REMARKS ON A SOBOLEV EMBEDDING

E.A.M. ABREU, M.F. FURTADO, AND E.S. MEDEIROS

ABSTRACT. In this paper, we prove a Hardy-Sobolev type inequality which is
posteriorly used to give a characterization of an important class of Sobolev
space. The abstract setting is applied to obtain the existence of solution for a
class of elliptic equations with Neumann/Robin boundary conditions.

1. INTRODUCTION AND MAIN RESULTS

For any domain  C RY, we denote by C5°(Q) the set of all functions v €
C§°(RYN) restricted to Q. For N > 2, let RY := {(2/,zn) : 2’ € RN~ 2y >0} be
the usual upper half-space. The main goal of this note is to give a characterization
of the Sobolev space defined as the completion of C§° (Rf ) with respect to the norm
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v / |Vv|2dx+/ vida’ .
RY RN -1

Our starting motivation arises from the growing interest in partial differential
with Neumann/Robin boundary conditions of the form

—Av=f(z,v), inRY
% +Xv = g(z,v), ondRY,

see for instance, [1, 4, 8, 11] and references therein. One of the challenges in solving
this kind of problem via variational methods is to obtain embedding into Lebesgue
spaces. This step is crucial because it allows us to analyze the properties of the
solutions and apply powerful tools from functional analysis. As it is well-known,
Hardy-Sobolev inequality and its variants play an important role in this feature.
For example, Opic-Kufner [10] (see also [2, 7, 8, 11, 14, 3]) and references therein
provide different conditions on the weight functions w; and ws for the validity of
the Hardy-Sobolev inequality:

/wl(sr)\u|pdx§/wg(ac)|Vu|pal3v7 u € C5°(Q).
Q Q

In the aforementioned works, the authors deal with functions that vanish at the
boundary. However, when dealing with PDEs with Neumann/Robin boundary
conditions (see Section 2), it is important to consider functions that can take
nonzero values on the boundary of Q. Therefore, we first cite the papers by
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Janssen [8] and Pfluger [11], where they obtained a constant Cy > 0, satisfying
the following Hardy type inequality:

/‘“idmc </ \wde/ M|upda> we R Q)
o L+ z[r™" =70\ g aa (1+]z])P ’ ’ '

Here, 1 < p < N and v denotes the unit outward normal vector on 0€2. For further
results, we refer to the works [6, 7, 13, 14], and their references.

In order to state our results, we denote by £%2 the completion of Cg° (Rf ) with
respect to the norm

1/2
2
o] = / |Vv|2dx+/ v2dx'+/ S
RY RN-1 ryY (1+zn)

¥
In our first result, we prove the following Hardy-type inequality:

Theorem 1.1 (Hardy inequality). For any v € £%2, there holds
1 2 1
(1.1) f/ v72d:1:§/ |Vv|2da:—|—f/ vida’.
4 RY (1+zn) RY 2 Jry-1
The above result is an improvement of [1, Theorem 1.1]. Moreover, it also
complements some related results which can be found in the papers [12, 5, 9],

where Hardy-type inequalities are stated in the context of C§°(R%) functions.
As a direct consequence of the above theorem, we see that the norm || - || is

equivalent to
1/2
[vllgre = (/ IVU\de+/ v2dx'> )
Rf RN-1

In order to better understand this new norm, we denote by X2 the completion of
Cs°(RY) with respect to the norm

1/2
lu|lx1z = (/N(l +ggN)2|V’U,|2d:L'> .
R

+

If N > 3, we clearly have that X2 — DV2(RY) — L?"(RY). Hence, it is
natural to ask if X1? can be immersed into some Lebesgue spaces even for N = 2.
Corollary 1.3 asserts that the answer is positive. It is a consequence of the next
theorem, which is the main result of this note.

Theorem 1.2 (An isometric model for £1:2). The linear map
T (€2, flena) = (X2, - [lxcn2)
defined by T (v) := v(1 4+ xx)~1 is an isometry, that is, it is bijective and
ITvlxr2 = [lvllgre, Vve&h?
As a byproduct, we obtain the following:
Corollary 1.3. For any u € X2, there holds
luli3es ey < SllulZo
In particular, X2 — WH2(RY).

In the next section, we prove the results stated in this introduction. In Section
3, we present a simple application in PDE.
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2. PROOFs OF THEOREMS 1.1, 1.2 AND COROLLARY 1.3

Proof of Theorem 1.1. We first prove the inequality for v € CgO(Rf ). Integrating
by parts, we obtain

> v2 > d 1
——day = -— L ———; [
/0 (1+$N)2 N A dLUN (1+.TN) N
v? o0 < 2
= —— + — N _dxy.
(1+2n)len=0 /0 1 +ay) ¥

Since v has compact support, for any € > 0 we get

o v2 v
— dx = vx’,02+/ Ny
| ey = wahors [ v

IN

oo 2
M2 v 1 2
v(z’,0) —l—/o |:8(1 o)’ + 6|Vv\ } dry,

where we have used 2ab < ea? 4+ ¢~'b%. After integrating over RV 1, we obtain

V2 /
e(l—¢ —  _dz< Vv%lm—i—s/ v(z’,0)%dx’
( )/Mumw v [0

and the result follows by picking £ = 1/2.
For an arbitrary v € £2, we consider a sequence (v;) C C5°(RY) such that
v — v in €2, Thus,

[Vog| — [V, in L*(RY),
|vg| = |vl, in L2(RN-1),
[V | [v] : N

(1+;N) = Trzyy 0 LQ(]R_~_)7

and we can take the inequality

1/ v,%d$</ Vv |2dx+1/ vida'
4 Ri\—, (1+.’EN)2 - RN k 2 RN-1 k

+
to the limit to conclude the proof.

Proof of Theorem 1.2. Let v € &%? and denote u := Tv = v(l + zy)~t. A
straightforward computation shows that

Vo2 = (1 4+ 2n5)?|Vul? + 2(1 4 z,)uug, + u?.
Using integration by parts, we get

J

|Vo|2dx = / [(1+2n)?|Vul + (1 + 25) (U)o + u?] do

N
+ R

-,

where we have used that the exterior normal to ORY is v = (0/, —1). Thus,

(2.1) ||v||§1,2:/ |Vv\2dx+/ v2dx':/ (1 + zn)?Vul?dz = | Tv|| %12
N RN—l ]RN

R +

(1+1:N)2|Vu|2dx—/ v2da’,

N N-—1
N R

and the proof is concluded. O
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Proof of Corollary 1.3. Given u € X2 we set v:= T lu= (1+ay)u € EH? and

compute
/ (1 +2n5)?|Vu|>dz / |Vv|2dx—|—/ v?dx’
RN RN RN-1

+ +

1 2 1
> 7/ vidxzf/ u’da,
4 Jry (14 an)? 4 Jry

where we have used Theorem 1.2 and inequality (1.1). By using the above inequality
and 1 < (1 + xx)?, we conclude that

‘/[thw%mgwﬁu+/ w?dz < 5||ul%2,
RY RY

and we have done. O

3. APPLICATIONS TO PDE’s

In this section, we briefly discuss how we can apply our abstract results to look
for weak solution of partial differential equations. As a simple example, we pick

a € L>(RY) and consider the zero-mass problem
P) —Av=a(z)v|7 %, inRY
% +v= 0, on 8R_IX.

Formally, the energy functional associated to the above problem is given by

1 1
Z(v) = 5/ \Vv|2dx—|—/ vidx’ — 7/ a(x) vz, ve V2.
RY RN-1 D Jr

N

+
Let 2* := 2N/(N — 2), if N > 3, and 2* := o0, if N =2. When N > 3, the above
functional is well defined for ¢ = 2* due to the embedding D2(RY) — L¥ (RY).
However, it is not clear how we can deal with the subcritical case 2 < ¢ < 2*.

We are going to show that, using the isometry T, we may consider the problem

when the power ¢ belongs to the classical subcritical range. More specifically, we
assume that

(ap) 2 < g < 2* and there exists C; > 0, such that

Ch
0<a(z) L —mm—
<a(z) < AT on)
Under the above hypothesis, we can use Corollary 1.3 to guarantee that the
functional

1 1
me:f/‘ﬂ+mNﬂVM%x—§/ a(2)(1 + o) |ul0dz, ue X2,
RY RY

N
, Vo eRy.

2

is well defined and belongs to C'(X12 R). It follows from Theorem 2.1 that
Z(T~'u) = J(u), for any u € X2, Since T is linear, we conclude that u € X12 is
a critical point of 7 if, and only if, v = T~ 'u € £12 is a critical point of Z.

Remark 3.1. If v € C*(RY) N CY(RN-1) is a classical solution of (P), we may
use a straightforward computation to verify that u = (1 + xx)"1v is a solution of
{ —div((1 + zn)?Vu) a(@)(1+ zn)?u|?%u, inRY

ou __ N
% = 0, on ORY.
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In order to obtain a critical point for 7, we need some kind of compactness. So,
suppose that b € L9, (RY) is nonnegative and b(z) — 0 as [z| — +oo0. We shall

loc

prove that the embedding of X2 into the weighted Lebesgue space

LI(RY) := {u € Li,(RY) : /RN

+

b(x)|u|%dx < oo}

is compact. Indeed, let (uj) C X2 be such that u;, — 0 weakly in X2, For
any given £ > 0, there exists R = R. > 0 such that b(z) < e in RY \ Bg(0).
Consequently, if we denote BE := RY N Bg(0), we have that

b Udx < |b]] ; o 9q ddz.
[ olundrde < 10y [ lvdo e [ jugrds

+
RY R -IX\BR

By using Corollary 1.3, the compact embedding W12(B},) < L4(Bj},), and the
boundedness of (ux), we can further derive:

limsup/ b(x)|ug|Tdx < Cae,
k—+oco JRN
+
where Cy := SqueN{H“kHLq(JRf)} > 0. Since € > 0 is arbitrary, we conclude that
up, — 0 strongly in L{(RY).

We are now able to present the following application of our abstract results:

Theorem 3.2. Suppose that 2 < q < 2*. If a : RY — R satisfies (ao) and

(@) lim a(z)1+2zn)9=0,
|z| =400

then the problem (P) has a nonzero weak solution.

Proof. As noticed before, we need only to obtain a nonzero critical point for 7. In
order to do that, we define

M= {u e xXh? . / a(z)(1 + zy)?|ullde = 1}
RN

N
and

:= inf 2.
Co UIGHM [[ullr

If (ur) C M is a minimizing sequence for ¢, we may assume that u; — ug weakly
in X2, Since the norm is weakly lower semicontinuous, we get

||u0||§(1,2 < lim inf H'Uzch%(lz = ¢p.
k—+o0

Moreover, from (a;1) and the former considerations, along a subsequence we have
that
1= lim a(x)(1+ zn)?ug|?de = / a(z)(1+ zn)?u|?dz.
k—+o00 Rf ]Rf
All together, the above expressions imply that ¢y is attained at uy € M. By using
the Lagrange’s Multiplier Theorem and a straightforward computation, we conclude

that v := c(l)/(q_Q)uo € X12 is a nonzero critical point of 7. O
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We conclude the paper by noticing that we can deal with nonlinearities of type
a(z) f(u) provided we impose correct growth conditions on f. Moreover, we can
use the isometry T and its consequences to deal with problems like

—div(b(z)Vu) = a(z)f(u), in RJJ’\_I
% = Oa on 3]1%1

We omit the details since the focus here is the abstract setting developed in the
first section.
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