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PERIODIC SOLUTIONS IN SUPERLINEAR PARABOLIC
PROBLEMS
J. HUSKA

ABSTRACT. Consider the Dirichlet problem for the parabolic equation us = Au +
m(t)g(z,u) in Q x (0,00) where Q is a smoothly bounded, convex domain in R™
and g has superlinear subcritical growth in u. If m is periodic, positive and m,g
satisfy some technical conditions then we prove the existence of a positive periodic
solution.

1. INTRODUCTION

Consider the following parabolic semilinear problem

ug = Au+m(t)g(z,u), x e, te(0,T),

u =0, xed, te(0,T),
P) _ 0
U(,O) - ’LL(',T), S Qa
u >0, ze, te(0,T)

where Q is a smoothly bounded, convex domain in R™, m is a positive, periodic
function and g(z,-) is superlinear with subcritical growth. The goal of this paper
is to prove the existence of at least one solution of problem (P).

Let us briefly mention what is known about the existence of solutions of (P)
in the case when g(x,u) = g(u) is independent of z. In [2], M.J. Esteban derived
the existence of at least one solution of (P) under the following assumption on the
growth of g (and certain technical conditions on m, g)

3 8
lim sup M =0 for some o< nt .
u—4oo U7 3n—4

In the recent paper [5], P. Quittner improved this result considerably by obtaining
the existence with the optimal growth assumption on g, i.e. |g(u)| < ¢(1 + |ulP),
1 < p < ps where

n+2
n—2

(1) ps = if n>2  ps=+400 for n<2
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Here, we prove the existence of at least one solution of (P) in the general case
when g = g(x,u). In order to do so, we impose some technical conditions on m, g.
Our assumption on the growth of g(x,-) is optimal.

Three essential steps are used to obtain the results. We first prove that solutions
of (P) are uniformly bounded in L*((0,T); H3(£2)). In this step we strongly rely on
ideas used by M.J. Esteban in [2]. In the second step we obtain a priori estimates
in L°°((0,7); H}(€2)). Using the results of P. Quittner in [4], these estimates can
be achieved under optimal growth condition on g in u variable. In the end we apply
essentially the same topological degree argument as in [2] to infer the existence of
at least one solution of (P). The proofs of the results stated in this paper are just
sketched; detailed proofs can be found in [6].

In this paper we denote by || , |-[; , the usual norms in L9(9), Wk4(Q), re-

spectively. We shall use the fact that |ul, , = (], |Vu[2)z defines an equivalent
norm in H}(2). Let g € C*(Q x R, R) satisfy the following inequalities

(2) l9(z, u)| < calul” + as(z), p2 < ps, az € LPTD/P2(Q),

(3) gz, u)sign(u) > ¢iulP* —ai(x), 1<py <pa,a; € LPHD/PI(Q),

(4) g(x,u)u > puG(z,u) — as(x), w>2, a3 € LY(Q),

(5) ug(z,u) < 0G(x,u) + as(z), 0 € (u,ps +1),a4 € L*(Q),

6) gz, u) = g(z,v)] < esas(@) + ul ™"+ [v]""H)]u — o],
r<p5,a5€L5(Q),§>g,§21

where p, ¢1, ca, c5 are some positive constants, pg is from (1), a;,i = 1,...,5 are

nonnegative functions and G(z,u) = [’ g(x,v)dv. Function g satisfying (2)-(6)
can, roughly speaking, oscillate between the power nonlinearities |u[P*~1u and
|u|P2~1u as |u| — oco. Let
(7) m € Wh>(0,T), inf m(t) =mo >0, m(0) = m(T).

t€[0,T7]

To formulate our assumptions on the behaviour of g(-, u) near the boundary 09,
we need to introduce some notation. Denote by n(zg) the unit outward normal
vector to 982 at the point zq € €. The hyperplane T) ,,(z,) := {z € R";2-n(x) =
A} where - denotes the inner product in R", does not intersect Q for A > 1. Let
Ao(g) be such that T, (z0),n(z0) N Q # 0 and T n(wo) N Q = for all A > \o(zo).
Define X ;,(z0) = A/L>J>\T,y7n(z0) N and denote by E/)\,n(mg) the reflection of ¥y j,(2)

in T y(zy)- Similarly, let x> be the reflection of the point z € Q in Ty n(ao)- Let
g, in addition to (2)-(6), satisfy the following conditions: there exists g9 > 0 such
that for any zg € 092,

(8) g(,’E)\,U) > g(x,u), MRS E)\,n(mo)v A€ [)‘0(‘7’.0> - 507)\0(‘%.0))7 u >0,
(9) g(an O) = 07
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and there exists a nonnegative function ag € L'(Q) such that for any ¢ > 0 there
exists C. > 0 with

(10) le (/ 9z; (2, 0) dv) > —Cea6(z) — eG(x,u), x e, u>0.
i=1 0

Moreover, let m satisfy
(m' ()"  2n—(n—2)0
11 su
) o<i<r m(t) r2(Q2)
where n > 2, 6 is from (5), (m/(t))” = max{0, —m/(¢)} and r(Q) is the radius of
the smallest ball containing 2. For n = 1 the condition (11) takes the form
(m'(t)” _2+p
12 su
(42 oSy mlt) (S

where p is from (4).
Remark 1.1. These technical assumptions on m can be skipped in the case
when p1 = pa = p and p(n — 2) < n. This follows from [3].
2. BOUNDEDNESS IN L4((0,T); H}(Q))

We first prove a uniform bound of |[u| g1 (g), (Qr = 2 x (0,T)), and with the aid
of this estimate we derive the bound for u in L*((0,T); HZ(£2)). From now on, we
shall always assume that m and g satisfy all assumptions mentioned above.

Lemma 2.1. There exists a fized neighbourhood of 00 x (0,T) and a positive
constant C' such that if u is a solution of (P) then |ul,|Vu| < C on this neighbour-
hood.

Proof. For the proof, see [2, Lemma 10] or the detailed proof in [6]. O
Put Qr = Q x (0,T) and Sy = 0Q x (0,T).
Lemma 2.2. For any solution u of (P) the following identity holds:

(13) / / [nG(m, ) — & - 2) oz, u)u] m(t) d dt
Qr

|z

= [[ w6t + ) B drar
QT

_//m(t)zn:xi </Ougxi(x,v)dv> du dt
Qr =t

1
+//§|Vu|2(sc-ﬁ)dxdt.
St
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Proof. The proof follows by multiplying the equation in (P) by the term
(Z?:l Tillg, — Ut Iwz\ ) and integrating by parts. O

Corollary 2.1. Let u be a solution of (P). Then u satisfies the following in-

equality:
// — |z|)ym/ (t)G(x, u) d dt

(14) //m <nG %mug(x, u)) da dt

—l—//m sz(/ gxzmv)dv) dedt < C
Qr =1

where C does not depend on u.

Proof. 1t is sufficient to use identity (13), Lemma 2.1 and proceed in the same
way as in the proof of Corollary 16 in [2]. O

Proposition 2.1. There exists C > 0 such that
(15) lull g (@ry) < C

for any solution u of (P).

Proof. We multiply the first equation in (P) by u and wu;, integrate by parts
and add the resulting equalities to get

(16) ||U||H1(QT //m (z,u udﬂcdt—//m G(z,u)dx dt.

Now (16), (10), Corollary 2.1 and the mtegrablhty of the functions a;, i = 1,3,4,6
from (3), (4), (5), (10) imply that in order to be able to prove the uniform bound
in H'(Qr) it is sufficient to prove this inequality

(17) m(t)g(z,u)u —m' (t)G(z,u) < C {Wm'(t)G(x,u)

2

+ m(t) <(n —¢)G(z,u) — (n ; 2)ug(x,u)>] + C’(al(g;)p“ﬁ + az(z) + as(x))

where ¢ is some (small) positive number, C,C' are appropriate constants and ¢ €
[0,T],u > 0,z € Q. Let & € R™ be the center of the ball with the radius ()
containing Q. Choose this point as origin. Now, the inequality (17) is easily
verified since m satisfies (11) (or (12) if n = 1). Thus, the proof of Proposition
2.1 is complete. (I

Proposition 2.2. There exists C' > 0 such that fo |u(s) |1 o ds < C for any
solution u of (P).
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Proof. For t € [0,T] set

(18) S(u(t)) = %/Q|Vu(t)|2dx—/Qm(t)G(x,u(t))das.

We first prove that S(u) is uniformly bounded in L*°(0,T"). From the equation in
(P) we find

(19) //|Vu|2dxdt = // m(t)g(z, u)udx dt.
Qr Qr

Using (4), the Young inequality in (3) and (5), we arrive at

(20) |G(z,u)] < %ug(:c,u) + C’(al(:c)1+ﬁ + a1(x) + az(x) + as(x))

for all u > 0,z € © and some positive constant C. With the aid of (19), (20) and
(15) we conclude

//m(t)|G(x,u)| dedt < C(1+ // m(t)g (e, u)u dz dt)
Qr Qr

< O+ ulldn ) < C.

Therefore S(u(-)) € L'(0,T) and ||S(u(-))||r10,r)y < C. For all t,s € [0,T] we
have

S(u(t)) — S(u(s)) = %/: % (/Q |Vu(7)|2dx> dr
- /Q /St m/(1)G(z,u(r)) dr dz — /Q /St m(7)g(x, u(T))ur (1) dr dz
and using (P) we find

S(u(t)) — S(u(s)) = — /St /Q |ur (7)|? da dr — /:/Qm’(T)G(x,u(T)) dx dr.

Obviously

t
| [P dedr < ulfy @,y < C.

Multiplying (3) by w (u > 0) and using the Young inequality we get

21 ug(z,u +C’a1x1+ﬁ >0

(21) 9(x, u)

for some positive constant C'. Boundedness of ||u||f1(g,) together with (20) and
(21) provide for this estimate

/S Q|m’(7')G(x,u(7'))|dxdT§|m|1)oo/s/Q|G(a:,u(7'))\dxd7'
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SC(1+/St/Qm(7‘)u(7‘)g(z,u(7‘))dxd7'> <C 1+//\vu|2dxdt <C.
Qr

Thus, |S(u(t)) — S(u(s))| < C for all s,t € [0,7]. Combining this fact with the
uniform L'(0,T) integrability of S(u(-)), we get sup [S(u(t))| < C.
t€[0,T
Bound (15) implies the existence of such a to € [0,T] that |u(ty)], < C and
lul 2@y < C. This gives us |[ul| o ((0,7);02(0)) < C. Finally, we multiply the
equation in (P) by u and integrate over Q. We find

(22) / t)ug(t d:z:—i—/ |Vu(t |2d:c—/m (z,u(t))u(t) dz.

Assumption (4) and boundedness of S(u) yield

/m(t)g(x’“ da:>/m ) de—C > 5 | Itz —c
and using (22) and boundedness of u in L>((0,7); L?(2)) we obtain
(23) [Vu(®)lz < O+ [ul)us(t)ly) < O+ [ug(t)l,).
Estimates (23) and (15) guarantee fo lu(s |1 ,ds < C. O
3. BOUNDEDNESS IN L*°((0,7); H}())

Theorem 3.1. Let py, po satisfy
(24) p2 —p1 < k2(p2)
where ko is defined in [4, (2.29)]. Let u be a solution of (P). Then

sup |u(t)]; o <C
t€[0,T]

where C' does not depend on u.

Proof. For the proof, see [6]. O

Remark 3.1. As a consequence of the latter estimate we have that solutions
of (P) are uniformly bounded in L>=(Qr).

4. EXISTENCE

Suppose, in addition to all previous assumptions on m and g, that

(25) m(t)g(z,u) + a(z)u >0 (z,t) € 2 x (0,T), u >0,

(26) lim sup <sup M) < A1 (m)

u—0+ \z€eQ u
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where A;(m) is the unique positive eigenvalue of the problem

ur — Au = dm(t)u, e, tcR,
u =0, x €0, teR,
u(-,0) = u(-,T), T €Q,
having a positive eigenfunction (see [1]) and a is positive, a;-Holder continuous

function for some oy € (0,1), i.e. a € C%*1(Q). The main result of this paper is
the following theorem.

Theorem 4.1. Let p1,ps satisfy (24). Then there exists at least one solution
of (P).
Proof. Once we have obtained a priori estimates for solutions of (P), we proceed

in the similar way as in the proof of Theorem 4 in [2]. First we prove that there
exists p > 0 such that if u is a positive solution of

uy — Au = dm(t)g(z,u), xeQ, te(0,T),
u=0, x e, te(0,T),
U,(70) = U;(',T), T e Qv A € [071]a

then [|ul|L(qg,) > p and p is independent of u and X € [0,1]. This is done in [2]
in the case when g(x,u) = u® and the proof is the same in the general case of
g = g(x,u) with g satisfying (26).

Fix ¢ > n + 1 for the rest of our proof. Let W;%(Qr) be the subspace of
T—periodic functions from W4(Qr). Define Ky : W9 (Qr) — W4 (Qr) by
Ky u = v where

vy — Av 4+ da(x)v = A(m(t)g(z, u) + a(z)u), x e, te(0,T),
v =0, IE@Q,tG(O,T),
v(-,0) =v(-,T), r€Q,

A €]0,1] and a is from (25). Operator K is well defined and completely continu-
ous. Let P: Wy (Qr) — {u € Wp%(Qr); u> 0} =: KT denote the projection of
W%’q(QT) onto the positive cone K. This projection is well defined and locally
uniformly continuous.

Let C, denote the norm of the continuous embedding W4 (Qr) — C°(Qr).
Put p’ = p/Cy where p is defined above. By d(, -, -) we denote the Leray-Schauder
topological degree. In the same way as in [2] we observe that d(/—PoK, B, ,0) =
const. for all A € [0,1] where B, is a ball with center in 0 and radius p’ in
W4 Qr). But Ko = 0. Hence, d(I — P o Ky, B,,0) = 1.

Let us now introduce a new family of operators from W%’q (Qr) into itself. We
say that Tpu = v if v is a solution of
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vy — Av + a(x)v = m(t)(g(z,u) + Lu + L) + a(x)u, x e, te(0,T),
v =0, x e d, te (0,T),
v(-,0) =v(-,T) z €

where L > 0 and function a is again from (25).

In exactly the same way as in [2] we observe that there exists g > p’ and L > 1
such that d(I — PoTj, Bs,0) = const. for all [ € [0, L] and d(I — PoTj;, B;,0) = 0.
Finally, we use the degree excision property and find that d(I — P o Ky, B; —

B,/,0) = —1. This completes the proof of Theorem 4.1. O
5. EXAMPLE

Let 1 < p1 < pa < ps and let py,po satisfy (24). Define the function § : R —

[Pl;PQ) by

uQ

Blu)=pr+ 5 1 (p2 — p1).
Set Q:={z € R™; >."' ;2? < 2r}. Let us by a~ denote the real number that is

smaller than a but close to a. It is easy to verify that g : Q x R — R defined by

glw,u) = (B(u) + Dl L + [’ () Infu] + cos(3 a?)ul? ~u
i=1
satisfies all assumptions that we needed to prove the existence of at least one
solution of (P). The function m can be taken for example in this form: m(t) =
at(t —T) + 1 for o > 0 sufficiently small.
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