ¢ zeros for (p, ¢). In despite of this, we know that, if X;(q) is
the “z-time” that an equilibrium ¢;(q) € Ei (p, q) needs to reach its first maximum,

then X;(q) — ﬁ as ¢ — p. So we obtain that all sequence of stationary solu-

tions in the continuum sets Eﬁ\ (p, q) converges to the same equilibrium in Eﬁ\ (p,p),
when ¢ — p. If I(p,q,1) > I(p,p,1) the solutions with i zeros do not reach the
maximum value equal 1 for (p, ¢). In this case, by the continuity of I the maximum
value goes to 1.

Case 4. This case follows from Cases 2 and 3.

Remark 4.6. Regarding the equilibria £, that appear when ¢ > p it is known
that with respect to parameter A they arise as spontaneous bifurcations, [I3], but
our analysis shows that with respect to ¢, £, bifurcate from trivial solution.

Now we are ready to state our main result concerning to the continuity on ¢ of
the equilibrium sets E(p,q). The upper semicontinuity in L?(0,1) and V[/Ol’p(O7 1)
follows easily from Theorem [3.2]and Corollaries[3.3|and[3.6] From the prior analysis
presented in this section we can conclude the upper and lower semicontinuity in
cto,1].

Theorem 4.7. The family E(p,q) is upper and lower semicontinuous on q as q
goes to p in C[0,1].



EJDE-2017/235 UPPER SEMICONTINUITY OF ATTRACTORS 15

Proof. If ¢ | p, given any sequence {¢,}, pq € E(p,q) for each g, there is a subse-
quence of {¢,} containing only equilibria with the same amount of zeros in (0,1).
Then we know from Theorem that this subsequence converges to an equilibrium
in E(p, p).

If ¢ T p, given a sequence {¢,}, ¢, € E(p,q) for each ¢, which contains a
subsequence with the same amount of zeros, then we know from Theorem [4.3] that
this subsequence converges to an equilibrium in E(p,p). But in this case it is also
possible to find a sequence ¢, € E(p, ¢) in such way that the number of zeros of ¢
goes to infinity with ¢. In this case, we observe that this sequence goes to the null
solution.

So we conclude from [3, Lemma 1.1] that E(p,q) is upper semicontinuous at
q=D-

To prove the lower semicontinuity, let ¢, € E(p,p). We have three possible
situations. If the maximum value of ¢, is less than 1 and n is the amount of
zeros of ¢, in (0,1), the sequence ¢, € E(p,q) containing only equilibria with
n zeros converges to ¢, according with Theorems and @ If ¢, achieves 1
but does not have flat cores we can repeat the prior argument (observe that it is
possible only if A = )\, and this situation was discussed in the Case 3). When
¢p presents flat cores, then A < A, and, from the continuity of A, (p,¢) on ¢, we
conclude that equilibria with n zeros in E(p, q) present flat cores as well (we have
used an analogous argument in Case 1). In this case, we construct the approaching
sequence. Let f; be the length of the i-th flat core, fori = 1,...,n+1. For ¢ close to
p, let X (p, q) the z-time spent to an equilibrium in E,,(p, ¢) achieve the maximum
value equals to 1. If X(p,q) > X (p,p) we pick in E(p, q) an equilibrium ¢, with n
zeros in (0, 1) such that the length of é-th flat core is f; — 2(X(p,q) — X (p,p)). If
X (p,q) < X(p,p) we choose an equilibrium ¢, with n zeros in (0,1) such that the
length of i-th flat core is f; + 2(X (p,p) — X (p,q)). In any case ¢, — ¢, as ¢ — p.

The lower semicontinuity follows from [3, Lemma 1.1]. O
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