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1. INTRODUCTION

In this note we consider semistable solutions of the boundary value problem

Lu+ f(u) = 0 in €,
(1.1) { uw = 0 on 09,
where @ C R™ is a smooth bounded domain with n > 2, f € C?, and Lu =
di(a"(x)u;) is uniformly elliptic. More precisely, we assume that (a”(z)) is a sym-
metric n x n matrix with bounded measurable coefficients, i.e., " = /" € L>(Q),

for which there exist positive constants c¢q and C satisfying
(1.2) colé? < a”(z)E'¢ < Cyl¢f* for all € € R™, z € Q.

By semistability of the solution u, we mean that the lowest Dirichlet eigenvalue
of the linearized operator at u is nonnegative. That is, we have the semistability

imequality

(1.3) /f'(u)772 dr < / a’(z)npin; dz for all n € Hy(Q).
Q Q

There is a large literature on a priori estimates, beginning with the seminal paper
of Crandall and Rabinowitz [4]. In [4] and subsequent works, a basic and standard
assumption is that u is positive in Q and f € C? is positive, nondecreasing, and

superlinear at infinity:

(1.4) f(0)>0, f >0 and lim fit) =00

t——+o0
Note that, under these assumptions and with f(u) replaced by Af(u) with A > 0,
semistable solutions do exist for an interval of parameters A € (0, \*); see [4].
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In recent years there have been strong efforts to obtain a priori bounds under
minimal assumptions on f (essentially (1.4)), mainly after Brezis and Vézquez [1]
raised several open questions. The following are the main results in this direction.
The important paper of Nedev [5] obtains the L bound for n = 2 and 3 if f satisfies
(1.4) and in addition f is convex. Nedev states his result for L = A but it is equally
valid for general L. When 2 < n < 4 and L = A, Cabré [2] established that the
L* bound holds for arbitrary f if in addition Q convex. Villegas [9] replaced the
condition that 2 is convex in Cabré’s result assuming instead that f is convex. For
the radial case, Cabré and Capella [3] proved the L* bound when n < 9. On the
other hand, it is well known that there exist unbounded semistable solutions when
n > 10 (for instance, for the exponential nonlinearity e*).

For convex nonlinearities f and under extra assumptions involving the two numbers

t)f"(t t)f" (¢
(1.5) T_ = litrgciélf f(f,)(];)g ) STy = liﬂilolp f(f?é)g( )
much more is known (see more detailed comments after Corollary 1.3). For instance,
Sanchoén [6] proved that u € L*°(Q2) whenever 7_ = 7, > 0 and n < 9. This hypothesis
is satisfied by f(u) =¥, as well as by f(u) = (1 +u)™, m > 1.

It is still an open problem to establish an L estimate in general domains §2
when n < 9 under (1.4) as the only assumption on f.

Our purpose here is to prove the following results:

Theorem 1.1. Let f € C? be convex and satisfy (1.4). Assume in addition that for
every € > 0, there exist T = T'(¢) and C = C(e) such that

(1.6) f't) <Cf)**s forallt>T.

Then if u is a positive semistable solution of (1.1), we have f'(u) € LP(Q) for all
p <3 andn > 2, while f(u) € LP(Q) for all p < -5 and n > 6.

As a consequence, we deduce respectively:
(a) If n <5, then u € L>®(Q).
(b) If n > 6, then u € W, P(Q) for all p < = and u € LP(Q) for allp < 2. In
particular, if n <9 then u € H} ().

Theorem 1.1 establishes the L> bound up to dimension 5 when (1.6) holds. If we

assume more about f we can obtain an L* bound up to dimension n = 6.
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Theorem 1.2. Let f € C? be convex and satisfy (1.4). Assume in addition that there
erist € € (0,1) and T =T (e) such that

(1.7) f't)y < Cft)y== forallt>T.

Then if u is a positive semistable solution of (1.1), we have f'(u) € L%(Q) for all
n > 2, while f(u) € LP(Q?) for all p < (17(51);72&25 and n > 6+ 7=.
As a consequence, we deduce respectively:

(a) If n < 6+ 2=, then u € L®(Q).

1—-e’
(b) If n > 6+ =, then u € Wy (Q) for all p < (1—(51)7_175—)&?4-35 and u € LP(Q) for all

(1—e)n

P < Gomgraz- In particular, if n <10+ {5 then u € Hy(Q).

The main novelty of our results are twofold. On the one hand, we do not assume
any lower bound on f’ to obtain our estimates, nor any bound on f” as in [4] or [6]
(as commented below). On the other hand, we obtain L? estimates for f'(u). To our
knowledge such estimates do not exist in the literature. In fact, using the L? estimate
for f(u) established in Theorem 1.2 and standard regularity results for uniformly

elliptic equations, it follows that u is bounded in L*°(€2) whenever n < 6 + 12—_55 Note

4e
1-¢?

this one. This will follow from the L? estimate on f’(u). Of course, in both results

that the range of dimensions obtained in Theorem 1.2 (a), n < 6+ is bigger than
(and also in the rest of the paper), u € LP or u € W'? mean that u is bounded in L?
or in WP by a constant independent of w.

Our assumptions (1.6) and (1.7) in Theorems 1.1 and 1.2 are related to the hy-
pothesis 7, < 1 (recall (1.5)). Indeed, by the definition of 7, for every ¢ > 0 there
exists T = T'(§) such that f(¢)f"(t) < (7o +8)f(t)* for all t > T, or equivalently,
4 _f') <0 forallt >T. Thus,

dt f(t)™++o
LoD ¢y
[yt = f(T)mte
From this, it is clear that if 7, < 1, then assumption (1.6) holds choosing § = . Note

=C forallt>T.

that 0 < 7_ < 1 always holds since f is a continuous function defined in [0, 400). If
instead 7 < 1, then (1.7) is satisfied with ¢ = 1 — 7, — ¢, where ¢ > 0 is arbitrarily
small. Therefore as an immediate consequence of part (i) of Theorems 1.1 and 1.2 we
obtain the following.

Corollary 1.3. Let f € C? be convex and satisfy (1.4). Let u be a positive semistable
solution of (1.1). The following assertions hold:
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(a) If T =1 and n < 6 then u € L>(Q).
(b) If T <1 andn < 2—1—% then u € L>(Q).

If 7, < 1, then for every € € (0,1 — 7, ), there exists a positive constant C' such
that f(t) < C(1+ t)#rf for all £ > 0 (this can be easily seen integrating twice in
the definition of 7, ). Thus under this hypothesis, f has at most polynomial growth.

All the results in the literature considering 7_ and 7, (defined in (1.5)) assume
7_ > 0. Instead in Corollary 1.3, no assumption is made on 7_.

Crandall and Rabinowitz [4] proved an a priori L bound for semistable solutions
when 0 < 7 <7 <2+47_+2,/7_ and n < 4+27_+4,/7_. Note that for nonlinearities
fsuch that 7 = 1 and 74 < 5 one obtains the L> bound if n < 9 (a dimension which
is optimal). This is the case for many exponential type nonlinearities, as for instance
f(u) = e for any o € R*. The results in [4] were improved in [6] establishing that
u € L*(2) whenever 7_ > 0 and n < 6 + 4,/7_ (remember that 7_ < 1). Moreover,
if 0 < 7= <7y < 1, then using an iteration argument in [4], one has that v € L*>(2)
whenever n < 2 + ﬁ (1 + \/f) Note that Corollary 1.3 coincides with these results
in the case where 7_ = 0.

Let us make some further comments on conditions (1.6) and (1.7) in Theorems 1.1

and 1.2, respectively.

Remark 1.4. (i) Condition (1.6) is equivalent to

1 /
lim sup og/'(¢) <1,
t—+oo 10Z (t>
since (1.6) holds if and only if
logf'(t) C
<(1+¢)+ for all t > T
o f() = 9 logg @)

note that f(t) — 400 as t — 400 by (1.4). Many nonlinearities f satisfy this
condition (like exponential or power type nonlinearities).

(i1) Setting s = f(t) and t = 7(s), (1.6) is equivalent to the condition v'(s) > fs~17¢
for some 6 > 0 and for all s sufficiently large. This clearly shows that (1.6) does not
follow from the convexity of f alone (which is equivalent to 7' being nonincreasing).

Instead, condition (1.7) is equivalent to 7/(s) > @s~ 17 for some 6 > 0 and for
all s sufficiently large. In particular, v(s) > 0s° for s large enough, or equivalently,
F(t) < C(1+1t)+ for some constant C' > 0 and for all .
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On the other hand, f(¢)f"(t)/f'(t)* = —sv"(s)/7/(s), a second derivative condition
on 7, in contrast with the first derivative conditions of (1.6) and (1.7). Therefore, for
most nonlinearities satisfying (1.6) (or (1.7)), the limit ff”/(f)? at infinity does not
exist (i.e., 7 < 7, ) and in addition, it may happen that 7 = 0.

(7i1) Note that by convexity, e f'(t) < f(t+¢e)— f(t) < f(t+e¢) for all t. Therefore,
(1.6) holds if f(t +¢) < Cf(¢)'** for all ¢ sufficiently large.

2. PRELIMINARY ESTIMATES

We start by recalling the following standard regularity result for uniformly elliptic
equations.

Proposition 2.1. Let a¥ = ", 1 <i,j < n, be measurable functions on a bounded
domain Q. Assume that there exist positive constants co and Cy such that (1.2) holds.
Let u € Hi(Q) be a weak solution of
{ Lu+c(x)u = g(x) inQ,
u = 0 ondf,

with ¢, g € LP(QY) for some p > 1.

Then, there exists a positive constant C independent of u such that the following
assertions hold:

(1) If p > n/2 then ||ul[ (o) < C([lull L) + 19l r@)-

(it) Assume ¢ = 0. If 1 < p < n/2 then ||ul|Lr@) < C|lgllr() for every 1 < r <
np/(n —2p). Moreover, ]]u\\wg,r(g) < C for every 1 <r < np/(n—p).

Part (i) of Proposition 2.1 is established in Theorem 3 of [7] with the L*norm
of u instead of the L'-norm. However, an immediate interpolation argument shows
that the result also holds with |ul|z1(q). Note also that in the right hand side of
this estimate, [|ulze(q) < C([|ullL1(@) +19]|r@)), some dependence of u must appear
(think on the equation with g = 0 satisfied by the eigenfunctions of the Laplacian).
For part (ii) we refer to Theorems 4.1 and 4.3 of [§].

As an easy consequence of Proposition 2.1 (i) we obtain the following:

Corollary 2.2. Let u € H} () be a nonnegative weak solution of (1.1) with f non-
decreasing and convex. Assume p > n/2. If there exists a positive constant C' inde-
pendent of w such that ||ul|pi o) < C and || f'(u)||r@) < C, then ||ul|p=@) < C for
some positive constant C' independent of u.
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Proof. Rewrite equation (1.1) as Lu + c¢(z)u = —f(0) where c¢(z) = (f(u) — £(0))/u.
Then by convexity, 0 < ¢(z) < f'(u) and the result follows by Proposition 2.1 (i). O

The following estimates involving

fu) = f(u) = £(0)
are due to Nedev [5] when L = A. We give here a new proof of the estimates consistent
with our own approach. Note that assumptions (1.6) and (1.7) in Theorems 1.1 and
1.2, respectively, also hold replacing f by f on their right hand side, since f(t) <
2(f(t) — f(0)) = 2f(t) for t large enough. We will use this fact in the proof of both
results.

Lemma 2.3. Let f € C? be convexr and satisfy (1.4). If u is a positive semistable

solution of (1.1), then there exists a positive constant C' independent of u such that
(2.1) /f )dr < C and /f " (w)a” (z)uu; dz < C.

Proof. Let u be a semistable solution of (1.1) and f(u) = f(u) — £(0). Note that
f(u) satisfies

L(f(w)) + f'(u)f(u) = —F(0)f'(w) + " (u)a” (x)usu;.
Multiplying the previous identity by f(u) and using the semistability condition (1.3),

we obtain

0</(Kﬂ)ﬂﬂ)h—f@#@ﬁdw
= (0 /f dg;—/f "(w)auu; dr,
or equivalently,

(2.2) / f(u)f"(u)aij(x)uiuj dxz < £(0) / fu)f (u) do
Q Q
As a consequence, the second estimate in (2.1) follows by the first one.
Multiplying the equation (1.1) by the test functions ¢ = f’(u) — f’(0) and

_ 0 it w<M
CEL P = F(M) i u> M,
we find

(2.3) /Qf”(U)a”(I)uiuj dx = /Qf(U)(f’(U) — J'(0)) dx
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and

(2.4) / £ (u)a (2)usu; d = / F)(f'(u) — /(M) d,
{u>M} {u>M}

respectively.

Combining (2.2) and (2.3), we obtain

(2.5) / (f () 2 (0)) " (w)a (2)ugu; e < F(0) / £(u) dz— F(0) / F'(u) de

Choose M (depending on f) such that f(t) > 2f(0) + 2 for all t > M. On the one
hand, using (2.4), the convexity of f, and that (a*) is a positive definite matrix, we
obtain

2/{ >M}f(u)(f’(u) — f(M)) dz = 2/{ ) [ (u)a" (z)uu; dx
< [0~ 20D s

{u>M}

On the other hand, for some constant C' depending only on f (and M), there holds

_/{ <M}(f( u) —2£(0)) f" (u) Z](90)u,-uj de < C aij(x)uiuj da

{us<My
< CM/f(u) dx
Q

where the last inequality follows from multiplying equation (1.1) by min{u, M }. Com-
bining the previous bounds with (2.5), it follows that

. "(u) — f'(M)) d ) de +CM
26) 2 [ )~ r0n) de < f0)70) [ ) desot [ s d
Finally, choose M > M (depending only on f) such that f'(M) < @ if t > M.

Then (2.6) implies
[ trw e [ s d
{u>M} Q

and using that f’'(t) — +oo at infinity (see Remark 2.4 below), we conclude

/f )dr < C

where C' is independent of w. O
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Remark 2.4. Note that f(t)/t < f'(t) for all t > 0 since f is convex. In particular, by
condition (1.4), we obtain lim;_,, f'(t) = co. Therefore, as a consequence of estimate
(2.1) we obtain

(2.7) /Qf(U)d:c <C,

where C'is a constant independent of . As in [5], from this and Proposition 2.1 (ii),

one deduces
(2.8) win LY(Q) for all ¢ < n/(n — 2).

Our results improve this estimate under the additional assumptions on f of Theo-
rems 1.1 and 1.2.

The following is a sufficient condition on f to guarantee u € Hj(Q2). Note that by
convexity of f, tf'(t) — f(t) > 0 for all £ > 0. If we further assume that for some
e >0, tf'(t) — f(t) > et for t > T(e), then u is bounded in H((Q) by a constant
independent of u. Indeed, noting that

5/Qaij(x)uiuj dv = /f ud:v<C'+/f (uf'(u) — f(u)) do
C+ [ a@putur () - ), do
= C —I—fguf”(u)aij(x)uiuj dz < C,

where in the last inequality we used the superlinearity of f and the second estimate
n (2.1).

3. PROOF OF THEOREMS 1.1 AND 1.2

Proof of Theorem 1.1. Assume (1.6). In fact, as we said before Lemma 2.3 we may
assume that (1.6) holds replacing f by f: for every e > 0, there exist 7 = T'(¢) and
C' = C(e) such that

(3.1) fl(t) < Cf)*e forallt>T.

In the following, the constants C' may depend on £ and T but are independent of u.

We start by proving that f'(u) € LP(Q2) for all p < 3 and as a consequence the

statement in part (a). Let a = i’—ii (with € as in (3.1)). Multiplying (1.1) by
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(f"(w)=f(0)
1+f(u)
(3.2)

and integrating by parts we obtain

f(u)

o1+ f(u) (f'(u) = f(0)*a" (x)usu; da

) - rO) dot [ G
f// (u)

o m(f’(u) = f1(0)" a” (z)usuy dx
f/(u)aflf//(u) i

<a a’(x)uu; d

N /{ugT} 1+ f(u)

+ C ]E(u)(1+5)(a—1)—1f//(u)aij (x)uluj dr
{u>T}

<C {/{u<T} a” (z)uu; do + /Qf(u)f”(u)aij(z)uiujdx}

< C{T /Q fu) dz + /Q f(u) f”(u)aij(x)u,-ujdx}.

In particular, by Lemma 2.3 and the bound (2.7), we obtain

/ f(w)* de < C  where a = 3+€.

Q 1+¢

Therefore, by the arbitrariness of £ > 0, we obtain f'(u) € LP(Q2) for all p < 3. As a
consequence, by Corollary 2.2 and since u € L'(2) (see Remark 2.4), we obtain the
L estimate established in part (a), i.e., if n < 6 then ||u||pe) < C.

In the following, we may assume n > 6. Let us prove now that f(u) € LP(Q) for
all p < n/(n —4), and as a consequence, the statement in part (b). Now we take
a=1+ 1—}% Multiplying (1.1) by (f'(u) — f/(0))* and using (3.1) and Lemma 2.3,
we obtain

Aﬂwmwwmesz — F(0)* 1" (w)a s do

(3.3)
< f " (w)auu; dx < C.

Hence, using the convexity of f and that f'(0) < f/(¢)/2 for t large, we obtain

f U a+1
(3.4) / mr—dx < C forall o€ (1,2).
o u®
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We now repeat the iteration argument of Nedev [5]. Assume that u € L?(2) for all
1 < p < pg. Given any positive number (3, set

f(u)oz—H 3 a+l1-p = 5 a
O ={re: o > f(u) b Qi =0\ ={zeQ: f(u)<us}.
By (3.4), we have
(3.5) flw) =P de < C.
1951

Moreover,
(3.6) flu)? de < / wiPde < C for all p < épo.

QQ QZ a

Choose 3 such that a+1— 8 = Zpy, ie., B = (a+1)/(1+2). Then, by (3.5), (3.6),
and letting o 1 2, we obtain f(u) € LP(Q) for all 1 < p < 2;1%' Hence, by elliptic
regularity theory (see Proposition 2.1 (ii)),

3po

n 3npo
weLP(Q) foralll<p<p = —% _ — .
n—22?f;’0 2n + (n — 6)po

By (2.8) we can start the iteration process with po = n/(n — 2). Set pry1 =
%f(zip_’%m for K > 1. Note that p, < n/(n —6) for all £ > 1 (by induction and since
po = n/(n—2) < n/(n—6)). Moreover pri1 > pi (in fact, this is equivalent to

pr < n/(n—6)), and hence, limy_. pr =n/(n — 6) =: po.

Therefore, we obtain f(u) € LP(Q) for all 1 < p < ;f;; = . The remainder
of the statements of Theorem 1.1 follow from standard elliptic regularity theory (see
Proposition 2.1 (ii)). O

Proof of Theorem 1.2. The proof of Theorem 1.2 is essentially the same. Using as-
sumption (1.7) in (3.2), the first part of the proof gives f'(u) € L*(Q2) with o = 3==.
Therefore, by Corollary 2.2 and since u € L'(Q) (see Remark 2.4), u € L>(2) when
% > 3, or equivalently, when n < 6 + %.

Assume n > 6 + =. To obtain the estimate on f(u), we deduce (3.3) with

o =1+ 7 using now (1.7) instead of (1.6). In particular,

r a+1 1
/f(u)deC fora=1+ .
QO ue 1

— &
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At this point, we repeat the previous iteration argument to obtain the increasing

sequence
n (3 —2e)npy
_ : — , forall k>0,
o Ty P T o Ao — 203 — 200, T
with limit po, = (17(51)7_17?&45' As a consequence, f(u) € LP(Q) for all p < gpoo where
b= (a+1)/(1+ =) ie., f(u) € LP(Q) for all p < % The remainder of
o (1—e)n—4+42¢

the statements of Theorem 1.2 follow from standard elliptic regularity theory (see
Proposition 2.1 (ii)). O
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