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UNIFORM BOUNDS FOR HIGHER-ORDER SEMILINEAR
PROBLEMS IN CONFORMAL DIMENSION

GABRIELE MANCINI AND GIULIO ROMANI

ABSTRACT. We establish uniform a-priori estimates for solutions of the semilinear
Dirichlet problem
(—A)"u = h(x,u) in Q,
u=0u=--=0""tu=0 on 09,
where h is a positive superlinear and subcritical nonlinearity in the sense of the
Trudinger-Moser-Adams inequality, either when €2 is a ball or, provided an energy
control on solutions is prescribed, when 2 is a smooth bounded domain. Our re-
sults are sharp within the class of distributional solutions. The analogous problem

with Navier boundary conditions is also studied. Finally, as a consequence of our
results, existence of a positive solution is shown by degree theory.

1. INTRODUCTION AND MAIN RESULTS

A-priori estimates play an important role in the theory of elliptic boundary value
problems. In particular uniform bounds, namely a-priori estimates in L° norm, are
a key tool in order to show existence of solutions by degree theory.

Concerning second-order problems, the major contributions in this direction have
been given by Brezis and Turner [BT], Gidas and Spruck [GiSp| and de Figueiredo,
Lions and Nussbaum [dFLN]. They proved uniform bounds for positive classical
solutions of the second-order semilinear Dirichlet problem

{—Au = h(z,u) in €,

1
() u=>0 on 0f),

where € is a bounded smooth domain in RY, N > 2. The main assumptions on
the nonlinearity are positivity, superlinearity and a polynomial subcritical growth
at oo, namely 0 < f(z,s) < cs? for some constant ¢ > 0 and 1 < p < 2* — 1, where
2* := 2% denotes the Sobolev critical exponent for Hj (). It is remarkable that
the authors exploited different important techniques: Hardy-Sobolev inequalities in
IBT], a blow-up method in [GiSp|, a moving planes argument in [dFLN].

If we consider the problem in the special case of N = 2, then formally 2* = oo
and one can replace the critical Sobolev growth ¢ — " with the exponential map
t — ¢!’ as the well-known Trudinger-Moser inequality shows:

(2) sup /€5|u2d$ {S 9|, if B <d4m,
Q

weHL(Q), |Vulla<1 = 400 if 8> 4m.
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Hence one might expect that a uniform a-priori bound holds for nonlinearities up to
this new critical growth. This question was investigated by Brezis and Merle in their
seminal paper [BM]. Indeed, as a consequence of a concentration-compactness result,
the authors established local uniform bounds for solutions (uy) of the problems

—Au = Vi(x)e” in Q) C R?,
u=">0 on 052,

but the question about the existence of global a-priori bounds, considering for in-
stance 0 < a < Vi < b < 400, even with the additional assumption [|e"#|[1q) < C
for any k, was left open. However, at least for convex domains, the a-priori bound
can be achieved thanks to some uniform boundary estimates in the already cited
|[dFLNJ; see also [CL]. In any case, as again the work of Brezis and Merle surpris-
ingly shows, one may expect to find a-priori estimates for solutions in the uniform
norm only if the growth of the nonlinearity is at most ¢ — €.

(3)

If we consider now the higher-order counterpart of problem , namely the Dirich-
let problem

(4) —A)"u = h(z,u) in Q,
uz@nu:---:Q’f*lu: on 05,

for m > 2 and with a positive nonlinearity h with power-growth at oo, then the
results in |[GiSpl [AFLN]| have been generalized to this context by Oswald [Os| and
Soranzo [Sor|, both dealing with positive radially symmetric solutions of (4] for
homogeneous nonlinearities in the ball. Some years later, Reichel and Weth [RW]
extended the theory admitting also nonpositive solutions, nonhomogeneous nonlin-
earities and general smooth domains, using a blow-up technique inspired by [GiSp].
A growth condition in the spirit of |[GiSp| was required, namely that

(5) lim h, s)

- = a(x) 1<p< ¥H2m —. 2% 1 uniformly in Q,
§—00

N—-2m

where 27, is the critical Sobolev exponent for Hy*(2) and a > 0 in Q.

In the special case of the conformal dimension N = 2m, the well-known general-
ization of (2)) established by Adams [Ad] for higher-order Sobolev spaces shows that
the critical growth is still given by the map ¢ — e”. The fourth-order counterpart of
the aforementioned concentration-compactness result in [BM] was proved in [ARS]
highlighting also some new features, and then extended in the general context in
[Ma2]. In particular, this provides local uniform bounds in case of positive solution
of the polyharmonic analogue of problem .

Here, we want to complement these last results and investigate more deeply prob-
lem in the case of the conformal dimension, considering positive superlinear
nonlinearities up to the map t — e'. More precisely, we shall prove that if the
nonlinearity ¢ — h(z,t) is controlled in a suitable sense by ¢ — e* for some v > 0,
then the a-priori bound holds for any solution of problem .

It is worth to mention that a related problem was also addressed in [LRU]|, where
the operator involved is the N-laplacian in dimension N and the nonlinearity either
is growing less than e for some a € (0,1), or behaves like e!. The authors use

'Here and in the sequel, the unit outer normal vector in z is denoted by n(x), thus d,u or
alternatively wu,, stand for the normal derivative of u.
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Orlicz spaces techniques to cover the first alternative and some arguments inspired
by Brezis and Merle for the second case. Although in his Ph.D. Thesis [Pal, Chapter
6] Passalacqua improved the result, the gap between the growths ¢ and e! was not
completely filled: for instance, the growth f(¢) = e'(1 4 ¢)~* with o > 1 was not
allowed. Covering the remaining cases seems not attainable with such techniques.
Let us also mention that a similar gap occurs also when dealing with coupled elliptic
systems in critical dimension, see [dEdOR].

Here, instead, we manage to deal with all these nonlinearities applying a blow-up
strategy inspired mainly by the work of Robert and Wei [RoWe]. We may sketch
our main argument as follows. Firstly we obtain that [, h(z,u)dz is uniformly
bounded for any solution of the problem . Here the main obstruction is the lack
of a maximum principle and good Green function estimates. Then, supposing the
existence of an unbounded sequence of solutions, we appropriately rescale them and
find a limit problem in the whole R*™. The L' control previously obtained yields
a characterization of the limit profile and, furthermore, a contradiction with the
concentration of the energy around each blow-up point.

Throughout all the paper, the nonlinearity A : Q x R — R" is a Carathéodory
function satisfying the following conditions:

H1) h e L**°(Q2 x [0,7]) for all 7 € RT;
H2) there exist functions f € C'([0,+00)) satisfying assumption (A4) below and
0 <ae L>*(2)NC(N) such that

im —
t=+oo a(z) f(t)
Definition 1.1. A function f € C'([0,400)) satisfies assumption (A) if
Al) f>0and f”[M’Jroo) > 0 for some M > 0;
A2) f is superlinear at oo, that is, lim £= = +oo;

t——+00

) N O)
A3) there exists tEeroo 75 € [0, +00).

=1 uniformly in €.

The assumption (H2) may be seen as a generalization of , as we are prescribing
a sort of separation of variables at oo, and one retrieves that form provided the
potential a stays bounded from 0 near the boundary. However, it is worth to stress
here that the potential ¢ might also vanish at 0€) and, more important, that our
analysis is not restricted to a precise profile at oo as in [Sor, RW], but we include
almost any growth in ¢ which is, in some sense, controlled from above by €7 for some
v > 0. Indeed, it is possible to show that assumption (A8) is equivalent to require
a control from above by a suitable exponential function (see Lemma |1.1| below).

Remark 1. From (H1)-(H2), it follows that for any € > 0 there exists a constant d.
such that

6) (1—¢e)a(x)f(t) —d. < h(z,t) < (1+¢e)a(x)f(t) +d. forall t >0,z € Q.

Although our main result applies for all nonlinearities, it will be useful in the
sequel to distinguish among the admissible growths, in dependence of how far they
are from being exponential, according to the following definition.
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Definition 1.2. Let h satisfy assumption (H2) and f be as therein. We say that h
is subcritical if

()
(7) tlgrnoo f(t) =0
On the other hand, we say that h is critical if
(8) im 20 ¢ (0, 400).
totoo f(t) ~

Roughly speaking, the behaviour of the nonlinearities of subcritical type largely
differs from the exponential map. An example is h(z,t) = a(x)log’(t + 1)tPe!” with
0>0,p>1 a€|0,1)and a as in (H2). The class of critical functions gathers
instead maps which are quite close to e with respect to the second variable, not
affecting too much its exponential behaviour; model nonlinearities for this case are
h(z,t) = a(x)% with ¢ € R, v > 0. These behaviours are clarified by the
following lemma.

Lemma 1.1. Let f be a nonlinearity satisfying assumption (A) and denote 5 =

tlifrn % Then for any € > 0 there are constants C., D. > 0 such that
—+00

(9) DP9t — C. < f(t) < DT 4 ..

Proof. By definition of 3, for any € > 0 there exists T, > 0 such that
(B—2)f(t) < F(t) < (B+)f(D)

for any t > T.. Integrating then on [T, ], we get

(69 th(S)ds+f(Ts)Sf(t)S(BJrff) th(S)derf(Te)-

By Gronwall lemma from the second inequality we infer f(t) < DFe(#+<)? where
Dt = f(T.)e~ )%= and, since f is positive and bounded in [0, T.], then we may set
Ct := max| 1] f. The first inequality in (9) is proved similarly, applying Gronwall
lemma to —f, showing f(t) > DZe¥=9) — C=. Then it is enough to define D, :=
max{D}, D_} and C; := max{C,C_ }. O

We mainly focus on the biharmonic problem

A%y = h(z,u in QO C R4,
®) { (2, w)

U =1u, =0 on 0f),
that is (4) with m = 2, addressing in Section the discussion of the general
problem (4)), the argument being similar.

Definition 1.3. We say u is a weak solution of if u e H(Q) and, for every
© € HZ(Q):

(10) /QAuAgpz/Qh(a:,u)gp.

Notice that that (6], (9) and the Adams inequality [Ad] imply that a(-,u(-)) € LP(Q)
for any uw € HZ(Q), p > 1.

The following assumption will be needed to control the behaviour of solutions
near the boundary.
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H3) there exist 7,0 > 0 such that
H3a) h(z,-) is increasing for ¢t > 0 for all € w; := {zx € B|d(x,0B) < 7};
H3b) h(-,t) € C'(w,) for all ¢ > 0 and V, h(x,t) -0 <0 for all x € wy, t > 0
and unit vectors 6 such that |0 — n(z)| < 9.
Our main results may be then summarized as follows:

Theorem 1.2. Let B be a ball in R* and h satisfy (H1)-(H2)-(H3). Suppose more-
over that one of the following holds:

Z) a() > ag > 0;

Y Ty £

i) tLleroo & = +00, for some a > 1.
Then there exists C > 0 such that ||ul| =) < C for all weak solutions of (P).

Let us now define
F(t) .= d d H = h ds.
(11) (t) /0 f(s)ds an (x,t) /0 (x,s)ds

Theorem 1.3. Let Q C R* be a bounded C*7 smooth domain, v € (0,1) and h

satisfy (H1)-(H2) with 0 < ag < a(-) € C(2). Assume that one of the following
conditions holds:

1) h is subcritical according to (7);
2) h s critical according to and there exists a neighborhood w of 02 and
Junctions 0 < B € L®(w), 0 < D € L' (w), such that

(H4) |\V.H(z,t)| < B(x)F(t) + D(z), forany t>0,x€w.

Then, for any A > 0 there exists C > 0 depending on A such that ||u|| L=y < C for
any solution of such that [, h(x,u)dr < A.

Before going into the details of the proofs, let us make some remarks about these
two results.

(1) Theorem extends the a-priori bound of Theorem to the case of a
smooth bounded domain, provided a control on the energy of solutions is as-
sumed. This is a fairly natural assumption in the framework of the conformal
geometry: see for instance [ARS, BM| [JY] Ma2 [MPL RoWe].

(2) The conditions (H3a)-(H3b) provide a control near the boundary of i and in
broad terms they state that h should be decreasing in x along outer directions
and increasing in ¢.

(3) The additional assumption , when applied to a model nonlinearity of
the form h(x,t) = a(z)f(t), is nothing but a uniform control on Va, and is
thus equivalent to require a € W5 in a neighborhood of the boundary.

(4) By standard elliptic theory and assumption (H1), the uniform bounds hold
also in C*° for any o € (0, 1).

(5) As mentioned before, the assumptions on f gather all superlinear profiles
which can be controlled by a map t — € for some v > 0. This bound from
above on the growth of f reveals to be sharp in the class of distributional
solutions. Indeed, in the spirit of Brezis and Merle, in Section [ we consider
a problem of the kind with a nonlinearity having faster growth at co and
we show a distributional solution which is not even bounded on €. However,
the behaviour of sequences of weak solutions for such nonlinearities is still
an open question.
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As briefly recalled at the beginning, the main motivation to study a-priori bounds
for semilinear elliptic problems is to infer the existence of solutions. The subsequent
Theorem is indeed established combining the Krasnosel’skii topological degree
theory with Theorems and [[.3] We remark that the existence of solutions for
semilinear Dirichlet problems like can be obtained up to the critical growth
t — e’ by variational methods, see [Lal [L].

To fix the notation, here and in the sequel, we denote by A (€) (resp. A;(Q2)) the
first eigenvalue of A? (resp. —A) in the domain € subjected to Dirichlet boundary
conditions, omitting the domain whenever it is clear from the context.

Theorem 1.4. Let B be a ball in R* and h satisfy the assumptions of Theorem [1.2,
Suppose moreover that h(-,t) € C(B) (resp. C%V(B) for some v € (0,1)) for any
t>0 and

<M\ uniformly in z € B.

(12) lim sup

t—0t

h(z,t)
t

Then, problem admits a positive strong (resp. classical) solution.

Remark 2. The assumptions of Theorem [1.4] are, for instance, satisfied by h(x,t) =
a(z)tPe’ for any a € [0,1), p > 1 regarding the subcritical context, or h(z,t) =

a(x)t? for any v > 0 and p, 0 > 0 for the critical framework.

9
(t+l

This article is organized as follows. In Section [2| we establish the uniform bound-
edness of solutions near the boundary and the L' control for the energy of solutions.
In Section (3| the blow-up technique is outlined both for subcritical and critical non-
linearities, leading to the proof of Theorem [I.2] In Sections 4.1 and [£.2] we consider
some extensions and in particular we prove Theorem Theorem [1.4]is established
in Section [5] while a counterexample concerning the behaviour of solutions above
the critical case is shown in Section[f] Finally, we collect in Section [7]some problems
which are left open.

Notation: Let f,g: Q — R*: we say that f < g if there exists a constant ¢ > 0
such that f(t) < cg(t) for all t € 2, and we write f ~ g if both f < gand g <X f
hold. We define f A g := min{f,g}. Moreover, do(x) denotes the distance from
x € Q) to the boundary 9092. Finally, ¢,C indicate generic constants, whose value
may vary from line to line, and also within the same line.

Acknowledgements: The paper was prepared when the first author was em-
ployed at Universita degli Studi di Padova and the second author at Aix-Marseille
Université. G.Mancini was supported by the Swiss National Science Foundation,
projects nr. PPO0P2-144669 and PP00P2-170588/1. G.Romani has received fund-
ing from Excellence Initiative of Aix-Marseille Université - A*MIDEX, a French
"Investissements d’Avenir" programme.

2. UNIFORM ESTIMATES NEAR THE BOUNDARY AND ENERGY ESTIMATES ON A
BALL

The main aim of this section is to prove the following result.

Proposition 2.1. Let B the unit ball in R*. Let h satisfy the assumptions of The-
orem[1.2, Then there exist Cy, A > 0 and a small neighborhood w C B of OB such
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that
|ull ooy < Ch and /h(x,u)dx <A
B

Jor all (positive) weak solutions u of (P).

This result prevents boundary blow-up and yields an energy control on solutions.
This will be essential for the blow-up technique in Section (3| The proof is inspired by
some arguments in [dELN] for second-order elliptic problems. Since for higher-order
problems the maximum principle does not hold in general, we have to restrict to the
class of positivity preserving domains. However, in oder to apply a moving-planes
technique, we shall also need pointwise estimates of the Green function of A? with
Dirichlet boundary conditions, which are known only when € is a ball.

In the following, we will often make use of the Green function G of the biharmonic
operator with Dirichlet boundary conditions. We recall that G : 2 x Q\ {(z, z) :
r € Q} — R is defined as the unique function such that for any g € L*(Q),

zwx>:=/£6kxx4»g@»dy

is the unique solution in HZ(2) of the equation A?u = g in .

We collect here some results about pointwise estimates of G and of its derivatives.
They go back to the work of Krasovskil [Ki] later on refined by Dall’Acqua and
Sweers in [DS|. However, very smooth boundaries are required therein. This formu-
lation which assumes less regularity can be deduced combining [GRI, Theorem 4]
and |[GR2, Theorem 2].

Lemma 2.2. Let Q C R?* be a bounded domain of class C*Y for some v € (0,1).
There exists a positive constant C' depending on the domain, such that for all x,y €

Q, x # vy, there holds

1
13 Golx, <Clog |2+ ),
(13) (Galo)] < Clog (24 =

IV'Ga(z,y)| < for any i > 1.

C
[z —y|”
In the special case of 2 = B, thanks to the explicit Boggio’s formula, also the
estimate from below of Gz may be obtained. Therefore, the following sharp two-
sided estimate holds:

Lemma 2.3 ([GGS|, Theorem 4.6). In B x B we have
ds(fﬁ)gds(y)z)

(14) Gg(z,y) ~ log (1 +
|z —yl*
In the whole section, we suppose B and h as in Proposition and we denote
by @1 the first eigenfunction of A% in B subjected to Dirichlet boundary conditions.
Notice that ¢; > 0 (see [GGS, Theorem 3.7]).

We split the proof of Proposition in several steps. First, we obtain a local
L' estimate for the right-hand side of equation (P). Here the assumptions (i)-(i)
of Theorem play a role, together with pointwise Green function estimates from
below.
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Lemma 2.4 (Local energy estimate). There exists a constant C > 0 such that

(15) [z =5 [up <.
B B
for all weak solutions u of .

Proof. The equality in follows simply by testing with ¢ = ¢1:

/h(x,u)@l :/AUAgEl :/N\l/U,@l.
B B B

Suppose (i) holds. By the superlinearity of f, for any M > 0, there exists (M)
such that f(t) > Mt for any ¢ > t,. Therefore by (@),

g N g _ 1 _
Juei=[  wn [ wp<wlalieg; [ e
B {u<to} {u>to} B
1 . 2 -
< Cilto) + 70 [ a3 < Cotto, M)+ 22 [ howin

Choosing now M = %, follows.
Suppose (ii) holds. We follow here some ideas of [DST], see also [Soul. Let ¢y, co
be positive constants such that

adg(r) < ¢i(x) < eodiy()

for all z € B, see [CS, Lemma 3|. By we get the pointwise estimate of the
Green function (see [GS1, Remark 3])

Gp(x,y) > Clog (2 + |<i8__(?/;|> (1 A W) > Odg(z)2d%(y).

Using the representation formula, for all solutions u of there holds
16) (o) > Cdia) [ aRwhiy. )iy > C*a) [ @iy
Moreover, by (6) with e = § and (i), we have
[ maa@i > 5 [ @@ —d [ @@
> [ a@)(Co@) = D)z —d [ pr(a)i.
where C' and D are suitable positive constant. Therefore, by ,
/Bh(%U)@l(w)dw +C(llall, ) = C/Ba(w)uv(fv)sﬁl(w)dw

> C(/Ba(xm}“(x)dx) (/Bh(x,u)@l(x)dx)w.

The inequality follows, noticing that v > 1 and all constants are positive. [

The aim now is to prove that there exists a uniform neighborhood of the boundary
where solutions are decreasing along suitable outer directions. The main tool is a
moving-planes technique inspired by [BGW], which is strongly based on pointwise
Green functions estimates of the ball. Indeed, these ensure to get rid of problems
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connected to the lack of a maximum principle for domains of small measure.
Let us introduce some notation: for each A € (0,1) we set

Z)\Z:{Z'EB|ZL‘1>1—/\}, T)\Z:{JZGB|£L’1=1—/\}, EA/Z:{ZEEB|i’€EA},
where 7 is defined as the reflection of x through T\. By convexity, it is easy to see
that X\ U X, C w; provided A is small enough, where 7 is defined in (H3).
Lemma 2.5. There exists v € (0,7) and 6 € (0,6) such that in w, = {x €
Bld(x,08) < r} there holds Vu(x) -6 < 0 for all |0 — n(x)| < & for any solu-
tion of (P).

Proof. Using a compactness argument, the statement may be reduced to prove that

there exists a neighborhood U of X; := (1,0,0,0) such that g—;(x) < 0 for any
x € U and any u solution of (P]). Define the set

I, = {)\ € (0,1)|u(z) < u(x) Vo € X, —u(frj) <0Vz e T,\} :

81'1

Our aim is to prove that for any solution u there holds T, 2 (0, F). Setting Sy :=
B\ (X, UT)), and extending u by 0 outside B, then we can rewrite I, as

8$1
The asymptotic behaviour of the Green function in Lemma [2.3] implies that for any

L, = {)\ € (0,1) |u(z) > u(z) Vo € Sy, @(x) <0Vz e TA}.

xo € OB and for any outer direction 6§ we have (%)QU(QC()) > 0 (see |GS2, Theorem

3.2]). In particular, choosing zp = X; and 6 = x;, one finds %(z) > 0 in a
1

small neighborhood of X;. Thus, by zero Dirichlet boundary conditions, one infers

g—;‘l(x) < 0 up to a smaller neighborhood. This means that for any u, the set I, is

nonempty. Let us suppose by contradiction that

Xi=sup{re (0,1)](0,)) CT,} < g

Then, for any = € S5 we have u(x) > u(z). We firstly claim that g—;(x) < 0 on T5.
Indeed, after extending h and Gy to 0 outside their domains,

0Gp

B / (%G (. 9)h(y.uy) + 5 @,g)h@,u@))) dy.

As in S5 there holds u(y) > u(y) and noticing that Y5 U¥} C wy as A < %, then by
assumption (H3) we deduce

(17)

(H3a) o (msy)
My, u(y)) = hly,w(®) = h(g,uy)  forallye S
More precisely, we may also infer that one of the two inequalities
(18) hy,u(y)) > h(y,u(y)) >0  forall y € Sy

is strict for a set Oy of positive measure. Indeed, if not, we would have h(y, u(y)) =0

a.e. on Sy and in turns by h(y,u(y)) = 0 a.e. on B. Thus, u would be a positive

solution for A%y = 0 in B with zero Dirichlet boundary conditions, a contradiction.
Moreover, we need the following pointwise properties of the Green function Gp.
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Lemma 2.6 ([BGW]|, Lemma 3). Let A € (0,1). For all x € T\ and y € S there
hold

0Gz
19 0;
(19) oz, (BY) <0
0Gp oG, _
20 0.
(20 7 (a,) + 52 0,7 <
Hence, if the first inequality in (18) is strict in O, from (17]) we have

. 3GB 8GB _ B (20)
h dy < 0;
(9x1 / (axl o ——(z,9) | My, u(y))dy < 0
otherwise, if the second inequality in (18)) is strict in Oy,

o) 2 [ (G + G ) wiaumr D o

01 0xy Oy

As in both cases the sign is strict, our claim is proved. Moreover, with the same
compactness argument as in [BGW, Lemma 8|, one can actually slide a little bit
inwards the hyperplane and obtain the same sign for the derivative of u: one shows
indeed that there exists v € (0,1 — A) such that

ou _

—(x) <0 onTy foranyse€ (AA+7).

8:61

With such information, we want to prove a contradiction with the maximality of .
Again, we need some pointwise properties of Gp.

Lemma 2.7 ([EGW]|, Lemma 3). Let A € (0,1). For all z,y € S\, © # y, there

(21)

hold
(22) Gp(z,y) > max{Gg(z,y),Gs(Z,y)};
(23) G[j'(m?y)_GB(jvg) > |G8(x7g)_GB(j7y)|'

We claim that u(z) > u(z) for all z € S5. Indeed,
uta) = utz) = [ (Guli) ~ G, )] Ay )y

= | ((Gle) = Gt )] o ) + (G, ) = Gl )] (3 (@)

Then, if the first inequality in (18)) is strict in Oy, then we get

(24)
ute) —ule) & [ (Gate0) - Galav) + Galo.9) = Ga(o.5) g, u(@)dy = 0.

Otherwise, if it is the second inequality in to be strict in Oz, we obtain the same
result exchanging the strict signs in (24). This, combined with (21]), by means of a
standard compactness argument, shows that I', D (0, A +¢) for a suitable € € (0,7),
contradicting the maximality of . 0

The behaviour of solutions near the boundary found in Lemma and the local
L' bound of Lemma [2.4] allow to prove Proposition [2.1]in the following two lemmas.
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Lemma 2.8. There exists a neighborhood w of OB and Cy > 0 such that ||ul[pe ) <
C} for all weak solutions u of .

Proof. By Lemma arguing as in [dFLN], one may infer that for every z € w,
there exists a set I, and a constant v > 0 such that |I,| > v, I, C B\ wz and

u(y) > u(z) for all y € I,. Taking = € w,, by positivity of ¢; and Lemma [2.4]

c> / W, u)@rde > Ay / uBi > Xy min G / u(y)dy > c(B)yu(z),
B

B\wg B\wg I
which implies the uniform L* boundedness of u in w,. O

Lemma 2.9. There exists a constant A > 0 such that [ h(x,u)dx < A for all weak
solutions u of .

Proof. Let w and C} be as in Lemma[2.8] By (H1), Lemma [2.8] the positivity of ¢;
and Lemma [2.4] one has

/B (e, w)de = /w B, w)de + /B e

1
< ||h]| g —_— h D1d.
< Wbl + iy [ Ha s

1
< ||h|| —— | h Didr < A(B,h
< oo + oy [ hr e < AB.H

having defined m(w) := ming\., ¢, > 0. O

3. UNIFORM BOUNDS INSIDE THE DOMAIN

The main goal of this section is to show how a scaling argument ensures that
solutions of are uniformly bounded away from the boundary. This, together with
the uniform boundedness near 0f) obtained in Proposition will prove Theorem
L2

Although the analysis that we present here concerns the problem in B, in
this section we use the notation €2 to indicate the ball. This choice is motivated by
Section where we show that the same argument can be applied also for general
bounded smooth domains to prove Theorem [I.3]

Let us suppose by contradiction that there exists a sequence (uy)gen of solutions
of problem @ and a sequence of maximum points (zx)reny C €2 such that

Since (2 is bounded, up to a subsequence x — o, with d(z,98) > 0, by Propo-
sition [2.1] Moreover, we define the rescaled functions vy, : 2 — R as
(26) Uk(l’) = uk(a:k + ,ukI> — Mk,
where the scaling is
1

(27) Mo :W%O as k — 4o
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and the expanding domains are () := % Notice that z,, € Q implies ;, ~* R%.
Then we have

h
A% (2)| = pgl (A%ug) (g, + )| = (@ + pe, we (e + pur))

f(My)
(28)
<q —i—é?)a(l’k—f—/ikx)f(Uk(fx(]}\};;%I» ]\614_1’

by (6), so it is uniformly bounded.
Lemma 3.1. Let x € Bg(0). There holds |Vivg(z)| < C(R) for any i € {0,1,2,3}.

Proof. Firstly, let us take i € {1,2,3}. By the representation formula for derivatives
and Lemma [2.2]

Q/WQMHWMMMWMW@
Q

. h(y,u , h(y,u
Q\BQRMk(xk) |xk‘ + lu’kix - y| BQRHk(xk) |xk’ + ﬂk‘l’ - y|

In Q\ Bagy, (v) there holds |zy + pux —y| > |y — x| — pr|x| > 2Rp, — Ry, = Ry,
while in Bag,, (7x) we have f(ux(y)) < f(My) = p;* (this follows from (A1)).
Hence, by Proposition and @ with e =1,

rWWunsomm+c%/“ aly) f(wy)) +
Bary,, (wr) |2k + i — |

(Vi ()| = |, Viug (zx + )| = i,

(29)

. . 1
< CR_ZA+C(2||a||oo+du4),uz_4/ dy.
R Bary, (2x) |\T) + pr — Y|°

Using the change of variable y = uiz + zy, the last integral becomes

1 1 . 1
/ rdy = / ke =y / %
Bany (o) 126+ 1T =y Ban(0) HilT = 2] Ban(0) |2 — 2|

Inserting it into (29), we obtain

2R
Viu(o)] < CRA+ @lall +di)C [ 7,
0

which is finite for i € {1,2,3} since p — 0 as k — +oo. Taking finally ¢ = 0 and
x € Bg(0), we have

o (z)| = vg () — vx(0)] < sup [Vu|lz] < C(R).
BRr(0)

O

As we are able to control both A%v; and, locally in R?*, V'v,, then the local
boundedness of the sequence (vy)ren is achieved by the following Lemma.

Lemma 3.2. (|[RW]|, Corollary 6) Let Q = Br(0) C RY, m € N, h € LP(Q) for
some p € (1,+00) and suppose u € W?™P(Q) satisfies

(—=A)"u=h in €.
Then there ezists a constant C' = C(R, N,p,m), such that for any ¢ € (0, 1),

C
[wllwems(Bsq00) < m(HhHLP(BR(O)) + llull e ro)-
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Applied in our context, using and Lemma this implies the boundedness
of (vi)ken in W,iP(RY) so, by compact embedding, there exists v € C3(R*) such
that, for a subsequence still denoted by (vy)x, we have vy — v in C}27(R*) for any
v € (0,1), satisfying v < 0 and v(0) = 0. Looking for the equation satisfied by v in
R*, one may rewrite (28)) and obtain

(30) Aup(z) < (1 + &)alxy, + ka)elog(f(uk(xwuw)))—log(f(Mk)) + Jdv[_z'

Taking the first-order Taylor expansion of logof around My, one finds

N eate)
log(f (ur(wg + pp))) = log(f(My)) + f(zk(2))

where zi(z) := My, + Op(2)(ug(xp + prz) — My) = My + O(x)vp(x), Ok(x) € (0,1).
Hence, becomes

(up(z + ) — My),

Ueme

(31) Aug(x) < (14 )alg + ppa)e T 4 e
Analogously, the following lower bound holds:

Heg@) o
(32) A%u(2) > (1 - e)alay, + pyr)e T *@ e

Since vy — v uniformly on compact sets and M} — +oo, then zp(xr) — +oo
uniformly on compact sets and, according to assumption (48), we have

- f'(z(2) ()
lim —————= = := lim
S Fa@) ~ T AR T
Using (31)-(32) and the arbitrariness of € > 0, we find
(*) A% = a(24)e?” in R*.

€ [0, 400).

Notice that a(xy) # 0 since zo, € Q and here a > 0. We now treat separately the
subcritical case (f = 0) and the critical case (5 > 0).

3.1. The subcritical case (5 = 0). Here the limit profile v satisfies
A = a(z4) in R?,
with a(z.) > 0. Using a Taylor expansion and (€ with ¢ = 1, we have
1 (2 (@)

+oo= [ a(zy) = / lim a(zy + ppx)e FEED Uk(x)xgk (x)dx
R

R4 4 k—4o00

:/ lim a(xk +ka)elog(f(uk($k+ﬂkr)))—10g(f(Mk))XQk(x)dx
R

4 k—+o00
1 —d|+d

< 2lim inf/ [sa(wp + ) f(ug(zp + ) — d] + d

k—+o0 QL f(Mk)

o h(xy + pr, ug(zg + ppx)) dx ]
< 2lim inf / dr +d

k—+00 [ o f(My) ap f(My)
= 2lim inf {/ h(y, ui(y))dy + d\Qq < 2[A + d|9]],

k——+o0 Q

where the last inequality is due to Proposition This contradiction proves The-
orem in the case of a subcritical nonlinearity.
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3.2. The critical case (3 > 0). First, with a similar argument as in Section
we find that v has finite energy, as a first step in order to characterize it.

Lemma 3.3. [, e’ < 4o00.

Proof.

ﬁ f (Z (z)) k( )
a(roo) v lim a(xy + pgx)e 7CED Xa, (z)dx
R4 R

4 k—+o0

< 2liminf [/ h(y, uk(y))dy + d|Q|| < 2[A + d|€]].
Q

k—4o00

O

Lemma 3.4 ([MP|, Lemma 4). For all i = 1,2,3 and p € [1,2), there exists a
constant C(i,p) > 0 such that ||V ur[7, gy < Cr*" for any B,(x9) C Q.

Proof. By the Green representation formula and Lemma [2.2] we have

Vi (z)] < / Vi G, ) My, ux(y))dy < C /

alr—yl
Thus, for any ¢ € C°(B,(x)) and p’ being the conjugate exponent of p, we have

/B( )\Viuk(ﬂﬂ)\@(ﬂf)dﬂf < C/Qh(%uk(y))mx_y‘i’HLP(Br(IO))HQOHLP’(BT(CEO))dy
r{Z0

< AT4_ip||90||LP/(Br(fEO))’

h(y, ur(y))dy.

using Proposition and the boundedness of €). By duality, this yields our claim.
O

Lemma 3.5. v(z) = o(|z]?) as |x| — +o0.

Proof. Firstly, by and Lemma [3.4] with ¢ = 2 and p = 1, there holds

[oisuwd=i [ suoct molde =p? [ (o
(33) Br(0) BR(0) BRyuy, (@x)
< . 2C(Ruy)* % = CR2.

Suppose now by contradiction that v(z) = o(|x|?) as |x| — +oo does not hold. By
Lin |L] we would infer that there exists b > 0 such that —Awv(z) > b for every
x € R*. This, combined with and Fatou’s Lemma, would imply

CbhR* < / |Av| < hmlnf/ |Av,| < CR?,
Br(0) oo J Br(0)
which contradicts the arbitrariness of R > 0. This proves our claim. 0

We can now characterize the limit profile v and the energy concentrating at z., by
means of the classification result by Lin [L, Theorem 1.1].

Lemma 3.6. We have

4 a(zs0)B\ 7 |2’
(34) v(x):—glog<1+< o1 ) 1 )
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Moreover, there holds

(35) lim lim inf/ h(y, ug(y))dy > 6 > 0,
BRMk(mk)

R—+00 k—4o00
with 03 = 6472,

Proof. Let us define w = Zv(-T), where T > 0 will be specified later. Then w
satisfies .
Aw = Me‘“".

Choosing T = a(f‘l 75, we have that w is a finite-energy solution of A%w = 6e* such

that w(z) = o(|z|?) as |x] — +oc. By [L, Theorem 1.1], there exist A > 0, 7, € R?
such that w = no(A(- — o)) + log A, where 1y = log(ﬁ). Since w < w(0) = 0, we

get 1o =0 and A\ = %, so that v is given by the expression in (34)).
Let now € € (0,1). Then, arguing as in Section [3.1] and using (6],

B . . (f/(zk(z)) )Uk (@)
0<0:= a(xoo) e’ = lim lim (L(:Bk + Mk$)6 Tz (@) dx
R4 R—+oo g (o) k—=+o0
. o (f’(zk(m))>v ()
< lim liminf a(zy + ppx)e\ TEE) ) dg

L (1 —e)alzw + ) f (un(zn + ) — de de
= lim liminf / dz
1 — ¢ Ro+oo k=40 ( Br(0) f(Mk) f(Mk)

1
R A
STzl i f )y

By arbitrariness of ¢, this implies . Finally, we observe that

24 24 24 6472
[ i [ a2 [ P
R4 B Jra B Jra 6] 6]

O

Remark 3. The explicit value of the constant # shows that the bound from below
of the concentration of the energy on blow-up points is indeed independent
both on the potential a(-) and on the point x.

So far, we have investigated the behaviour of each u; around a mazimum point zy.
This is indeed what happens for each sequence of points (yx)x such that ug(yx) 7
400, as stated in the next Lemma. We do not include a proof, as this result can be
obtained combining the argument in [RoWel, Claims 5-7] with our Lemmas 3.1
(see also [MPl Lemmas 7-8]):

Lemma 3.7. From the sequence (ux), one can extract a subsequence still denoted
by (ug)x for which the following holds.
There are P € N and converging sequences Ty; — v® 1 <i < P, with up(wg;) —
+o00 such that, setting
Vi () 1= up(Thg + i) — up(Tha), Mk = (f(uk(mk,i)))il/a
we have
(i) %—?’“ﬂ%—i—oo as k — oo for 1 <i+#j < P;
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(i1) vg; — v in C%Z(R‘l), for 1 < i < P, where v is defined in Lemma and
estimate holds;
(iii) infi<;<p |v — xp4|*h(z, up(x)) < C for every x € Q;

() infi<icp |z — 21 ) [VIug(2)| < C for every x € Q and 1 < 5 < 3.
Denote finally by S the set of blow-up points, namely
S={y € Q|3(y;); € y; = yow,(y;) = +00 as j — +oo}.

Lemma 3.7/ has two important consequences: the finiteness of the set S and the lo-
cal uniform boundedness in a strong norm for the sequence (uy) outside S (actually,
for the subsequence we have extracted by Lemma .

Proposition 3.8. The blow-up set S is finite; moreover, one has
(36) HuchWf;gc(ﬁ\s) <C,
for a uniform constant C > 0.

Proof. We prove the finiteness of S by showing that S = {z(,1 < i < P} defined in
Lemma Indeed, suppose by contradiction that there exists 7 ¢ ()2, and a
sequence T — 7 such that u,(7;) — +oc. Since P < oo, one has infy; |z, — 2| >
d > 0. Notice also that d(z,0) > n > 0 by Proposition 2.1, so a(z) > ag > 0.
Hence, by (iii) of Lemma and () with ¢ = %, we get

% > h(Z, we(Ty)) > %aoﬂuk(m)) —d,

which in turn implies ug(Zx) < C by the superlinearity of f.

Let us now consider K cC Q\ S and r > 0 such that K N B,(29) = § for
each ¥ € S. Firstly we know that (), is uniformly bounded on K N w by
Proposition in K\ w we have a(x) > a9 > 0 and, moreover, one may suppose
infi<j<p |z — x| > § by construction. Hence, retracing the same argument above,
we obtain also [lug|/r=(x\wy < C. Finally, the boundedness of the derivatives of

(ug)x follows by (iv) of Lemma O

So far, we found that there may be only a finite number of blow-up points and
that near any of them the blow-up sequence (uy), has the same concentration of
energy. We will now prove Theorem showing that this contradicts the bound on
the energy in Proposition [2.1}

Proof of the Theorem[I.4 By (25), we know that S # (. Let 2y € S and consider
r > 0 small enough such that B,(xo) NS = {zo}. Here, define hy := h(x,ux(z)) and
let ¢ and v be the solutions of the problems

A2¢y = hy, in B, (xp), A2wy =0 in B, (zo),
o =A¢pr =0 on 0B, (xg), wg = ug, Awg, = Auy,  on dB,(xg).

Readily we have u, = ¢, + ws; moreover, by Proposition and elliptic estimates
(see for instance |[GGS, Theorem 2.20]) it is immediate to infer ||wg|/o < C. Fur-
thermore, [|hg||L1 (B, o)) < A by Proposition 2.1} so hy — p, where p1 € M(B,(z0))N
L (B (z9) \ {zo}) is a positive measure.

We first claim that

(37) p = 004,
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where J,, denotes the Dirac distribution centered in zy. Indeed, for any ¢ € (0, r),
/ dp = lim h(x,ux(z))dz > liminf h(z,ux(z))dz > 0
Bi(xo) k—r+oo B¢(zo) k=00 BRry,, (xk)

by Lemma |3.6] where z; is a blow-up sequence converging to x.
Moreover, let ¢ the distributional solution of

A%p = p in B,(xg),

p=A0A¢p=0 on dB,(z).
As hy — u, one may decouple the Navier problem into a system of second-order
Dirichlet problems and prove that ¢x — ¢ in W34(B,(x)) for ¢ € [1,3) by means of
standard elliptic theory, together with regularity theory for second-order Dirichlet
problems with measure data, see for instance [Pol Proposition 5.1]. Furthermore, let

G'NAV,B,(z) be the Green function of the biharmonic operator with Navier boundary
conditions in the ball B, (zo). Then we know that G'nav,B, (20)("; Z0) > 0 solves

(38) A2GNAV,BT(300)('7 1’0) = 5950 in Br(l’o),
GNAV,BT(xo)('axO) = AGNAV,BT(:CO)(', 930) =0 on aBr(l“o)

and therefore, by and the maximum principle in [Pol Proposition 6.1],
(39) ¢ > 0G N av,B, (20) (5 To)

in the distributional sense and almost everywhere in B,.(zy).
Let now ¢ € (0, 8) be small. Then by (B9),

/ -6 4 > / (B0 N AV, () (2:20)
By (z0) By (x0)

Since the leading term of the Green function in a ball is the fundamental solution,

namely

1 1
GNAV,BAJ:@)(tra l’o) = 32 log <|x — x0|) + Hmo(x),

where H, (-) a regular function in B,(x,), then by Lemma |3.6| we get
(40)

2]
—e 2
/ eP=9%dy 2/ C’e(ﬁsw;g IOg(Iw—lTo\)dx = C/ ( L ) ’ dx
By(z0) By (z0) By (z0) [z — 0|

1 8—¢’
>C < ) dx = 400
B (x0) |z — o]

for &/ = 8% sufficiently small. On the other hand, using the decomposition of u; by
means of ¢, and wy, the boundedness of wy, Lemma (6) and Proposition
we finally have

/ eP=%dr < lim e we=we) gy < ' lim f(ug(z))dz
By (o) k=400 J B, (x0) k=420 J B, (20)
< (C; lim h(z, ug(x))dz + Cy < C(A).

k——+o0 B, (960)

This contradicts and concludes the proof. O
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4. SOME EXTENSIONS OF THEOREM [1.2]

4.1. Extension to general smooth domains. Theorem deals with a large
range of nonlinearities, but it applies uniquely when the domain is a ball. The
restrictions to its extension to more general domains are mainly two. Firstly, unless
the domain is positivity preserving, we cannot ensure that solutions of , as well
as the first eigenfunction ¢y, are positive, and all estimates of Section [2| rely on this
fact. Secondly, the two-sided estimate (14]) is available only for balls, so we are able
to start the moving-planes procedure and control solutions near the boundary as in
Lemma 2.8 only in this case. Nevertheless, once we consider solutions for which the
estimate [, h(x,u)dz < A holds a-priori, a careful reading of Sections and
shows that the blow-up argument applies to any domain, provided all blow-up points
lye inside the domain. Here, we show how to deal with blow-up at the boundary
and we prove Theorem [I.3]

Notice that, in order to exclude concentration near a point x,, € 90f), we have to
impose strict positivity on the coefficient a to be sure that a(z.,) > 0. Moreover, it
is not hard to prove by (H2) and de ’'Hopital’s Theorem that

H(x,t) h(z,t)

e d@F() = a@ )

(41)

uniformly with respect to z € (.

Proof of Theorem 1.3 By contradiction, suppose the existence of points (xy)ren C
Q and solutions (uy)gen C HG(Q) such that My = |lug||pe() = ug(zy)  +oo.
We define Q;, and py, as in and the rescaled functions vy as in (26]). Since €2 is
bounded, the maximum points zj accumulate at some z, € Q. We claim that, in

any case, W — 400, so that Q,  R%. Indeed, suppose by contradiction that

d(zg, 0Q) = O(uy), that is, up to an affine transformation, Q; — (—o00,0) x R3.
Letting R > 0 and o € B(0) Ny, with the same computations of Lemma h we
infer |[Viv,| < C(R) for any x € Bg(0) N Q. Choosing x € Br(0) N 98, so that
vg(x) = — My, we would get

My = |or(x)| = [or(z) — v (0)] < CR,

a contradiction. Then, the same compactness argument as in Section 3| proves that
v, — v locally uniformly as k — +o0o, where v is a solution of A%y = a(x,)e’
in R*. For the subcritical case (1) the a-priori bound is obtained with the same
argument as in Section

Let us suppose now assumption (2). In this case, the analogues of Lemmas
3.7 and Proposition hold, so in particular the blow-up set S of u, is finite and
we have the concentration of the energy near the points of S. However, the final
argument in Section |3| permits to exclude only the existence of blow-up points inside
2, but not those lying on 0. To rule out also this possibility, firstly we study the
global limit profile of the sequence (uy); and then, in the spirit of [RoWe|, we apply
a Pohozaev-type identity.

Lemma 4.1. Let hy(x) := h(z,ui(x)). Then, up to a subsequence,

(42) hy — r(x)dx + Z Mp0p,

peES



UNIFORM BOUNDS FOR HIGHER-ORDER PROBLEMS 19

where m,, are nonnegative constants, 0 < r € L'(Q) and 8, are Delta distributions
centered in p. Moreover,

in W) NCH* QN S) for 1 < q <2, where U solves

loc
{AQU =r(x) inQ,

(44)
U=U,=0 on 0N

||| o () < C(K). This means that the singular part of the limit lies in S, namely
holds for r € LY(Q)N L2 (Q\ S). Moreover, let U be as in (44)) and ¢ € C>(Q).
Then, since no interior blow-up occurs, we have

(45) /Q AupAp = /Q hz, u(z))p(a)ds — /Q r(z)p(x)ds = /Q AUAg.

Proof. Let K CC Q\ 'S, so |lug||r=x) < C(K) by Proposition and in turn

On the other hand, as ||hx/|z10) < A by assumption, then u, — @ in W3(Q) for

any 1 < ¢ <2 and
/ AupAp — / AulAgp.
0 0

By uniqueness of the limit, is proved. O

The next lemma clarifies the behaviour of U near the points of S. The proof is
inspired by [JY] Lemma 3.7|.

Lemma 4.2. For any € > 0, there exists r. > 0 such that the following holds: for
any xg € S and any x € Q s.t. 0 < |x — x| < 1. we have

1

(46) |U| < elog (2+ )
|z — x|
and
: €

47 VU| < ——,
(47) VUl <
foriv=1,2 3.

Proof. Let us denote f;(t) := & for i =1,2,3 and fo(t) = log(2+1). By Lemma
and part (iv) of Lemma [3.7] there exists a constant C' > 0 such that |V'G(z,y)| <
Cfi(lx —yl) and

inly — p|*) < C.
(48) max (r(y) min |y — p|) < C

Moreover, we can assume that

(49) [ Allahis < stris)
B;(0)
for any s € (0,1). Let us choose 0 = o(¢) € (0,1) such that
Co €
1—o) < 2 and  o”fo(0) < log?2



UNIFORM BOUNDS FOR HIGHER-ORDER PROBLEMS 20

Then, let § = §(e) < + miny, 4es|p—q|, be such that U%HTHLl(Bza(IO)) < §. Let us now
take xg € S and x € Q with |z — x¢| < J. Using the Green representation formula,
we have

VU< C [ flle - ybr(s)dy
o)
We split the integral into three regions:
Ql = 9\825(2?0)7 QQ = QﬂBzg(l'U)ﬂBg‘x_xo‘(l'), Q3 = Qm(B25<x0)\BU\$—$0|(:C))'
First, for any y € (4, we have |z —y| > |y — 29| — |z — 0| > 6, so that
(50) fille —yDr(y)de < fi(d)||r]lrr @)
Q1

For y € Q, we have |y — x| < |y — 2| + |2 — 20| < (1 +0)|x — 20| < 3d(y, S\ {0})
and |y — 0| > |z — 20| — |y — x| > (1 — o)r. Then, thanks to and and our
choice of o, we get

(51)

~ [ fillz —yl) c
fille —yr(y)dy < C | =———=dy < fillz — y|)dy
=3y Tt Y S Ty,
C?ot eo’
< mﬁ(ﬂl’ — ao|) < Efi(ﬂx — Zol).
Finally, on €23 we have the estimate
g0’
(52) fille = yl)r(y)dy < fi(olz — wol) r(y)dy < 5 filole = o).
Q3 Bas(zo)

where the last inequality follows from the choice of §. Observe that our choice of o

guarantees that o f;(o|z — zo|) < fi(Jx — zo]) for i = 0,1,2,3. Using (50)-(52) we
can conclude that there exists K = K (¢) such that

, £
VU(@)| = K + 5 fillz — o).
Then, it is sufficient to choose r. € (0,6) such K < 5 fi(r.). O

The following version of the PohoZzaev identity can be proved as in [RoWe| Lemma
2.2] with only minor modifications (see also [Mi]).

Lemma 4.3. Let u € H*(Q) be a strong solution of A?u = h(x,u) in Q. Then, for
any y € R*, we have

4/ H(z,u)dx + /(x — 1y, V. H(z,u))dr = / (x —y,n(x))H(x,u)do + b(y,u),
Q Q o0
where H is defined in and b collects all remaining boundary terms:

1 2 — n\x o — Uu uaoc — u r — u)ao
) = [ (Quflo—ynlado =2 [ wdudo = [ (Bu)ua =y Vud

— / un(r — vy, V(Au))do + / (V(Au), Vu)(z — y,n(x))do.
20

o0
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Let us return to the proof of Theorem Let 2o € S C 992, r > 0 be sufficiently
small such that B, (z) NS = {z¢} and apply the identity of Lemma [4.3]in QN B, (z)
to u, € HY(Q) by elliptic regularity. Notice that we have to deal with two kinds of
boundary terms, the ones relative to Q N 0B, (xy) and the others to 9Q N B,.(x).
Notice also that for any choice y all boundary terms on 02 N B,(x) involving
derivatives of wu; vanish by the boundary conditions satisfied by u, except for the
term fBQﬂBT(zo)<Auk)2<x —y,n(x))do. Therefore, we have to choose in a clever way
a sequence of points (yx)r so that this term vanishes too. Following [RoWe|, we
define y;, := zo + pr,n(xo), where

o fanBT(xo)(Auk)Q@ — xo,n(x))dx
(Aug)?(n(z0), n(x))dx

Pkr =
faQﬁBr(Io)

and, up to a smaller value, we may choose r so that 3 < (n(zo),n(z)) <1 for all
z € B,(x9) N . With these choices, we have |p .| < 2r and

/ (Auk)2<x — Yy, n(z))dr = 0.
00N B (z0)

Our aim is to prove that, while the terms on the left-hand side of the Pohozaev
identity are bounded from below by a positive constant thanks to the concentration
of the energy near the blow-up points, on the other hand all the remaining boundary
terms on the right-hand side can be made arbitrary small as r — 0.

Let us start from the left-hand side: and the assumption imply

4/ H(z,ug)dz + / (x — yx, Vo H(z,uy))dx

QN By (z0) QNByr(z0)

> 2/ a(x)F(ug)dx — 4d| B, (xq)| — /
QﬁBr(wo) Q

> (alaw) =3 Blueco) [

QNB,. (Ct())

3rB(x)F(ug)dr — 37’/ D(z)dx

ﬂBT(xo) QﬂBr(:Eo)

F(uy)dz — dCr* — 37’/ D(x)dz,

when r > 0 is so small that a(z) > @ for any « € B,(x¢). Supposing further, up

to a smaller value of r that 37| B|| e () < @, we find
(53)
4/ H(x,uk)der/ (x—yx, Vo H(z,up))dz+o(r) > alzo) / F(ug)dzx.
ONB, (z0) QN B (o) 2 JonB,(zo)
We now claim there exists m > 1 such that
1
(54) F(t) > —(f@) — f(0)) for any ¢ > 0.
m

Indeed, let us define

Then 1 < m < +o0 since 0 < f € C'([0,+00)) by (A1), together with the limit
assumption (A3). Hence

(F-Lr) 0 =s-Lrw=ro(1- 120) >0
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which implies (54). Finally, we further estimate from below the left-hand side of
(3), by and Lemma [3.6] obtaining
(55)

a(zo) a(xo)
) / BRAOES = / o S 0l

M a\xr u — i o\r
[ / o 2a(a) ) ) = B ()| + o)

— 4mllaf|s

M T, Up\T X o\r
> Tmlalle /gm,m)h( ur(@))de + ofr)

a(xg) 6
= Tmfa|1 + o(r).

v

Let us now prove that the boundary terms in the right-hand side of the Pohozaev
identity may be arbitrary small as r — 0. We recall that we only have to analyse
those on QN IB, (o). To this aim, let U as in Lemmas

Since |z —yi| < |x —xo| 4 |px,r| < 3r, by means of Lemma[4.1and (47)), we obtain
that

/ (Aug)*(x — yp,n(z))do| < o(1) + 37“/ |AU|?*do,
QﬂaBT(IQ)

QﬂaBr(Io)
< o(1) + Ce?

as r — 0. In a similar way, one can estimate the other boundary terms in b(yy, uy).
It remains now to control the term

/ (x — yg,n(x))H(x,u)do.

QNOBy(zo)

From and simply integrating term by term the inequalities @ we get
H(z,t) < 2||al|F(t) + D < C(PD 1 1).

Moreover, by Lemma and

1 e(B+1)
H(z,u(x)) < CeP*V 4 C < C<(2+;) +1).

. 4 .
Therefore, if € < Fiowe obtain

/ (& — o, () H (, ) do
QNOBr(zo)

< 37"/ H(z,ug)do — 0.
QﬂaBr(fto)

In conclusion, we proved that all boundary terms of Pohozaev identity can be made
arbitrary small as » — 0, and this contradicts —. 0

4.2. Extension to the polyharmonic case. By now, we proved the a-priori
bound for problem when m = 2. In this section we show that the same strategy
applies also in the general polyharmonic case:

{(—A)mu = h(z,u) in Q CR*™ m>1,

56
(56) u=0u=---=0"tu=0  on 09,
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where € is a bounded smooth domain, that is, of class C*™7, for some v € (0,1),
and provided the same assumptions on h are satisfied. Herein, by weak solution of
(56) we mean a function u € HJ*(2) such that

/Vmuvmg0:/h(x,u)gp,
Q Q

for every ¢ € HJ'(2), with the convention

o A™/2 m odd,
o VAM=D/2 - even.

Remark 4. In the second-order case m = 1 and when 2 is a ball, our result extends
the analysis in [dFLN| [GiSpl, BM. [CL], enlarging the class of nonlinearities for which
the uniform boundedness of solutions holds. Actually, one can show that an analogue
result holds also for more general domains, see [Roml.

Theorem 4.4. Let B be a ball in R*™ and h satisfy (H1)-(H3) and one of conditions
(i) or (ii) of Theorem [1.3 Then there exists C > 0 such that |[u|L~@) < C for all

weak solutions of (p6)).

Proof. An analogue of Proposition in dimension 2m holds, following the same
arguments of Section [2] with only evident changes. In particular, Lemma holds
by considering Agm) and gogm) as respectively the first eigenvalue and the first eigen-
function in © of the operator (—A)™ subjected to Dirichlet boundary conditions.
Moreover, the moving-planes argument of Lemma [2.5] still applies, since the Green
function vanishes near the boundary precisely of order m, namely (see [GGS| The-

orem 4.6|)
dp(x)™d m
G-aymp(z,y) = log (1 + B|(x)_—yz‘5'2(my))
and we have the same estimates of Lemmas [2.6] and Then, Lemmas [2.8) and
easily follow, since they rely on properties that do not depend on the differential
operator. Let us focus now on the blow-up argument. A careful reading of Section
may convince the reader that all statements are still valid for problem once
we adapt the scaling as
m _ 1

w™ = (f (M) 7.
In particular, Lemma holds for any i € {0,1,---,2m — 1}. Hence, again by the
local compactness guaranteed by Lemma we find v € C?"~1(R?*™) satisfying

(*m) (=A)"0 = a(zs)e™  in R*™.

In the subcritical case, one has = 0, an the contradiction is found exactly as
in Section On the other hand, in the critical framework 5 € (0,400), the
characterization of entire solutions of equation follows by the classification
result of Martinazzi [Mall Theorem 2|. The value of the constant 6 in (35) is now

0 = %|Szm|. Therefore, as again the leading term of the Green function of the

polyharmonic extension of the Navier problem (38]) is Wim log < 1 ) with

|z—z0]
Vo = |SQm—1|22m—2[(m _ 1)[]2
(see for instance [Mall, Proposition 22]), taking into account that
2™ 2mtlgm

S2m71 — d SQm —
S s L S T W1k
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then one infers that the crucial exponent in the contradictory argument is 5—9 =

4m > 2m, so the proof can be concluded as for the biharmonic case. 0

Finally, also the higher-order counterpart of Theorem can be established fol-
lowing the analysis in Section [4.I]with the appropriate adaptations mentioned above.
We just recall that in this context the Pohozaev identity assumes the following form:
for any u € C?™(Q) solution of (—A)™u = h(z,u) in Q C R* and for any y € R*",
there holds:

2m/QH(ar,u)dij/Q@c—y,VxH(ac,u»dac

= /89<x —y,n(x)YH(x,u)do + %/ (V™u)*(x —y,n(z))do

a9
+ Z(—l)m+j /(m(n(x), VI ((z — y)Vu) V™ () do.

Theorem 4.5. Let Q C R*™ be a bounded C*™7 smooth domain, v € (0,1) and
h be a nonlinearity satisfying assumptions (H1)-(H2) with 0 < ag < a(-) € C(Q).
Suppose further that one of the conditions (1)-(2) of Theorem[1.9 s satisfied. Then,
for any A > 0 there erists C' > 0 depending on A such that ||ul|p~@) < C for all

solutions of such that [, h(x,u)dr < A.

4.3. The Navier boundary conditions. So far, we studied problems endowed
with Dirichlet boundary conditions. In this section, we show that a similar analysis
can be also given when considering Navier boundary conditions:

{Azu = h(x,u) in Q,

57
(57) u=Au=0 on 0.

Here we assume 0 C R* is a bounded conver C?7 domain and h : Q x R — R*
satisfies (H1)-(H2). Recall that v € H?*(Q) N H}(Q) is a weak solution of
whenever holds for any test function p € H*(Q2) N Hi(Q).

The proof of the analogue of Theorem [1.2]for the Navier problem (the forth-

coming Theorem , essentially follows the arguments contained in Sections [2| and
Bl We mention here only the remarkable modifications.
First, can be split in a system of second-order Dirichlet problems, so the maxi-
mum principle holds. The starting local L! estimate may be obtained retracing
the proof of Lemma 2.4, where the Green function estimates therein are replaced
by the analogues for the Navier boundary conditions (see [GGS, Proposition 4.13]).
Then, the argument used to prevent boundary blow-up still follows by a moving-
planes technique as in [dFdORL Lemma 3.2|, provided again some decaying condi-
tions near 0f) are satisfied by the nonlinearity. Here, the Green function estimates
needed in the Dirichlet case are replaced by the maximum principle for elliptic sys-
tems in small domains, see |[dF2]. The last significant element in order to retrace
the blow-up method in the interior of the domain, is the counterpart of Lemma,
in particular the estimates of the derivatives of the Green function G4y of the
biharmonic operator with Navier boundary conditions. We postpone this subject to
Appendix A.

This enables us to retrace all the arguments of Section [3| and, as a consequence,
we are lead to the following:
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Theorem 4.6. Let Q C R* be a bounded convex C*7 domain and h satisfy assump-
tions (H1)-(H2). Furthermore, assume there exist 7,0 > 0 such that

H3a') h(z,-) € CY Q) with §4(x,t) > 0 in QF x RT
and (H3b) holds. Then, there exists C > 0 such that ||ul|p=@) < C for all weak
solutions of (B7).

We point out that Theorem extends a previous result [LW| Corollary 2.3]
established for problem for the special case of h(x,u) = e

5. EXISTENCE RESULTS

The a-priori bound for solutions of obtained in the previous sections is essen-
tial to apply topological methods and infer the existence of positive solutions. We
follow the standard approach which has been widely applied in the literature (see for
instance [dFLNL [Sor, dFdOR2]), and which relies on a well-known result firstly due
to Krasnosel’skii, which may be equivalently stated as follows (see |[dE1, Theorem
3.1] and the subsequent results).

Lemma 5.1. Let X be a Banach space and K C X a cone, which induces a partial
order in X defined as x <y if and only if y — x € K. Moreover, let ® : K — K
be a compact map with ®(0) = 0 and suppose there exist 0 < r < R and 7 > 0 such
that:

(1) there exists a bounded linear operator A : X — X such that A(K) C K
with spectral radius r(A) < 1 and such that ®(x) < Az for all x € K with
]l = 7;

(2) there exists ¥ : K x [0, +00) — K such that
(a) ¥(z,0) = D(x);

(b) V(x,t) #x for allt >0 and ||z| = R;
(c) VU(x,t) #x for allt > 7 and ||z|| < R.

Then ® has a fized point T € K with r < ||T|| < R.

Proof of Theorem[I.4) Let X = C(B) and K = {f € C(B)[f > 0} be the closed
cone of nonnegative functions, which induces the standard pointwise order on C'(B).
Moreover, let T := (A?)~! be the inverse of the bilaplace operator with Dirichlet

boundary conditions, that is, T'g = w if and only if w solves

Aw =g in B,
w=w, =0 on 0B.

Then 7' : C(B) — C(B) is a linear compact and positive operator. Defining now
® :=Toh(x,-), then &(K) C K by maximum principle and ® is a bounded compact
operator, by the continuity of h. By , there exist a € (0, 5\1) and ty > 0 such
that h(x,t) < ot for any z € B, t € (0,tg). Hence, defining A := oT, then:

O(u) =T(h(z,u)) < T(au) = A(u),
for any u € C(B) with |ulle@) < to- Moreover A(0) = 0 by definition, A(K) C K
and

r(A) = amax{\ |\ is an eigenvalue of A~'} = 5\2 <1,
1
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so condition 7 of Lemma [(5.]is verified.
Let us now define U(u,t) := T(h(z,u + t)), for any ¢ > 0. It is clear that
U(u,0) = ®(u). We are thus led to study the following family of problems:

) A%y =h(z,u+t) in B,
! u=1u, =0 on 0B.

With the same steps as in the proof of Lemma [2.4] we can get

(58) /h(x, u—+t)prde < C,
B

where the constant C' is independent of ¢; this in turns implies

/a(m)(u +t)prde < C.
B

Since u, a and ¢, are positive, we necessarily find that ¢ is bounded. This means
that there are no (positive) solutions of problem when ¢ > T for some T' > 0
depending on Q and h, so condition (2¢) is fulfilled. Hence, we can restrict to
t €0, T] and prove the uniform a-priori bound for these values of the parameter t.
In fact, in view of (58)), firstly one can repeat the same steps of the proofs in Sections
and produce the same uniform estimates of Proposition 2.1} In particular, we get

/h(x,u +t)dx < A(h,T),
B

uniformly with respect to t € [O,T]. This is sufficient to guarantee that the con-
tradictory argument of Section [3|can be retraced for solutions of problem (P,)) with
only minor adaptations, finding an a-priori bound which depends only on h and T.
Rephrased, this means that there are no solutions of problem for any ¢ € |0, T]
with ||u|| > R for some R = R(T) > 0 (and thus also for any ¢ > 0). Hence,
condition (2b) is verified.

Since all assumptions of Lemma [5.1] are then ensured, the existence of a positive
solution of problem follows. Regularity of such solutions is given by standard
elliptic arguments. 0

Remark 5. All the arguments used in the proof of Theorem apply also for the
polyharmonic context and a higher-order analogue of Theorem holds.

Remark 6. Notice that the assumption which was imposed to obtain condition
1 of Lemma is also necessary in same cases. Indeed, if one considers h(z,s) =
Asf(s), with f(s) > 1 for any s > 0 (for instance, f(s) = e*" with a € (0, 1]), then
a simple calculation shows that if A > \;, we have no positive solutions for problem
(P) in any domain. Indeed, by integration by parts, one gets

[ upi= [ dusgi = [ e = [,
Q Q Q Q

which implies A < A;.
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6. A COUNTEREXAMPLE

In this section we provide an example of a subcritical nonlinearity, in the sense of

the Adams inequality [Ad|, which does not satisfy assumption (A3) and for which
there exists an unbounded solution of the problem .
For the second-order case, a counterexample may be found in [BM, §II.2, Example
2]. However, its straightforward modification to our context does not work, since two
main difficulties appear: first, boundary conditions are not all satisfied; secondly,
the potential a(-) has to be positive, unlike there. Here we show how to overcome
them in the fourth-order case. First, we correct the boundary values with the help
of a biharmonic function; this will also need an intermediate growth between log
and log log in the definition of our function in order to compensate some additional
terms appearing in its behaviour near 0. Then, a detailed analysis is provided to
show the positivity of a in a whole ball around 0.

In the following we denote I(r) := log . Let us fix a € (1,2) and consider the
family of functions

fs(t) =t + pt7 4+ dlogt,
where § > 0 is a positive parameter that will be chosen later, v = %1 € (0,1) and

0= t — % < 0. Note that fz(t) > t + dlogt, hence there exists py > 0 such that

fs(l(r)) > 0 for any r € [0, po] and B8 > 0. Then, for any = € B,,(0) we define
ug(r) = fp(l(r))=, =z,

Lemma 6.1. For any choice of a and 3, we have

m()

where

ha(4) = f5(l(r)".

Proof. The proof is straightforward using the radial representation of the laplacian.
O

Lemma 6.2. There exists py € (0,p9) such that for any p € (0,p1) we can find
A(p) <0, B(p) >0, B(p) >0 such that

A(p) + B(p)p* = —us(p)(p),
(59) 2B(p)p = —uj,(p),
B(p) = —aA(p).

Moreover, there exist C' > 0 such that él(p)i < B(p) < Cl(p)= for any p € (0, p1).
Proof. We define

1 1 1
F(z,y,t) = (:H—yt—i—(l—ozx—ét logt)a,2y——(1—aw—5tlogt)0_1(1—(a—1)x+5t)>.
a
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Since a > 1, there exists a unique zy < 0 such that (—z0)* = 1 — ax, (actually, we

also have zq < —1). If yo %—xw“ then F'(zg,y0,0) = 0. Since xy # —1, one

can easily verify that 5 )<£L'0, Yo, 0) is invertible. By the implicit function theorem,
we can find 773 > 0 such that for any ¢ € (0,77) there exist x(t) < 0 and y(t) > 0
1

such that F(xz(t),y(t),t) = 0. Let py = e 71, then for any p € (0, pl) the functions
Ap) = 2(l(p) Dl(p)=, B(p) = p2y(l(p) (p)="", B(p) = —aA(p) satisty (59).

Moreover, by construction we have
Blp) = —ax(l(p)"p)7 = —al(p)= (1 + o(1))
as p — 0. U
Next we consider the function ug with 5 = 8(p) and a sufficiently small p.
Lemma 6.3. For any small p € (0, p1) we have A*ug,) > 0 in B,(0) \ {0}.

Proof. For any fixed p € (0, p1), let hy(r), i = 1,...,4 be as in the Lemma [6.1] with
B = B(p). Note that, if p is sufficiently small, we have

(60)  hp(Ur) =1+ BRIy + 810 > i) >
and
(61) %@U0D=1+6@hum**+&@r4§1+vcﬁgf1s1+va
for any r € (0, p). Similarly, we get

" N2 1) )
(62) Fol1(r) = Blon ey = DI = 155 <~
and |
©) 150 = s ()i + i < ey
Since § < 0, using and we get

46 B C

(64) in(r) 2 o5z (10U ™) = =3
for some C' > 0. Similarly, , and yield
(65) ho(r) < =14+ O(l(p)~?).
Finally, by — we get
(66) hs(r) = O(l(p)~") and  hy(r) = O(1).

Furthermore we have

1 1 1
(67) SUr)= < (l(r)+dlogl(r))= < ug(p(r) < ((1+C)lp)+dlogi(r )= < Cl(r)a.
Then, using and we get

Q\»—‘

1 R I C ugp)(r)
C)w@w)iMﬂ—g%w“>’M”Z‘aﬁﬁﬂﬁ_
_Cui(r) ugy (0 uain ()T
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Thanks to we find

1

o —2a -« —2a
2(%)%@)(@1 *hy(r) = “ﬁ(p)(r)l *hy(r) > 5 up
Similarly, yields

31 (3 Justo (7 ha(r) = = =201 5h(r) = s (100U

and

4! (i) Ug(p) (7’)1_4ah4(’l“) _ (1 — Oé><1 — 206)(1 - 30é> Us(p) (r)1—4ah4<7ﬂ) = ug(p) (T’)l_2a0(l(p)_2).

ot

In conclusion we have

12« -1
A2u5(p) > Up(p) () (04 +O(l(7’)l)) >0

= ra a2
for any r € (0, p) if p is chosen sufficiently small. 0

Now, we fix p as in the previous lemma and we let
1
w(r) = 4 (us(r) + A(p) + Blo)r?) .
Clearly, we have that w € C=(B,(0) \ {0}) N W3?(B,(0)) for any 1 < p < % and
that A%w = 4aA2u5 (o) > 0. Using Lemma 6.1 one can easily check that

4o —1)

()=~ (1 + (1))

asr — 0, and in particular A*w € L'(B,(0)). Moreover, for 7 = p by Lemma [6.2 we
infer that w(p) = w'(p) = 0. Hence, w can be represented by Green’s formula and
thus, by the positivity of the Green function, we get that w > 0 in B,(0). Therefore,
w is a distributional solution of

A?w = a(x)e”  in B,(0),
w=w, =0 on 0B,(0),

2
A Up(p) =

a2t

where a := 4we " A%ug,). By construction, a € C*=(B,(0) \ {0}). We now prove
that a € L>*(B,(0)) and, more precisely, that a extends to a positive continuous

function on B,(0). First, note that by and Lemma m we have

w(r) = 4(ugp(r) + A+ O(r?))~ = dug ) (r)* (1 + u—(r) + O(rzl(r)_i))
B(p)
= duf, (1) + 404Aug(_;3 (r) 4+ o(1)
= 4l(r) +46(p)l(r)" + 40 log l(r) — 45(p)u g(p)( ) +o(1)
= 41(r) + 4B(p)l(r) + 45 log I(r) — 4B(p)l(r) s 4 o(1),
as r — 0. Recalling now that v = O‘T_l, we get

(68) w® = 4l(r) + 46 logl(r) + o(1)
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as r — 0. Our claim is then proved as

_4(¥ W
1,a-1
:4o< 7+O(1)7

where we used that 46 = X —2. However, by one easily sees that w & L>(B,(0)).

a(z) = 45 Aluge ()24 (r) (1 4 o(1))

7. AN OPEN PROBLEM

We completely proved the uniform a-priori bound for solutions of problem
only if the domain is a ball. However, as investigated in Section [£.T], the blow-up
technique may be applied independently of our domain, provided the energy control
Jo Mz, u)dz < A holds. It would be thus very interesting to find an alternative
method to prove such estimate in a general domain. In particular, if the domain is
still positivity preserving for (—A)™, we note that it would be sufficient to replace
the moving-planes argument of Lemma We believe that this should be possible
in the context of small smooth deformations of the ball, which are the only known
examples of positivity preserving domains in dimension N > 3 (see |GR1]).

We note also that in the second-order context such L' bound has been recently
proved in [Ba] for simply connected planar domains. However, the techniques therein
are peculiar to the two-dimensional setting, so they are not straightforwardly gen-
eralisable to the higher-order setting.

APPENDIX A: GREEN FUNCTION ESTIMATES FOR NAVIER BOUNDARY
CONDITIONS

We are here interested in proving a counterpart of Lemmal[2.2)in the case of Navier
boundary conditions. Firstly, decoupling as a system of second-order equations,
one easily finds an explicit formula for the Green function Gy 4y and its derivatives,

(69) Vi Gav (2, 2) — / ViG_a(r,y)Gony, 2)dy,
Q

in terms of G_x, the Green function for the Laplace operator with Dirichlet bound-
ary conditions. In the case ¢ = 0, an estimate of the form may be found in
[GS3], see also [GGS, Proposition 4.13]. Here, inspired by some arguments therein
and taking into account the respective estimates for G_a (see [Wi, Sw]), we give
a proof of the estimates for the derivatives of Gyay. We remark that such result
may also follow by [Kr] as a particular case of very general theory on kernels of
elliptic operators; however, here we give a easier proof which does not require strong
regularity assumptions on the boundary.

Proposition A. Let Q C R* be a bounded domain of class CY and let Gyay(z,y)
be the Green function in ) of the biharmonic operator subjected to Navier boundary
conditions. There exists C > 0 such that for all x,y € ), x # y, we have that

dg(l’)dﬂ(y)) 7

|Gyav(z,y)| < Clog (1—1— 5
|z =y

(70) ViGrvav(z,y)] <

z —y["
with the convention that V2f := Af and V3f := V(Af).
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Proof. We start proving for i = 1. Indeed, the estimates for i = 2, 3 easily follow
by means of the decomposition into coupled systems and the estimates for G_A. In
the sequel, we strictly follow |[GS3|. Fix z,z €  and define O, := B%‘x_z‘(:p) N €,
similarly O, := B%|x_z|(z) N Q and let then R := Q\ (O, U O,). Applying the
pointwise estimates for G_x in dimension 4 (see [Swl §3.2]) and (69) we get

A (1/\ ())(1/\d(yd(§)
IWGmMLMi/i EETEASR TR /QI%
0 r—yPly—7

It is easy to show that on O, we have |y — z| ~ |z — z| and on O, there holds
|z —y| ~ |x — z|. Hence,

Q@wwﬂyj/)W—w*w—%F%yﬁu—%Va/lw—mﬁ@

OIL‘ x x

2|z—2|
j\x—z\’Q ’ dp < 1 )
B T —z
| |

(71)

and an analogous estimate for Q(z, -, z) on O, holds.

On R there holds |y — z| ~ |z —y|. In fact, on one hand |y — z| > 2|z — y|, so
|z —y| < |z — 2|+ |z —y| < 2|y — 2|, and, on the other, |y — x| > 2|z — 2|, implying
ly — z| < |z — y|. Furthermore, the following relation holds (see |[GSI, Lemma 3.2]
as well as [GGS, Lemma 4.5]):

(1A%%%%> O”W;%;)(“W;fg)glAéggT

As a result, we get

l/Qxy,dy</}x_m5QA,<>O(LA§¥%)
f/;“_yﬁ<lAmim><“ijg>

To estimate we distinguish two cases depending on the reciprocal distance
of x and z compared with their distance from the boundary. We denote by D a
sufficiently large radius so that R C Bp(z) \ O,.

Case |z — z|> < d(z). If so, one has 2|z — z| < y/d(z) and thus we continue as

(72)

follows:
b 1 d(z)
/ Q(x,y, z)dy = / p° (1 A —) (1 A —) pidp
R %\mfz| P p
£\ d(z) D
(73) = / p2dp + d(z)/ pdp
2|z—2| Vd(2)
- 1 i 1 1
T ez d(z) T o 2]
Case |z — z|* > d(z). Then,
b d(z) 1
74 / Q(z,y, z)dy < d(z / ptdp < < .
) % o FEFERrE
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The result is obtained combining estimates , the analogue in O,, and .
(]

[Ad]
[ARS]
[Bal
IBGW|

[BM]

[BT]
[CL]
[CS]

[DS]

[dF1]
[dF2)

[dFLN]

[dFdOR|

[dFAOR2]

[DST]
[FGW|
[GGS]
[GiSp]

[GR1]

|GR2]

[GS1]

[GS2|
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