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UNIVERSAL BOUNDS FOR GLOBAL SOLUTIONS
OF A DIFFUSION EQUATION WITH A MIXED
LOCAL-NONLOCAL REACTION TERM

P. P. ROUCHON

ABSTRACT. In this paper we prove the existence of a universal, i.e. independent
of the initial data, bound for global positive solutions of a diffusion equation with
a mixed local-nonlocal reaction term. Such results are already known in some cases
of local or nonlocal reaction terms.

1. INTRODUCTION AND MAIN RESULT

In this paper, we are interested in the global solutions of the following problem:
k

1
(1.1) (ut — Au) (t,z) = | 1+ | /up+1(t,y) dy | «*(t,z), t>0, ze€q,
Q

(1.2) u(t,z) =0, t>0, z€0Q,
(1.3) w(0,2) = up(x) > 0, x €,

with p > 1, k > 117%, Q is a smoothly bounded domain of R? and uy € L*(Q).
More precisely, we will prove the existence of universal bounds for the global
nonnegative solutions of (1.1)—(1.3) in the case of k > 0.

In order to illustrate our results and our motivations, we will recall some known

results concerning the problem (1.1), (1.2), (1.3) with
(1.4) us(t, x) — Au(t, z) = uP(t, x), t>0, ze€Q,

and the problem (1.5), (1.2), (1.3) with

(1.5) ug(t, ) — Au(t,z) = /up(t,y) dy, t>0, zell
Q
First, notice that the only difference between (1.1), (1.4) and (1.5) is the right

hand side of those equalities, namely, the reaction term. In the case of (1.4), it is
said to be local because the reaction is given at each point of the domain. In the
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case of (1.5), it is said to be nonlocal in opposition of the precedent definition. For
(1.1), we called it a mized local-nonlocal reaction term since one part is (1.4) and
the other one corresponds to problems like (1.5). Let us recall now some known
results.

The proof of local existence and uniqueness of the solution for the problem (1.2)—
—(1.4) is well-known; for (1.2), (1.3), (1.5), we refer to the articles of Ph. Souplet
(see [16], [17]), where this problem and more general nonlocal terms were studied
from the point of view of blow-up in finite time; for (1.1)—(1.3) in the articles of M.
Fila and the same author and H. A. Levine (see [2] and [3]), where they studied
the boundedness of global solutions.

We call T* the maximal time of existence of the solutions of problems (1.1)—
—(1.5). We will be here interested in the case of T* = oo, which means that the
solution wu is global. Let

00 if d <2,
ps = d—+2

—  ifd>3.

12 ifd>3

It is known that all global solutions of (1.2)—(1.4) are bounded if p < ps, whereas
if p > ps, there exist unbounded global weak solutions, i.e. sup;sg |u(t)|ec = o0
(see [9], [1], [5]), where | - |4, 1 < ¢ < oo denotes the L9(Q)-norm. Moreover, some
unbounded global classical solutions even exist when p = ps and 2 is a ball. In
the case of (1.5), (1.2), (1.3) it was proved in a precedent paper (see [14]) that
all global solutions are uniformly bounded. For (1.1)-(1.3), the boundedness of
global solutions was proved in [2] and [3], assuming p < ps and k > ;:Tzlj' Note
that the restriction on the values of k is not technical: the authors showed the

existence of global unbounded solutions in the case of k = ﬁ.

Later, Giga (see [6]) gave a more precise picture of the set of global bounded
positive solutions for the problem (1.2)—(1.4). Assuming p < p, and u is global,

he gives a priori estimates:

(1.6) [u(t)oe < C(Juoloss), t>0.
Such estimates were obtained for (1.1)—(1.3) in a work of P. Quittner (see [10])
with p < py and 113%11’ < k < 0. Using the same arguments as in this paper, it

is in fact possible to prove (1.6) for all global solutions of (1.1)—(1.3) with & > 0
and p < ps. For the problem (1.5), (1.2), (1.3), (1.6) was obtained by completely
different methods in [15].

The last two years have seen some new results in the study of the global
bounded positive solutions of (1.2), (1.4), namely the proof of existence of univer-
sal bounds for this problem. Those results were initiated by M. Fila, Ph. Souplet
and F. Weissler (see [4]). Let us state the result of [4]:

Theorem A. Assume

d+1
1.7 1 et
(1.7) SPsgTa
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and let T > 0. There exists a constant C(Q,p,7) > 0, independent of u, such that
for all nonnegative global solutions of (1.2)—(1.4), it holds

(1.8) supu(t,) < C(Q,p,7), t>T.
Q

Note that the bound in (1.8) is independent of the initial data ug, that is why it
is called universal. It is easy to show that (1.8) implies (1.6) for positive solutions.
In [11] and [13], P. Quittner, Ph. Souplet and M. Winkler proved that (1.7) can
be improved, more than this, they showed that one can reach p < p, for d < 4. For
the problem (1.2), (1.3), (1.5), in [15] we obtained exactly Theorem A, without
the assumption (1.7) which means for all p > 1.

The question is: is it possible to obtain a similar theorem for the global non-
negative solutions of (1.1)—(1.3)? The answer is:

Theorem 1.1. Assume that k > 0 and that 1 < p < ps. Let
1 d—2

N ang EED+D - d
(k+1Dp+k 2 k42 d—1

Let 7 > 0. There exists a constant C(Q,7,p, k) > 0, independent of u, such that
for all nonnegative global solutions of (1.1)—(1.3), it holds

(1.10) supu(t,) < C(Q,7,p, k), t>r
Q

(1.9)

Remark 1.1. Note that the condition (1.9) implies p < ps.

The proof of this theorem relies on three tools:

1. Universal bound of a weighted L'-norm, obtained by Kaplan’s type argu-
ments.
2. L™ — L*° estimates.
3. A priori estimates of Giga’s type.
Tools one and two will be developped in Sections 2 and 3 respectively. Theorem is
proved in Section 4.

2. KAPLAN’S ARGUMENT

We begin with a first estimate, which is obtained by Kaplan’s classical eigenfunc-
tion method, see [7].

Lemma 2.1. Assume that k > 0 and let \y > 0 be the first eigenvalue of —A
in H(Q) and ¢y the associated eigenfunction such that

(2.1) 1 =p1(z) >0 and /(pl(x)dx =1.
Q

(2.2) y(t) = /u(t,x)gpl(ac)dx, 0<t<T™
Q
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and
i pt1y kp\ TFDPTR—T
(2.3)  C=C(Qp.k) = <>\1(p+1) (/W’ ) ) > 0.
Q

Then the following property holds:
(2.4) if T* =o0 then y(t) <C, forallt>0.
Proof. Multiplying (1.1) by ¢4, it follows that

1 k
_ — _ p+1 P
/Wpl /Awl (1+p+1 /u (t,y)dy) /u o1
Q Q Q

Q
Integrating by parts, we obtain

d 1 k
- A = (1 - p+1 t,y)d ) / Py
5 | wert 1/wp1 +p+1 uP(t, y)dy uPpq
Q Q Q Q

Using (2.2), the last equality becomes:

k
v +My>(p+ 1)_k(/up+1) /UPQDL
Q )

By Holder’s and Jensen’s inequalities, knowing (2.1), the inequality above implies

) —kp
Y+ Ay = (p+ 1)"‘(/%5’7“)/”) Yt
Q

That is

—kp B
(2.5) y > y((p + 1)_’“(/#“)/”) yErorHet Al)-
Q

By well-known arguments, (2.5) implies finite time blow-up of y whenever y > C
(see (2.3)), for some ¢t > 0. Since T* = oo, we conclude that y < C(Q,p, k), t > 0.
Hence (2.4) is verified, which ends the proof of Lemma 2.1. O

3. Li-L" ESTIMATES

In this section we are going to prove the following theorem:
Theorem 3.1. Let p < ps and assume that
dp+1)((k+1)p+k) dk+1)p+dk—1)
dk+1)+2)p+kd+2 kd + 2 '

For all M > 0, there exist T = T(M) > 0 and K = K(M) > 0 such that if
ug € L*®(Q) with |uglq < M, then the mazimal solution u € LS, ([0,T*), L) of
(1.1)~(1.3) satisfies T* > T(M) and

(31) g¢> max{ (

1

2@ D)), <K, 0<t<T, gq<r<oo, p+1<r.
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Before beginning the proof of Theorem 1.3, note that u solves the integral
equation

t k
1
(3.2)  u(t) =eug +/ (1 * o1 u”+1(8,y)dy> el"=IA (uP (s, ) ds,
0 Q

where here, and in what follows, e'® denotes the Dirichlet heat semi-group.

Proof. We proceed in three steps. C' and C’ denote various constants which
may change from line to line, and which will depend only on €, p, k and ¢.

Step 1. First, note that we have, using (3.2)

t
(33)  u(t) < Pug 4 C / (14 Ju(s) X5 D) et (up (s, ) ds.
0

Let us introduce the following quantities

- _df1 1 o d (p—1)
(34) NO - max{p+ 1a Q}a o = 5 (q - ]VO>7 ﬂ - 9 NO
and put
(3.5) K(t)= sup s%u(s)|n, <00, 0<t<T,

s€(0,t)

where T < T™* will be specified later. Using (3.3), we have
t
k —s
0l < ok, +C [ (15 R EE) 92 (00(5,)] y, b
0

Using L4-LNo and LNe/P-[No estimates for the heat semi-group, the last inequality
becomes

t
u(t) | v < C't|uglq + C” / (1+ [u(s) [EZ) (b = 5) P [uP (5) | o s pds-
0

Knowing (3.4) eq. 1, we can apply the Holder inequality to the LP*! and LNo/P-
norm terms and we obtain

t
[ty < Ot fualy + € [ (14 () = 9)uls)lR, ds
0
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Now, using (3.5) we obtain

t
Wty < CtJuol, + CKP(T) / (t — 5)Ps—Pods
0

t

+ CK(k+1)p+k(T) / S—k(p+1)a(t _ s)_ﬂs_p“ds,
0
in other words, we have

1
wt)| N, <Ct~ugl, + CKP(T)t1 PP [ (1 — 0) Po P%o
u(t)] N q
0

1
+ CK 0Ptk ()= (R Dptkla—p /(1 — o) Pl Dptklag,
0

Thanks to p < ps and (3.1), the integrals above are convergent. Multiplying by
t* and taking the sup in time on (0,7") in the left side of our last inequality we
obtain

K(T) < Cluglq + C(KP(T) + K(k+1)p+k(T))Tl—[(k+1)p+k—1]a—ﬁ
provided T' < 1. (Note that (3.1) implies that 1 — ((k+ 1)p+k —1)a — 3> 0.)

For any T such that
T<T*,

3.6 _1/(1— “a—
GO 1< gy = i (1, ea (0 (1 2y O

)

with ¢y = ea3(d, p, ¢, k) > 0 sufficiently small, we easily get:

(3.7) K(T) < 2CM.
Note in particular that (3.6), (3.7) imply
(3.8) KP(T)(1 + K*et)(r))pt =ik ptk=tla=5 < o/ py,

Step 2. Assume that m, r satisfy

2 1
(3.9 No<m<r<oco and P_Z.2
m d r
d(1 1
Put v == ( — ) and suppose we know that
2\q m
(3.10) H(m) = sup t7"u(t)|m <oo, 0<t<T,

te(0,7)

where T is given by (3.6).
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We see that for ¢ € (0,7")
¢

52 u(@)], +C [ (U @G - 972 ) jup(s) s ds.

()] < o pt1

Using Holder’s inequality, and L™-L", L"™/P-L" estimates for the heat semi-group,
the last expression becomes

u(t)l, < - # )

t
w(l+ 0 [ OB o E oy
and using (3.10) we obtain

t
lu(t)] < CHt_%(%—%) _|_C’HP/ (t— 5)_%(%_%)5_7"%3
/2

t
1

+ OK’“(Z’“)(T)HP/ (t — 3)—%(%—;)3%(%1)&%%8

t/2

The finiteness of the integrals is guaranteed by (3.9), then we have

G- |uw)), < CH + CHP (1 + K*HD ()t —8 55 ke
As

Tl—g%—k(pﬂ)a < 71=l(k+D)p+k—1]a—p

knowing (3.8) we have
1+ prl(m) (1 + Kk(p+1) (T))Tli[(kJrl)erkil]aiﬁ < C(dapv q,T, H)7

we easily obtain

sup 12 (o)), < C'(d,p, g, r, H)H < oo,
te(0,T)

Step 3. By standard arguments (see [8, proof of Theorem 2.2] one shows that it is
possible to define a nondecreasing sequence (1), with rg = Ng, such that rgy; =7
and 7, = m satisfy (3.9) for every k; and ry = oo is reached in a finite number
of iterations. Hence the conclusion of Theorem 3.1 follows by finite iterations of
step 2. U
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4. PROOF OF THEOREM 1.1

Denote §(z) = dist(z, 0€2), let us recall that L spaces are defined by
LI =LY(Q) = LY(Q; 6(x)dx) 1< q<oo.

We will denote by | - |4,5 the associated norm. For more details concerning the L}
theory, see [4]. First, we are going to prove the following lemma:

Lemma 4.1. Assume that the solution u of the problem (1.1)—~(1.3) is global
and let 7 > 0 and € > 0 be sufficiently small. Assume that
(pP—1)(p+1+2)
(p—1)(k+2)—2ke
and that the following inequality holds

(4.1) r=p+1-—

/2

k
(42) [ (o) ol < c@p 7).
0
Then there exists a 1 € (0,7/2) such that

(4.3) [u(r1)] < C'(Q,p, k, 7).
Proof. As T* = oo, by Lemma 2.1 we know that

(4.4) vt >0, /u(t,:ﬂ)gpl(x) <C(,p, k).

Q

Using the test function x introduced in [13], which solves the following problem

—Ax(z) = ¢ *(2), T €9,
x =0, x € 0,
where « € (0,1), we have, multiplying (1.1) by x

p+1 k
/utx /XAU*/UP <1+m|u\p+1) .

Integrating this inequality by parts and in time and knowing that x(z) < ¢d(x),
we obtain

T/2 T/2
« k
//wl <C[/ux} +C/|u| Flulth”

Using (4.4) and (4.2), we deduce from the last inequality that

/2

(4.5) / / wpT® < C(Q, 7. p, k).
0 Q
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Thanks to the Holder inequality with

2(p—1 1 1 4
leﬁ’ :74'_7’ o= _76,
p—1—2€ N1 N2 p—1+26
we have
1/Ny 1/N2
(4.6) / u'r e < / uPpy / upy ®
Q Q Q
Setting
k
(4.7 gt)=[1+ 1 uP ™!
p+1 ’
Q

multiplying (4.6) by (g(t))l/N1 and integrating in time over (0,7/2), we obtain

Zz((g(t))l/f\’l Q/u”;lg> - ;//2<g(t)ﬂ/up<p1)lml (Q/u%_af/Nz.

Now applying Holder’s inequality in time to the right hand side of the last inequal-
ity, we have

/2 /2 /2

Jloor ey (oo fro)™ [ )™

Using (4.7) and knowing (4.2) and (4.5) we easily deduce that

T/2

Ea( . P+1)k/N1 < C(Q,7,p,k
/ /uz +p+1 u <CQ,1,p, k).
0 Q Q

There exists some 71 € (0,7/2) such that, using the last inequality,

/u%ﬂem)(/upﬂ(ﬁ))’“/m

Q Q
T/2

= ([ (™)

0 Q

<CQ,7,p,k).

Knowing (4.1) and that N; = ;ﬁpf_lg)e > 1; using the Holder inequality, we have

Ni+k)/N
(f) < oo™
Q Q Q
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From the last inequality and (4.8), we easily deduce (4.3), which ends the proof of
Lemma 4.1. (]

Proof of Theorem 1.1. Multiplying (1.1) by o1 and integrating by parts we have

/ut(t,x)cpl(x)dx—&—)\l /u(t,m)gol(x)dx

Q Q
1 k
+1
= /uP(t,x)gol(x)dx<1 + m ’Lb(t)|g+1> .
Q

Integrating in time the last equality and using Lemma 2.1, we deduce that

T/2 T/2
1 p+1 k r
/(1+m u(t) p+1) lu@®)]) 5 dtg/u(§)<p1+/\1//ug01
(4'9) 0 Q 0 Q
§C+)\1’TC
SCI(Q7T7p7k)'

By Lemma 4.1, we know that (4.9) implies
|u(Tl)|T < C/(Q) Tap7 k)7

for some 71 € (0,7). Using Theorem 3.1 and the last inequality (note that (1.9)
ensures that ¢ = r satisfies (3.1), we obtain

|u(7—2)‘00 < C(Qv yz k)7

for some 15 € (71, 7). Thanks to the proof of Theorem 4.3 in [10] and the appendix
below, knowing a priori estimates, the result follows. O

5. APPENDIX

In this Section, we want to give for reader’s convenience, some indications for the
proof of a priori estimates for global solutions to (1.1)—(1.3). Such results were
already shown for (1.1)—(1.3) by P. Quittner, in the case of k < 0 (see [10]). It is
possible to readapt Quittner’s proof in the same article, to obtain those estimates
for (1.1)—(1.3) for k > 0. A straightforward modification of [10, Lemma 2.2 and
Remark 2.5] yields

(5.1) u(t)ps1-e < c(e), Ve > 0.

Then, one obtains a priori estimates in the same way as [10]. To be complete, we
have to prove (2.34) in [10, Theorem 2.6]. In order to do this, we shall show that

(5.2) [u(®) i1 < C.
By proving that

[u(t)|pt1+a < C,
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for some a > 0, we will be done. Fix @ > 0 and 3 > 0 such that

(5.3) LEH/e o WA (p < ps).
We denote by || - ||p+1+a the norm in pfﬁf. Then, using (3.2) we obtain

t
UOltrra < C+C [ (L4 @D 5 (@05, 114, ds
0

t
<ChC [(t-9 0 ) a7 (9l ds.
0
Now, using the embedding (5.3), the last inequality becomes
¢
uOlrra <O+ C [ (14 B = 5Dy ds.
0
which gives, using (3.3),

t
[u(®)lp+14a < C+ C/(t — )" Py(s) [, ds
0

t
€ [t 9 0Pl ds.
0

By interpolation we have

[u()[},, < Jus)]), Cfu(s)]

1-6
p+1+a’

() [s7 < Jul)[S0 T G )
with
p _p—1+0 1-46
p+1 p+l—-e p+l+a’

kp+1)+p k(p+1)+p—1+6 1-¢
p+1 p+1l—c¢ p+1l+a’

73

By choosing ¢ > 0 sufficiently small, we ensure that 6, 8’ > 0. Denoting () =

[u(t)|p+1+« and using (5.1), we finally obtain the following inequality

t t

pt) <C+ c/(t —5)" U= 1=0(s) ds + c’/(t — 5)" =D 1=0 () ds.
0 0

The inequality above implies the boundedness of ¢, hence (5.2) follows, which ends

this section.

O
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