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THE EFFECT OF CURVATURE ON THE BEST CONSTANT IN
THE HARDY-SOBOLEV INEQUALITIES

N. GHOUSSOUB AND F. ROBERT

ABSTRACT. We address the question of attainability of the best constant in
the following Hardy-Sobolev inequality on a smooth domain € of R™:

-
s () := inf / |Vu|?dz; u € H? 5(Q) and [ul dr =1
Q ’ o lzl°

when 0 < s < 2, 2* 1= 2%(s) = %, and when 0 is on the boundary
9. This question is closely related to the geometry of 0f2, as we extend here
the main result obtained in [15] by proving that at least in dimension n > 4,
the negativity of the mean curvature of 9Q at 0 is sufficient to ensure the
attainability of ps(€2). Key ingredients in our proof are the identification of
symmetries enjoyed by the extremal functions correrresponding to the best
constant in half-space, as well as a fine analysis of the asymptotic behaviour
of appropriate minimizing sequences. The result holds true also in dimension
3 but the more involved proof will be dealt with in a forthcoming paper [17].

1. INTRODUCTION
Let Q be a smooth domain of R™, n > 3 and denote by H 1210((2) the completion
of C2°(Q), the set of smooth functions compactly supported in €2, for the norm
lullzz ) = \/ Jo IVul? dz. The Hardy-Sobolev inequality ([5], [6], [18]) asserts

that for s € [0,2] and for 2* := 2*(s) = %, there exists C' > 0 such that for all
u € Hi o(R"),

2

|“|2* . 2
FE dx <C |Vul dx. (1)
R |T R™

U2 X
(@) = inf { A2V e o) oy b @

(Jo i ax) ™

and we consider the corresponding ground state solutions in Hf 4(€2) N C*(Q) for

We define

Au = |2;|;1 in D'(Q)
u>0 in Q (3)
U= on Of).
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where here and throughout the paper, A = —3".0;; is the Laplacian with minus
sign convention.

It is well known (see for instance [27]) that in the non-singular case i.e., when
s =0, we have uy(Q) = ps(R™) for any domain Q and that ps(2) is never attained
unless cap(R™ \ Q) = 0. In this situation, the limiting spaces after blow-up of
solutions of (3) is R™. It was shown in [18] that the same result holds true for any
0 < s < 2 as long as 0 belongs to the interior of a domain.

However, the fact that things may be different when 0 € 9N first emerged in a
paper by Egnell [12] where he considers open cones of the form C' = {z € R";z =
r,0 € D and r > 0} where the base D is a connected domain of the unit sphere
S7~1 of R™. Egnell showed that us(C) is then attained for 0 < s < 2 even when
C # R™. This obviously applies to a half-space R" = {x € R" /z; < 0}, where 2;
denotes the first coordinate of a generic point € R™ in the canonical basis of R™.

Half-spaces containing 0 on their boundary were identified in [15] as the limiting
spaces after blow-up in the case where 0f2 is smooth at 0, and the curvature of the
boundary at 0 then gets to play an important role. In our context, we specify the
orientation of Jf2 in such a way that the normal vectors of 02 are pointing outward
from the domain Q. It was shown in [15] that in dimension n > 4, the negativity
of all principal curvatures at 0 —which is essentially a condition of “strict concav-
ity” at 0— leads to attainability of the best constant for problems with Dirichlet
boundary conditions, while the Neumann problems required the positivity of the
mean curvature at 0. On the other hand, standard Pohozaev type arguments show
non-attainability in the cases where €2 is convex or star-shaped at 0.

In this paper, we improve and complete the results in [15] in a substantial way
by showing that for the best constant to be achieved, it is sufficient that the mean
curvature be negative. This is now quite similar but dual to the case with Neumann
boundary conditions which requires the mean curvature to be positive.

More precisely, assume that the principal curvatures aq, ..., a,—1 of 9Q at 0 are
finite. The oriented boundary 9 near the origin can then be represented (up to
rotating the coordinates if necessary) by x1 = ¢o(2') = =2 37", aj_122 + o(|2’|?),
where 2’ = (22, ...,2,) € Bs(0) N {z1 = 0} for some § > 0 and where B;s(0) is the
ball in R™ centered at 0 with radius §. If one assumes the principal curvatures at
0 to be negative, that is if

max a; <0,
1<i<n—1

then the sectional curvature at 0 is negative and therefore 92 —viewed as an (n—1)-
Riemannian submanifold of R™— is strictly convex at 0 (see for instance [14]). The
latter property means that there exists a neighborhood U of 0 in 92, such that
the whole of U lies on one side of a hyperplane H that is tangent to 02 at 0 and
U N H = {0}, and so does the complementary R™ \ , at least locally. The above
curvature condition then amounts to a notion of strict local convexity of R™ \ Q at
0. Our main result below shows that at least for dimension greater than 4, it is
sufficient to assume that
Z a; < 0.

1<i<n—1
Theorem 1.1. Let Q be a smooth bounded oriented domain of R™ where n > 4, such
that 0 € 9Q and assume s € (0,2). If the mean curvature of OQ at 0 is negative,
then the infimum ps() in (2) is achieved. In addition, the set of minimizers of
(2) is pre-compact in the H{ (Q)—topology.
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The first difficulty we have to face here is that the extremals for (2) when Q = R™
are not known explicitely, and our first result below —proved in section 2— is the
identification of certain symmetries enjoyed by these extremals —and actually all
positive solutions— on half-space.

Theorem 1.2. Letn >3, s € (0,2) and consider u € C?(R™) N C*(R™) such that

*

Au = “TT in R™
u>0 in R™ (4)
u = 0 on aRZ,

where 2% = % Assume that for some C > 0, u(z) < C(1 + |z)'=" for all
x € R™. Then we have that uoo = u for all isometry of R™ such that o(R™) = R™.
In particular, there exists v € C*(R* x R) N CH(R_ x R) such that for all z; < 0

and all ' € R"~!, we have that u(zq1, ") = v(z1, |2’]).

The attainability result is then obtained by combining this new information
with a fine study of the asymptotic behaviour of solutions to the corresponding
subcritical pde’s. They can eventually develop a singularity at zero as we approach
the critical exponent 2*(s), and for that we proceed to completely describe the way
they may blow up, which makes for an interesting analysis in its own right.
Indeed, assume €2 is a smooth bounded domain of R™ such that 0 € 92 and consider
for any € € (0,2* — 2), the infimum

Jo IVuf? dae
1 2 b
ueH? o ()\{0} w2t —e Pra=r
e (fsz Lo dx)

]

p(€2) ==

which is achieved by a function u. € Hf 4(Q), ue > 0 in Q in C*(Q) N C?(Q\ {0})
that satisfies the system

Aug = 2o in D'(Q)
ue >0 in Q
e 2% —¢ . 2% —¢
Jo L= o = (ug() 7=

The bulk of the paper (beyond section 2) consists of proving the following estimate.

Theorem 1.3. Let Q be a smooth bounded oriented domain of R™ where n > 4,
and assuming that ue converges weakly to zero (i.e. when blow-up occurs), then
there exists v solution for (4) such that

*

/ Vol do = g (@) 772 = i (R2) 72,
R™

while -modulo passing to a subsequence- we have

(n—2s) faRﬁ |z|?|Vo|? dz
-H(0

lim e(maxué)ﬁ = —
S (22, (B2

where H(0) is the mean curvature of the oriented boundary 0 at 0.

These techniques actually allow us to prove the following existence theorem. We
shall say that a function is in C1(€) if it can be extended to a C'—function in a
neighborhood of 2.
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Theorem 1.4. Let Q be a smooth bounded oriented domain of R™ where n > 4,
such that 0 € 9. Assume s € (0,2) and consider a € C*(Q) such that the operator
A + a is coercive in 2. If the mean curvature of 02 at 0 is negative, then there
exists a solution u € HY y(Q) N C1(Q) for

2% —1

u>0 in
u=20 on 09).

The study of blow-up solutions in certain nonlinear elliptic equations was initi-
ated by Atkinson-Peletier [1] (see also Brézis-Peletier [3]). In the Riemannian con-
text, such asymptotics were first studied by Schoen [28] and Hebey-Vaugon [23].
The techniques of blow-up have been developed in a general context by Druet,
Hebey and the second author [10]. They turned out to be very powerful tools for
the study of best constant problems in Sobolev inequalities, see for instance Druet
[7], Hebey-Vaugon [23], [24] and Robert [26]). We also mention the work of Han
[21], Hebey [22], Druet-Robert [11] and Robert [25]) on the asymptotics for solu-
tions to nonlinear pde’s, the 3—dimensional conjecture of Brézis solved by Druet [8]
and the intricate compactness issues in the Riemannian context (see for instance
Schoen [28] and Druet [9]).

In a forthcoming paper [16], we shall establish a more refined compactness result
which yields an infinite number of sign changing solutions for (3). In another
forthcoming article [17], we tackle similar questions for various critical equations
involving a whole affine subspace of singularities on the boundary.

2. SYMMETRY OF THE POSITIVE SOLUTIONS TO THE LIMIT EQUATION

This section is devoted to the proof of Theorem 1.2, that is the symmetry prop-
erty for the positive solutions to the limit equation on R™. For that, we consider
u € C2(R™) N CY(R™) that verifies the system (4) while verifying for some C' > 0

the bound o
< -
1) S Ty ®)

for all # € R™. Denoting by €7 the first vector of the canonical basis of R”, we
consider the open ball D := By 5 (—%61) and define

() == |z "u (51 + &) (6)
for all z € D\ {0} and v(0) = 0. Clearly, this is well-defined.
Step 2.1: We claim that

v
ov

where 0/0v denotes the outward normal derivative.

v e C?*(D)nCY(D) and < 0on 0D (7)

Proof. Tt follows from the assumptions on u that v € C*(D) N CY(D \ {0}). More-
over, v(z) > 0 for all € D and v(z) = 0 for all z € 9D \ {0}. It follows from (5)
that there exists C' > 0 such that

v(z) < Clz| (8)
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for all z € D\ {0}. Since v(0) = 0, we have that v € C°(D). The function v verifies
the equation
2*—1 2*—1

Av

— = 9
T ePal - Pt ar ©)

in D. Since —€; € 9D\ {0} and v € C1(D\ {0}) N C°(D), there exists C' > 0 such
that

v(z) < Clz + & (10)
for all z € D. It then follows from (8), (9), (10) and standard elliptic theory that
v € CY(D). Since v > 0 in D, it follows from Hopf’s Lemma that % < 0 on
oD. (]

We prove the symmetry of u by proving a symmetry property of v, which is
defined on a ball. Our proof uses the moving plane method. We take largely
inspiration in [19] and [4]. Classically, for any g > 0 and any z = (2/,2,) € R”
(#' € R""! and z,, € R), we let

z, = (2',2p—a,) and D, = {x € D/ z,, € D}.

It follows from Hopf’s Lemma (See (7)) that there exists ¢y > 0 such that for any
1 € (3 — €0, 3), we have that D, # 0 and v(z) > v(z,) for all z € D, such that
Zn, < . We let p > 0. We say that (P,) holds if:

D,, # 0 and v(z) > v(z,) for all € D, such that z, < pu.
We let

A = min {,u > 0; (P,) holds for all v € <,u, %) } . (11)

Step 2.2: We claim that A = 0.

Proof. We proceed by contradiction and assume that A > 0. We then get that
D) # 0 and that (Py) holds. We let

w(x) == v(z) —v(z))

for all x € Dy N {x, < A}. Since (Py) holds, we have that w(x) > 0 for all
x € DynN{z, < A}. With the equation (9) of v and (P), we get that

U(I)Tfl v(z)\)z*71

o+ [z2e s Jax + Jax[?erf

* 1 1
S oz )21 _ _
= @) (|x+|z|2e1|s |u+|m|zel|s)

for all z € Dy N {x, < A}. With straightforward computations, we have that
|zal? = Jal* = AA(A — @)
[+ [aE 2 = [o + o262 = (l2al2 = [2l?) (1 + [2al? + [af? + 221))
for all x € R". It follows that Aw(z) > 0 for all z € Dy N {z, < A}. Note

that we have used that A > 0. It then follows from Hopf’s Lemma and the strong
comparison principle that

Aw =

w>OinD>\ﬂ{:cn<)\}andg—ls<00nD>\ﬂ{zn:)\}. (12)
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By definition, there exists a sequence ()\;);en € R and a sequence (z%);eny € D such
that \; < A, 2t e D)\i, (:Z?l)n < A, hmiiq,oo A = A and

v(z') <u((z')x,) (13)
for all ¢ € N. Up to extraction a subsequence, we assume that there exists z €
Dy N {z, < A} such that lim; ., 2’ = z with z, < \. Passing to the limit
i — 400 in (13), we get that v(x) < v(xy). It follows from this last inequality and
(12) that v(x) — v(zy) = w(xz) =0, and then & € (D N {z, < A}).
Case 1: If x € OD. Then v(z)) =0 and z) € dD. Since D is a ball and A > 0, we
get that x = x5 € dD. Since v is C!, we get that there exists 7; € ((%)n, 2\ —(2%),)
such that

o) = ({5 = D)) % 2w = N)
Letting i — 400, using that (z¢),, < A\; and (13), we get that 9,v(x) > 0. On the
other hand, we have that
ov . A ov

= 5(3@) (v(@)|en) = m@ z)

A contradiction with (7).

Case 2: If x € D. Since v(zy) = v(z), we then get that zx € D. Since z €
O(Dx N {z, < A}), we then get that © € D N {x, = A\}. With the same argument
as in the preceding step, we get that d,v(z) > 0. On the other hand, with (12), we
get that 20,v(x) = d,w(z) < 0. A contradiction.

Onv () < 0.

In all the cases, we have obtained a contradiction. This proves that A = 0. (]

Step 2.3: Here goes the final argument. Since A = 0, it follows from the definition
(11) of A that v(a',z,) > v(z', —x,) for all z € D such that z, < 0. With the
same technique, we get the reverse inequality, and then, we get that

(@', ) = v, —x,)

for all x = (2’,2,) € D. In other words, v is symmetric with respect to the
hyperplane {x,, = 0}. The same analysis holds for any hyperplane containing €j.
Coming back to the initial function w, this complete the proof of Theorem 1.2.

3. TEST-FUNCTIONS ESTIMATES

We first introduce some definitions and notations. We consider a family (a.)eso €
C1(Q2) and a function a € C*(Q) such that there exists an open subset U C R"
such that a.,a can be extended to U by C!—functions that we still denote by ac, a.
We assume that they satisfy

Q ccU and liII(lJ ac =ain CL.(U). (14)

We assume that
A + a is coercive in €2, (15)

that is, there exists ¢y > 0 such that

/(IW?I2 + ap®) dw > Co/ ©* da
Q Q
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for all p € CL(Q), the set of C!-functions compactly supported in Q. Finally, we
let
fQ (|Vul* + au?) dx

(o 222 a0)

Note that () = us(). We let o € 9. Since 052 is smooth and zy € 09,
there exist U,V open subsets of R”, there exists I an open intervall of R, there
exists U’ an open subset of R"~! such that 0 € U = I x U’ and 2o € V. There
exist p € C°°(U,V) and o € C*°(U’) such that

/Ls,a(Q) =

(i) ¢:U—Visa (C>™ — diffeomorphism
i) o(0) = 2o
i) Dop = Idgn
w) eUN{z1 <0})=pU)NQand o(UN{x1 =0})=pU)NN.
v)  p(r1,y) =20 + (71 + po(y),y) for all (z1,y) e I xU' =U
(vi)  o(0) =0 and Vu(0) = 0.

(16)

Here D, denotes the differential of ¢ at x. This chart will be useful throughout
all the paper.

The first result we prove is an upper bound for ps o (2).

Proposition 3.1. Let Q be a smooth bounded domain of R™, n > 3, such that
0€9Q. If a € C°(Q) and s € (0,2), then pisq(Q) < ps(R™).

Proof. Let a > 0 and u € C°(R?) \ {0} such that
Jan |Vul? dz

2

|u\2 2%
(Jeo B o)

Taking zp = 0 in (16), we define
~ ~1
UE(I) = E_nT2u <7(P (:E))

for all x € 2 and all € > 0. As easily checked, for € > 0 small enough, we have that
ue € C°(Q).
With a change of variable, we get that

iy ()
o |zl n (y

Since w is compactly supported, we get with point (iii) of (16) and Lebesgue’s
convergence theorem that

2* 2*
lim [ucl dx:/ [u] dzx.
0 Jg |z[* re |T[®

On the other hand, we have that

/(|Vu€|2+auf)dw:/ (IVul2, + ao pler)u?) - v/lgd de,
Q R™

S ,UJS(R:L) + «

- [Jac(ey)| dy
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where (ge(x))i; = (Oip(ex), 0j0(ex)), and |ge| = det(ge). With point (iii) of (16)
and Lebesgue’s convergence theorem, we get that

lim (|Vu€|2+auf)dw:/ |Vul|® dz.
) R™

e—0 J¢

As a consequence, we get that

Vue|? + au?) dz Jon [Vul? dz
Joudl tamcide S 72T L (1) < uf®2) + 0+ o)

|u5|2 2 u‘2
(fQ BEER ) (IR” TJxls )
where lim._,go(1) = 0. Letting ¢ — 0 and o — 0 yields the conclusion of the
proposition. ([l

s,a(2) <

4. THE SUBCRITICAL CASE

Step 4.1: In order to construct minimizers for ps o(£2), we consider a subcritical
minimization problem for which we recover compactness. This is the object of the
following proposition.

Proposition 4.1. Let Q be a smooth bounded domain of R™, n >3 and s € (0,2).
For any € € (0,2* —2), we let a. € C1(Q) such that A + a. is coercive. Then for
any € € (0,2* —2), the infimum

. , (|Vu|? + acu?) dzx
Hs,a. (Q) = uEHZHEg)\{O} fﬂ 2% —e 2*_2 ’
1,0 (fQ Ju| dCC) —e

EIR

is achieved by a function ue € Hf (), ue > 0 in Q. Moreover, uc € C*(Q) N
C?(Q2\ {0}) and can be assumed to satisfy the system

Aue + acue = Le—— in D'(Q2)
ue >0 imn Q

‘u|2 2% —e

Jo Mg dee = (5 4, () 77

Proof. This result is quite standard. We prove the proposition for the sake of
completeness. We claim that there exists a minimizer for ug , (©2). Indeed, let
(ur)ren € Hf o(2) be a minimizing sequence for pf , (Q2) such that

2% —e€
/Q e dr =1 and pg , () = /Q(|Vuk|2 + acu?) dz + o(1)

|[*

where limg_.+ o 0(1) = 0. Since |[ukllgz () = O(1) when k — +oo, there exists
G € H?((Q) such that, up to a subsequence, up — @, weakly in Hf ;(€2) when
k — 400 and limg o0 up(z) = Ge(x) ae. in Q. Let O = up — Ge € H7 o(Q). As
easily checked, we have that

1 o, () = / (|Viie|? + aca?) dx +/ |VO|? da + o(1), (17)
Q Q
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where limy_, 400 0(1) = 0. Let n € C°(R) such that n(x) = 1 for all z € [-1,1].
Let A > 0. With Lebesgue’s theorem, we have that

2% —¢ |2*—e

|u| B
o |zl o lzf*

UL e () B
+/ - o 1o (%)

dm’

|a6|2*7e

|[*

dx

uk |Uk|2 1 Ue |11€|2*
dr + — 1-— — d
/‘ s A o |t T\ )| e
Jug|* L[ fad”
<o(l)+ —/ de + — dx
Ac Jg |zl Ac ozl

1 _2* - *
< o(1) + - me( ) (JlunlFz ) + 13 o)
where limy_, 1o 0(1) = 0. Letting k — 400, and then A — +o0, we get that

2% —¢ |2*—e

lim [

= dx.
oroo Jo ol o o

It then follows that [, ‘"é“w‘s dx = 1. With the definition of x5 , (€2), we then get
that

oo (@) < [ (V3P + a.i?) o

Q

With (17), we then get that limg 4o 0 = 0in H7 ;(€2). As a consequence, 5 , (€2)
is attained by u.. This proves the claim.

Up to replacing @, by ||, we can assume that @, > 0. We let

S
we = pe ()7,

As easily checked, uc > 0 is also a minimizer for u§ , (). It satisfies

2% —1—¢

€

|z[*

Moreover, it follows from the appendix and standard elliptic theory that u. €

CHQ) N C?(Q\ {0}). Since Au, > 0in Q and u, # 0, it follows from the strong
comparison principle that u. > 0 in . ([l

Aue + acue =

in D'(Q).

Step 4.2: For any € € (0,2*—2), we let (ac),a as in (14) and (15). We let g, (£2)
as in Proposition 4.1. We claim that

lii% ui,ae () = ps,a(9).
Indeed, we let o > 0 and let u € C°(2) \ {0} such that
Jo(IVul* + au?) d

2
|u\2 2%
fQ \m\s

< psa(92) +



10 N. GHOUSSOUB AND F. ROBERT

We have that

(|Vul? + acu?)d Vu|? + au?)d
lim fsz| ul aeu?) w_fsz(| ul au)imﬁ,us,a(ﬂ)—&-a.

— =
e—0 |u‘2*7e ¥ —¢ |u|2* 2%
(fn BEEE ) (fQ Tz[* dx)

Letting € — 0 and a — 0, we get that
hm sup y’s Qe (Q) S MS,G(Q)’ (18)

e—0

We now let v € C°(02) \ {0}. It follows from Hélder’s inequality that

2
*

|U|2*_6 2*275 d(E 2*,(gi76) |’U|2* 2
U e) = (L) (L)
o |zl o |zl o |7l
and then

Jo(IVo]? 4 av?) dz - (/ dz ) AECIED Jo(IVo]? + acv®) do
2 — 2
o2 . \2F a lzl® o[ = T e
(fn EE ) (fn EE d"’”)

Jola —ac)v® da

(fo e ) ™

for € > 0 small. Here, we have used that A + a. is coercive on Q for ¢ > 0
small, which is a consequence of (14) and (15). Taking the infimum, using Hélder’s
inequality and (14), we get that

fs,a(€2) < (14 0(1))ps o, (2) (19)
where lim._,0 0(1) = 0. The conclusion of Step 4.2 then follows from (18) and (19).

Step 4.3: We prove that, when it is nonzero, the weak limit of the u.’s is a
minimizer for ps o (£2). This is the object of the following proposition.

Proposition 4.2. Let Q be a smooth bounded domain of R™, n > 3, such that
0 € 0. Forse (0,2) and € € (0,2* — 2), we let a.,a be as in (14) and (15). For
any € € (0,2* —2), let pg , () and uc be as in Proposition 4.1. Then there exists
ug € Hy(Q) such that, up to a subsequence, ue — ug weakly in Hf o(Q) when
€ — 0. If ug Z 0, then lim¢_gu. = ug strongly in H1270(Q) and ug 1S a minimizer
for ps.o (). In particular, s o(2) is attained.

Proof. Tt is clear from Proposition 4.1 and the hypothesis (14) and (15) that
||Ue|\H§0(sz) =0(1)

when € — 0. Then there exists ug € H%)O(Q) such that, up to a subsequence,
ue = ug weakly in Hf 5(€2) when e — 0. We assume that ug # 0. It then follows
from the definition of 15 4(€2) that

Jo(IVuol? + aug) d
2
o |2 2r
(Jo ek az)”
2 —1—e

Testing the weak inequality Au. + acue = uems on ug and letting € — 0, we get

that o
[ 19w + gy ae = [ 1oL
Q Q

|z[*

> ps,a(9).
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We then obtain that

*

2*
/ |U0| dr > MS,(I(Q)QEﬁ'
S

) |l

Since u, — ug when € — 0, we get with the definition of u. in Proposition 4.1 and
Step 4.2 that

2* 2% —€ .
/ |’|‘0||S dz < liminf |“T| o= Jo.a() 72,
Q X €— Q X

Consequently, we get that

2* o
07wl + andyo = [ B0 de = (0)7 (20)

|z[*
2% —¢

Since pf, ()72 = [(|Vuc® + acu?) dz, we get with the definition of u, in
Proposition 4.1 that

o

Hea ()72 = / (Vuol? + au)de + | [V(ue —uo)® de +o(1)  (21)
Q Q

with lim. g o(1) = 0. It follows from (20) and (21) that lim .o uc = ug in H{ o().
As easily checked, in this case, ug is a minimizer for f ,(£2).
5. PRELIMINARY BLOW-UP ANALYSIS

From now on, we let  be a smooth bounded domain of R™, n > 3, such that
0 € 9Q. Welet s € (0,2). For any € > 0, we let p. € [0,2* — 2) such that

lin%p6 =0. (22)

We let a € C*(Q) and a family (a)cso € C1(Q) such that (14) and (15) hold. For
any € > 0, we consider u. € H{ ((2) N C*(Q\ {0}) a solution to the system

Aue + Qele = % in D/(Q) (23)
ue >0 in
for all € > 0. We assume that u. is of minimal energy type, that is
2* —p. *
J e e = )75 o) (24)
o |z
where lim._,g 0(1) = 0. Note that it follows from (14), (15), (23) and (24) that
[uell 2 () = O(1) (25)
when € — 0. We also assume that blow-up occurs, that is
ue — 0 (26)
weakly in HY((Q) when e — 0. Such a family arises naturally when ug = 0

in Propositions 4.1 and 4.2. In the remaining sections, we describe precisely the
behaviour of the u.’s. We follow the strategy developed in [10].

It follows from Proposition 8.1 of the Appendix that u. € C°(Q). We let z. € Q
and pi, ke > 0 such that

_n—2 — £
max e = Ue(ze) = pe 2 and ke := ui 2oz (27)
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We let ¢ : U — V a local chart as in (16) with zg = 0, where U,V are open
neighborhoods of 0. For any € > 0 and any x € kg N {z1 < 0}, we define the
maximum rescaling of u. as follows

Ue 0 (kex)

ve(z) == ()

where z., ke are as in (27). As easily checked, for any n € C°(R™), we have that
nve € H %)O(R’l). In this section, we prove the following proposition:

(28)

Proposition 5.1. Let Q be a smooth bounded domain of R™, n >3 and s € (0,2).
Consider (pe)eso such that p. € [0,2* — 2) for all € > 0. We consider (ue)eso €
H? o(Q) such that (14), (15), (23), (24) and (26) hold. Let v be as in (28). Then
there exists v € Hi o(R™) \ {0} such that for any n € C(R"),

NVe — NV in HfO(Rﬁ)

when € — 0. Moreover, v verifies that
2 1
Av = —— in D'(R")
|z|®

and
2*

/]R" |V|? do = ps(Q) T2 = p (R™)7 2.

In addition, there exists 6 € (0,1) such that v € C?(R™) and

Ve = VU IN Cllo’f (R™)

when € — 0. Moreover, we have that

lir%,u; =1. (29)

Proof. Steps 5.1 to 5.9 below are devoted to the proof of this Proposition.

Step 5.1: We claim that

e = o(1) (30)
when € — 0. We proceed by contradiction and assume that lim._.g g # 0. In this
case, up to a subsequence, there exists C' > 0 such that u.(x) < C for all z €  and
all e > 0. Since (26) hold, it follows from standard elliptic theory (see for instance
[20]) that lim._oue = 0 in C°(Q). A contradiction with (24). This proves (30).

Step 5.2: We claim that

|ze| = O(ke) (31)
when € — 0. We proceed by contradiction and assume that
we]
}E% e +00. (32)
For any € > 0, we let
s -2 s 2=s
Be = o Fuelwd) =T = fae|Fhe™ . (33)

It follows from the definition (33) of . and (32) that

lir% Be =0, lim% = +o00 and lim e =0 (34)

e—0 ¢ e—0 |(E6|

when € — 0.
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Case 5.2.1: We assume that there exists p > 0 such that
d(z,00)

Be

for all € > 0. For & € By,(0) and € > 0, we define
Ve () := _UE(Z:(‘;jfw)__

Note that this is well defined since z. + Bz € Q for all x € By,(0). As easily
checked, we have that

>2p

52*717;0é
AEE + 53%(565 + /Bex)ﬁe - 6—5
A REEA R
weakly in Bs,(0). Since (34) holds, we have that
AT, 4 (Pac(zc + fex)ve = (1+ o(1))p? ~17Pe

weakly in Bs,(0), where lim.oo0(1) = 0 in CP _(B2,(0)). Since 0 < v(z) <
Te(0) = 1 for all € By,(0), it follows from standard elliptic theory that there
exists v € C'(Ba,(0)) such that v > 0 and

Ve =V

. 1
in Cj,,

(B2,(0)) when € — 0. In particular,
7(0) = lir%ﬁe(()) =1. (35)

With a change of variables and the definition (33) of 3., we get that

2% —pe 2*—pe gn —2* —pe
/ Ue 3 dz‘:ue(zf) - 66/ Ve de
ONB,s, (o) 7] || B0 |2 4 B
.

|$e‘
n—2 2% —p.
> (&> / S 5 d.
ke B,(0) | &= 4 Lo

[@e] [@e]

Using (24), (34) and passing to the limit ¢ — 0 (note that u_! > 1 for € > 0 small),

we get that
/ 72 dx =0,
B,(0)

and then 7 = 0 in B,(0). A contradiction with (35). Then (32) does not hold. This
proves that (31) holds in Case 5.2.1.

Case 5.2.2: We assume that, up to a subsequence,
. d(x,09)
21_1% 5 0. (36)
In this case,
1in(1J Te = x9 € 00

Since g € 99, we let ¢ : U — V as in (16), where U,V are open neighborhoods of
0 and ¢ respectively. We let 4. = u, o ¢, which is defined on U N {z; < 0}. For
any ¢,7 = 1,...,n, we let g;; = (9, 0j¢), where (-,-) denotes the Euclidean scalar
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product on R", and we consider g as a metric on R". We let Ay, = —div,(V) the
Laplace-Beltrami operator with respect to the metric g. In our basis, we have that

Ay = _Qij (aij - F?jak) )

where g = (g71);; are the coordinates of the inverse of the tensor g and the Ffj’s
are the Christoffel symbols of the metric g. As easily checked, we have that

,[112*717;0é
 le(@)l
weakly in U N {z1 < 0}. We let z, € 99 such that
|ze — 2| = d(x, 00). (37)

Aglle + ac 0 p(x) - Ue

We let Z, Zc € U such that
o(Z.) =z and p(Zc) = 2. (38)
It follows from the properties (16) of ¢ that

lin% Te = lin% 2. =0, (Z)1 <0 and (Z); = 0. (39)

At last, we let
b(a) i Lt It)
Ue(Ze)
for all z € L=2={z) < 0}. With (39), we get that . is defined on B (0)N{z1 < 0}
for all R > 0, as soon as € is small enough. The function v, verifies
,52*—1—;06
Ag}e’&e + ﬁ?ae o (P(ge + ﬁex)ﬁe = < s

’@(EeJrﬁez)

[z

weakly in Br(0) N {z1 < 0}. In this expression, g = g(Zc + Bex) and Ay, is the
Laplace-Beltrami operator with respect to the metric g.. With (36), (37) and (38),
we get that

90(25 + /Bex) =T+ OR(l)/gEa
for all x € Br(0) N {z1 < 0} and all € > 0, where there exists Cr > 0 such that
|Or(1)| < Cg for all z € BR(0) N {z1 < 0}. With (34), we then get that

in C%(Br(0) N {x; < 0}). It then follows that
Af]e 'lje + 652045 o @(25 —+ ﬂex)’ﬁe = (1 + 0(1))662*_1_1)6

weakly in Br(0)N{z1 < 0}, where lim. ¢ o(1) =0 in C°(Bg(0)N{z; < 0}). Since
9. vanishes on Br(0) N {z1; = 0} (in the sense of the trace) and that 0 < ¥, < 1,
it follows from standard elliptic theory that there exists © € C'(Bg(0) N {x1 < 0})
such that

lim v =0

€e—0

in C%(Bx(0) N{z1 <0}). In particular,
2=0on Bg(O)ﬂ{ml = 0}. (40)
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Moreover, it follows from (37) and (38) that
je - 25 . -:Ee - 25
Ve =1 and lim =0.
< Be ) =0

In particular, 9(0) = 1. A contradiction with (40). Then (32) does not hold. This
proves (31) in Case 5.2.2.

In both cases, we have obtained that (31) holds. This concludes Step 5.2.
A consequence of (31) is that lim. oz, =0€ 9. Welet ¢ : U — V as in (16) be

a local chart of 9Q with zp = 0 (in other words, ¢(0) = 0), where U,V are open
neighborhoods of 0. We write

Te = 90(551,67 26)7
where 21, <0 and z. € R™ ! are such that (x1,6,2¢) € U.
Step 5.3: We claim that

d(ze,0Q) = (1 + o(1))|z1,e]| = O(ke) and z. = O(ke), (41)
when € — 0. Indeed, with (31), we get that
d(me,aﬂ) < |x€| = O(k.) (42)

when ¢ — 0. We first remark that
d(ze, 00) < d(me, 0(0,2¢)) = |T1,¢|-

We let a. € span(és, ..., &,) and Y. = ¢(0,ac) € 9 such that d(z., ) = |z. — Y|.
Since d(z¢, 0) < |z1,|, we get that

ze — ae = O(|z1,e]),
when € — 0. Since Vp(0) = 0 (where ¢ is as in (16)), we get that
wo(ze) = po(ac) + of[ze — ac|) = polae) + o(|z1,e])
when € — 0. Moreover,
d(z.,00) = |z.—Y
= [(@1,e + po(ze) — po(ac), ze — ac)
= |(@1,e +o(|T1,e])s 2e — ae)| < |w1,e

when € — 0. It then follows that z. — ac = o(|z1,¢|) and d(ze, Q) = (14 0o(1))|x1,]
when e — 0. This last result, (31) and (42) prove (41).

Step 5.4: We let

Ae = —%:>Oand 0, = Z— (43)
It follows from (41) that there exist Ay > 0 and 6 € R”~1 such that
lin% Ae = N and lirrtl) 0. = 0. (44)
For any € > 0 and any = € k—Ue N {z1 <0}, we let (as in (28))
Ue 0 (kex)
B = 4
(o) 1= 2 (45)

where ¢ : U — V is defined in (16) (with o = 0) and k., x. are as in (27). As
easily checked, for any n € C2°(R"™), we have that

nve € H%,O(Rﬁ)
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for all € > 0. We go on in the proof of Proposition 5.1.

Step 5.5: We claim that for any n € C°(R"), there exists v, € Hi 4(R™) such
that, up to a subsequence,

NVe — Uy
weakly in Hi o(R™). Indeed, as easily checked, we have that

V() (z) = 0.V + ’(“ 1 Doty el(V1e) (o(ki)),

for all € > 0 and all x € R™. In this expression, D,y is the differential of the
function ¢ at x. It is standard that for any o > 0, there exists C, > 0 such that
(+y)° <Caz®+ (1+a) -y’
for all x,y > 0. With this inequality, we get that
[ oo dr<c, [ v o
" R™

2
1+ 0) [ o e Dyl (Tuc) b)) da

Since Dy = Idgn, we get that with Holder’s inequality and a change of variables
that

/ IV (00)|? dae < C / V|22 de
R™ R™

2

+(1+a) - 14+ 0(k)) / 772%

5 IVl (plher) de

< ColIV|? - [[vel]? 2m
< Coll V5, - [lvell %(suppm

Pe(" 2)
+(1+a) (14 Ok T / |Vue|? de (46)
With another change of variables, we get that

(n—2)pe
L 9 e < G Tl

Pe(" 2)
+(1+a)-(1+O0(k, T /|Vu€|2dm (47)

With (25), Sobolev’s inequality and since pP< < 1 for all ¢ > 0 small enough, we
get with (47) that

Hn"}é”Hf,o(Rﬁ) =0(1)
when € — 0. It then follows that there exists v, € Hfy(R™) such that, up to a
subsequence, nve — v, weakly in H7 o(R™) when € — 0. This concludes Step 5.5.
Step 5.6: We claim that there exists v € H7 ((R™ ) such that for any n € C°(R™),
we have that, up to a subsequence,
NVe — MU

weakly in Hi j(R™) when ¢ — 0. Indeed, we let 171 € C°(R™) such that n = 1
in B1(0) and 7y = 0 in R™ \ B2(0). For any R > 0, we let ngr(z) = ni1 (%) for all
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x € R™. With a diagonal argument, we can assume that, up to a subsequence, for
any R > 0, there exists vg € Hf o(R™) such that

NRVe — VR
weakly in Hf o(R™) when e — 0, and that (nrve)(z) — vr(z) when e — 0 for a.e.
x € R™. Letting ¢ — 0 in (47), with (25), Sobolev’s inequality and since pPc <1

for all € > 0 small enough, we get that there exists a constant C' > 0 independant
of R such that

/ Vorl?dz < Cal[Vigl2-C+ (1+0) - C
R™

for all R > 0. Since ||[Vnr||2 = ||[Vn|? for all R > 0, we get that there exists
C > 0 independant of R such that

/ |Vog|*dz < C
R™

for all R > 0. It then follows that there exists v € H{(R™) such that vg — v
weakly in H7 o(R™) when R — +o0 and vg(z) — v(z) when R — +oo for a.e.
x € R”. As easily checked, we then obtain that v, = nv (we omit the proof of this
fact. It is straightforward). This ends Step 5.6.

Step 5.7: We claim that

v Z 0.
Indeed, we let R > 0. We proceed as in Case 5.2.2 of the proof of (31) in Step 5.2,
for any i,7 = 1,...,n, we let (gc)ij = (Oip(kex), 0jp(kex)), where (-,-) denotes the
Euclidean scalar product on R™. We consider g. as a metric on R™. We let

Ag, = =39 (0; — T5;(Ge)0k) ,
where g := (g-!)i; are the coordinates of the inverse of the tensor g. and the

l"fj (ge)’s are the Christoffel symbols of the metric g.. With a change of variable
and the definition (45), equation (23) rewrites as

2% —1—p.
% in D'(Br(0) N {a1 < 0}) (48)

ke

Aée (NrRVe) + k?aé o p(ker)nrve =

for all e > 0. With (27), (45) and since s € (0,2), we get that 0 < v, < 1 and that
there exists p > % such that the RHS of (48) is bounded in L? when € — 0. It then
follows from standard elliptic theory that there exists a > 0 such that

MRVl coa (B 5 (0)n {2 <0y = O(1)
when € — 0. It then follows from Ascoli’s theorem that for any o’ € (0,«),
vg € CO (Bgy2(0) N {x; <0}) and that, up to a subsequence,
lim fve = vp in C%(Bpys(0) N {z1 < 0}) (49)

With (45) and (43), we have that (ngve)(—Ae,0e) = 1 for all € > 0 and R > 0 large
enough. Passing to the limit € — 0 in this last equality, using (49) and (44), we get
that

vR(—Ao,00,0) =1
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for R > 0 large enough. With the same type of arguments, we get that v €
C%*({x; < 0}) and that limg_, ;oo vg = v in C’loo’g({zl < 0}). Since ngrv = vg, we
get that v(—X\g,0p) = 1. In particular, v Z 0 and Ao > 0. This ends Step 5.7.

Step 5.8: We claim that there exists 6 € (0,1) such that v € C%?(R™) and

ve — v in LY (R™)

loc

when € — 0. Indeed, it follows from Step 5.7 that there exists a > 0 such that for
all R > 0, there exists C(R) > 0 such that

[vell oo (Br ()21 <0p) < C(R).
Following the proof of Proposition 8.1, we let
Qg = sup{a S (07 1)/VR > 0, HC(R) > 0 s.t. ||Ue||00v°¢(BR(0)ﬁ{:61§0}) < C(R)}
We let o € (0,a0) and R > 0. We let R > R. There exists C(R) > 0 such that

[Vel| 0.0 (B 4 (0)n{z1<0p) < C(R). (50)
Since v, = 0 on OR™, we get with (50) that
[ve(@)] = Jve(@) = ve(z — (21,0))| < C(R)|z1|* (51)

for all B;(0)N{z; < 0} and all € > 0. It then follows from the properties of ¢ (see
(16) with xo = 0) that

2% —1—pe C

S

0 < fe(z) == (1ve)

<
o(ke) — |x|57(2*717pe)a
ke

for all € > 0 and all x € B;(0) N {x1 < 0}. With the properties (16), we get that
for any R > 0 and any p > 1, we have that

dzx dx
——~ _<cC ar
B (0){z1 <0} ’@ B0 7P

for all € > 0 (note that the RHS can be infinite). Using the same strategy as in the
proof of Proposition 8.1, we get that there exists § € (0, 1) such that v € CL/(R™)
and

Ve — v in Cllo’g (R™)

when € — 0. We omit the proof and refer to the proof of Proposition 8.1 for the
details. This ends Step 5.8.

Step 5.9: We claim that

02 1
Av = —— in D'(R") (52)

|z[*

and that

* *

/ |VU|2 dz = '11’51‘1(0)23—72 = S(RE)2372.
R™

Indeed, passing to the weak limit ¢ — 0 and then to the weak limit R — +o00 in
(48), we get that

2" 1
v
Av =

in D'(R™).

|z[*
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Testing this equality with v € Hf o(R™)\ {0} and using the optimal Hardy-Sobolev
inequality (2), we get that

2*—2

7 S | V0 da

(/ |VU|2d£E> TN - ) (53)
R™ EA N

(fJRL‘ ER dm)

We then obtain that

[ 190 de > w75 (54)
R™

Since 0 < v, < 1, it follows from Lebesgue’s theorem that v. — v strongly in
2n_
L ?(R™ Nn{z; < 0}) when ¢ — 0. Passing to the weak limit in (46) and using

loc

(24), we get that

Vogplldz < C,||V 2 lol? 2w
/Rn| R = IVaz - HL%(BzR(o)\BR(O))

Pe(n—2) o*

—|—(1 + O[) . (hr%,ué 22 ),UJs,a(gz)m (55)

for all R > 0. Since v € Hjz(R™), it follows from Sobolev’s theorem that v €

L%(R’l). Since ||Vnr||2 = [[Vm]2 is independant of R > 0 and v € L%(Rﬁ),
letting R — +oo in (55), we get that

Pe(”l*2) *
[ 190l da < (1 ) (i 15 @) 7 (56)

Since a > 0 is arbitrary and p. < 1, we get with (54), (56), Proposition 3.1 and
(53) that

*

/R" |Vv|2 dr = Ms,a(Q)% - MS(Rﬁ)TZ*?,

and that
i = 1.

This ends Step 5.9. Proposition 5.1 then follows from Steps 5.1 to 5.9. (|

Step 5.10: We claim that under the hypothesis of Proposition 5.1, we have that

2% —pe
lim lim Y gz =o0. (57)
R—+oo =0 Jorp,, (o) |2]®

Indeed, we let R > 0. Since Doy = Idg» and ¢(0) = 0, we have that

@ (nge (0)) C Bgk.(0)
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for all R > 0 and ¢ > 0 small enough. With a change of variable and (24), we get

that
2% —pe 2% —pe
/ e - dxg/ e —dx
O\Brx, (0) 17l Q\«p(BRke(O)> |z|

2

2*—175 2*_176
S/“E_de_/ “E_de
o |7 g)(BEk (0)) |z

2 €

(n=2)2 02" —Pe

sﬂm«n%%+vu>—m%”%”u+oﬂ»/ e de.
By (0) |z[®

when € — 0. Letting e — 0 and then R — +00, we get with (29) and Proposition
5.1 that
2% —pe * 2"
lim lim 4 - ts,a(92) > — lim U—S
R—+00 €20 Jo\ Bgy, (0) || R—+c0 JB 4 (0) ||
2

QU
)
IN

dx

IN

* 2"
us,a(ﬂ)?%? —/ Y dgr=0
R

o faf*
This last inequality yields (57).

6. REFINED BLOW-UP ANALYSIS AND STRONG POINTWISE ESTIMATES

The objective of this section is the proof of the following strong pointwise esti-
mate

Proposition 6.1. Let Q be a smooth bounded domain of R™, n > 3. We let
s € (0,2). We let (pe)eso such that p. € [0,2* — 2) for all € > 0 and (22) holds.
We consider (uc)eso € HT o(Q) such that (14), (15), (23), (24) and (26) hold. We
let pe as in (27). Then, there exists C > 0 such that

n—2

u¢w§0~(—ﬂi—>2 (58)

PEERPE
for all e >0 and all x € Q2.

This type of strong pointwise estimate first appeared in [21] in the Euclidean
context, and in [23] in the Riemannian context. General estimates are in [10].

Proof. The rest of the section is mainly devoted to the proof of the proposition.
Here again, we follows the strategy of [10]. We let (u.)es0 satisfying the hypothesis
of Proposition 6.1.

Step 6.1: We claim that there exists C' > 0 such that
o] () " < € (59)
for all € > 0 and all x € €.

We proceed by contradiction and let y. € €2 such that

=5 4o (60)

n—2 _ _Pe n—2
|y€| 2 uE(yE)l r-2 :sup|x| 2 Ue(I)
e
when ¢ — 0. We let

Ve 1= ué(yé)*ﬁ and £, := l/el_ﬁ (61)
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for all € > 0. It follows from (60) and (61) that

lir% ve =0 and lim |?Z€| = +o0. (62)
It follows from (27) and (29) that
lir% vPe = 1. (63)
We let
V= |y€|s|u€(y€)|_(2 “rp, (64)
for all € > 0. It follows from (62) that
s e
lim = 0. 65
" o)

Case 6.1.1: We assume that, up to a subsequence, there exists p > 0 such that
d(ye, 0Q2)

Ve
for all e > 0. For any = € Bj,(0) and any € > 0, we let

>3p (66)

n—2
We(x) := Ve 2 te(Ye + V). (67)
Note that w, is well defined thanks to (66). With (60) and (64), we get that

n—2

2
Ye | ix‘ wel) = <1,

|Yel |Ye
In particular, with (62), there exists Cp > 0 such that

0 <we(z) < Cy (68)
for all z € Bs,(0) and all e > 0. With (23), we get that

) w2*717p€

Awe +v;ae (ye + ’751')11)6 = < 5
Ye e o
’ Tyel T Tyl

for all z € Bs,(0) and all € > 0. Since (62) and (68) hold, it follows from standard
elliptic theory that there exists w € C'(Bs,(0)) such that w > 0 and

lir% We = W (69)

in C} (B2, (0)). It follows from (67) that w(0) = 1. With a change of variable, we
get that

2% —pe n 2% —p. 2" —pe
/ ue(z) do — Jele (ye) / LS dz. (70)
Boye (ye) Be(0)

||® |Yel® Ye 4 e . o

[Yel

[Yel

With (64), (63), (62) and (61), we then get that

s(n—2)

n 2% —pe 2
Ve uegel)s = (1+0(1))- <|Zé_f|> = 400

when e — 0. With (70), (69) and (24), we get that

/ w? dr = 0,
B, (0)

and then w = 0. A contradiction since w(0) = 1. This ends Case 6.1.1.
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Case 6.1.2: We assume that

lim Lyé’ )
=0

It then follows that there exists yo € 9€2 such that

= 0. (71)

li = 0.
El_r)% Ye = Yo

Since yo € 9, which is smooth, we let ¢ : U — V as in (16) with ¢ = yo and
where U,V are open neighborhoods of 0 and yq respectively. We let 4, = u, o ¢,
which is defined on U N {z1 < 0}. For any i,j = 1,...,n, we let g;; = (0, 0j¢),
where (-,-) denotes the Euclidean scalar product on R™, and we consider ¢ as a
metric on R™. We let A, = —divy(V) the Laplace-Beltrami operator with respect
to the metric g. In the basis we choose,

Ay =—g7 (8 —T5;0k) ,

where g% = (¢g71);; are the coordinates of the inverse of the tensor g and the I‘fj’s
are the Christoffel symbols of the metric g. As easily checked, we have that

( ,[12*—1—;06
Ayl +acop(z) - e = ———
! lp(2)]*
weakly in U N {x1 < 0}. We let z. € 02 such that
|ze = ye| = d(ye, 09). (72)
We let g, Z. € U such that
©(Te) = ye and p(Zc) = 2e. (73)

It follows from the properties of ¢ that
lin% e = lin% 2.=0, (Je)1 <0 and (Z); = 0. (74)

At last, we let
() 1= 2C 00
Ue (ye)

forallz € %ﬂ{xl < 0}. With (74), we get that @, is defined on Br(0)N{z1 < 0}
for all R > 0, as soon as € is small enough. The function @, verifies

) w2 —1-pe
A!}ewe + Ve e © QP(ZE + '76:6)"1}6 = i s
‘S"(Ze""')’ew)

[Yel

weakly in Br(0) N {z1 < 0}. In this expression, je = g(Ze + vex) and Ay, is the
Laplace-Beltrami operator with respect to the metric g.. With (71), (72) and (73),
we get that

(p(ge + ’Yex) = Ye + OR(l)'%a
for all z € Br(0) N {z1 < 0} and all € > 0, where there exists Cr > 0 such that
|Or(1)| < Cg for all z € BR(0) N {z1 < 0}. With (65), we then get that

=0 |Yel
in C°(Bgr(0) N {z1 < 0}). It then follows that

=1

Aéed’e + 73“6 0 p(Ze + Yex)We = (1 + 0(1))71)3*_1_1)6
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weakly in Br(0)N{z1 < 0}, where lim._,g0(1) = 0 in C°(Bgr(0)N{x1 < 0}). Since
W, vanishes on Br(0) N {z1 = 0} (in the sense of the trace) and that 0 < w, < 2
(see for instance the proof of (68)), it follows from standard elliptic theory that
there exists @ € C1(Br(0) N {z; < 0}) such that

liIr(l) We = W
in CO(Bg (0) N {x1 < 0}). In particular,
w=0on B%(O)ﬂ{zl =0}. (75)

Moreover, it follows from (71), (72) and (73) that

e <y _Zﬁ) — 1 and lim <% —q
Ve e=0 e
In particular, w(0) = 1. A contradiction with (75). This ends Case 6.1.2.

In both cases, we have contradicted (60). This proves (59) and ends Step 6.1.
As a remark, it follows from (23), (26), (59) and standard elliptic theory that
lim e = 0 in C% .(Q\ {0}). (76)

Step 6.2: This step is a slight improvement of (59). We claim that
n—2 Pe
lim lim  sup |27 u(z)'" T2 =0. (77)
R—+00 =0 4360\ Bgy, (0)

We proceed by contradiction and assume that there exists ¢g > 0 and a family
(Ye)e>o € Q such that

|ye|%ﬁue(ye)177’% > €o and liH(l) |Z—6| = +00. (78)
We let o
Ve 1= ué(yEf% and v, :=v, ¥ ? (79)

for all € > 0. It follows from (76), (59), (78) and (79) that there exists po € R such
that
|yl

g%yezo, llir(l)l/€=0and 1%I:p0>0. (80)
Note that it follows from (27) and (29) that
lir% vPe =1. (81)

We let ¢ : U — V as in (16) with £y = 0 and where U,V are open neighborhoods
of 0. For any x € W—Ue N{z1 < 0}, we let

n—2
We () := Ve 2 Ue © Q(Ye). (82)
It follows from (59) and the properties (16) of ¢ that there exists C' > 0 such that
o) T ()" < C (83)

for all z € % N{z1 < 0} and all € > 0. As above, we let the metric (ge)i; =
(0, 0j0) (Yex) for 4,5 =1,...,n. With (23), we get that

w2"717pe
R 84
‘«p(vew) (84)

Ye

Ageme + 73“6 0 P(Vex)We =
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in % N{z; < 0} for all ¢ > 0. Moreover, W, vanishes on % N{z; = 0}. It then
follows from (83), (84) and standard elliptic theory (see for instance [20]) that there
exists w € CO(R™ N {x1 = 0}) \ {0}) such that w > 0 and

limw. =w
e—0

in CO(R™ N{z1 =0})\ {0}). We now write y. = ©(V7c). It follows from (80) that
lim.,o = yo # 0. As a consequence,
E(yO) = l%me(ge) =1,
and then w # 0. We let 0 < § < R. With a change of variable, we have that
2*7p€ _ o*
lim %dm :/ w(z)s dzx. (85)
0o (Brr ONe(Bsr (0) 2] BrO\Bs(0) 7]
With (78), we get that for any p > 0, we have that
Bk, (0) N (¢(Bry. (0) \ ¢(Bs+.(0)) =0
for all € > 0 small enough, up to a subsequence. It then follows from (57) that
2" —pe
lim 7%(:6) .
0o (Br, 0\o(Bsr (0) 7]
This equality and (85) yield

dr = 0.

__o*
Br(0)\B;(0) |Z|

for all R > § > 0. We then get that w = 0. A contradiction since w(yp) = 1. This
ends Step 6.2.

Step 6.3: We prove a first approximation of (58). More precisely, we claim that
for any o € (0,n — 2), there exists C, > 0 such that

n—2
|$|aﬂj_aue(5§) < Cq (86)

for all e > 0 and all z € Q. Indeed, since A+a is coercive on £ and (a.)>o satisfies
(14) and (15), there exists Uy an open subset of R” such that Q CC Uy, there exists
ap > 0 and there exists A > 0 such that

/ (Ve + (ae — 2a0)¢?) dz > )\/ ©* dx (87)
Uo Uo

for all € CL(Up) and all € > 0. In other words, the family of the operators
A +a, — ap is uniformly coercive in a neighborhood of Q. We let G, € C?(Up x Ug \
{(z,x)/z € Up}) be the Green’s function for A + a. — ap with Dirichlet condition
in Uy. In other words, G, satisfies

AG (z,) + (ac — ap)Ge(x, ) = 0y (88)

weakly in D(U). It is standard that G. exists and, since 0 € U, that there exists
C > 0 such that

0<G(0,2)<C-|z]*™ (89)
for all e > 0 and all z € U \ {0}. More precisely, there exists 6o > 0 and Cy > 0
such that
|VG6(O,$)| > CQ

=2 7

G (0,2) > Cp - |z|>~™ and (90)
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for all € > 0 and all = € Bs,(0) \ {0}. We let the operator

2% —2—p,
SN SN

|z[*

We claim that there exist vy € (0,1) and R; > 0 such that for any v € (0,19) and
any R > R;, we have that

LG >0 (91)
for all x € Q\ Brg.(0) and for all € > 0 sufficiently small. Indeed, we let vy € (0,1)
such that for any v € (0,19), we have that

v (ac(z) —ag) > —%ao (92)

for all € > 0 and all z € Q. With (88), we get that

LGV VG|
a7 () = ap+v-(ac(x) —ag) +v- (1 -v)- e (z) - BE

for all x € Q\ {0} and all € > 0. It follows from the pointwise estimate (77) that
there exists Ry > 0 such that for any R > Ry, we have that

o2 (2)2 2P < ;u(l—u)CO (94)

)
for all ¢ > 0 and all z € Q\ Bgg, (0). Here, Cy > 0 is as in (90). We are now in
position to prove (91). We let v € (0,19) and R > Ry. We first let « € §2 such that
|z| > do. Tt follows from (93) and (92) that

1—v 2% —2—p,
Lé?iu (‘T) > % - UE(CC)(;S
€ 0
for all € > 0. Inequality (91) then follows with this inequality and (76). This proves
(91) when |z| > do.
We let « € Bs,(0) \ Brg. (0). It follows from (93), (90) and (94) that

LGl v-(1-v)-C2 v- (1 —v)-C?

Gifl’ (CC) > 7 + |$|2 - ; |x|2 > 0
This proves (91) when z € Bs,(0) \ Bgrg, (0). Clearly these two assertions prove
inequality (91).

We let R < Ry and v € (0,10). We claim that there exists C(R) > 0 such that

L. (C(R)u:%_”(”_Q)Ge(o’ .)1—”) > Leue  in Q\ Brg, (0)
(95)

C(R)u6 ~vin= 260 (0, )Y > u, on 90\ Brg. (0))

Indeed, the first inequality is trivial since L.u. = 0 and (91) holds. Concerning the
second inequality, we get with the definition (27) of s, the limit (29) and (90) that

pe® TG0, 2)
<2. O&-V L R=2)(A-v) . C(R)
for all x € QN OBgg, (0). The inequalities (95) are proved.
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Since G¢(0,2)'™ > 0 in QN IBgk, (0) and L.Ge(0,2)7" > 0 in Q N IBgx, (0), it
follows from [2] that L. verifies the comparison principle. It then follows from (95)
that

n—

2 —v(n—2) 1-v
ue(x) < C(R)pe ? Ge(0,2)
for all z € Q\ Brg, (0). With (89), we get that there exists C’(R) > 0 such that

n—

2
uelw) < C'(Rype™ "D g v

for all z € Q\ Bgs, (0). Up to taking C'(R) larger, it follows from (27) that this
inequality holds on the whole set Q. Taking o = (n —2) - (1 — v), we get (86) for «
close to n — 2. As easily checked, this implies the inequality for all a € (0,n — 2).
This ends the proof of (86).

Step 6.4: We are in position to prove Proposition 6.1. For all € > 0, we let y. € Q2
such that

Ialgleai%(lxln_QuE(‘rﬁ)uf(x) = |y€|n_2u6(x6)u€(y€)'

Clearly, Proposition 6.1 is equivalent to proving that

|y€|”72u€(xé)ué(y€) =0(1) (96)

when ¢ — 0.

Case 6.4.1: We assume that
[ye| = O(ke)
when € — 0. We then get with (27) that

|ye|n_2ue($e)ue(ye) = O(l)
when e — 0. This proves (96) in Case 6.4.1.

Case 6.4.2: We assume that

Yl 7

As in the beginning of Step 6.3, we choose Uy such that Q CC Uy such that A + a,

is coercive on Uy. We let H, be the Green’s function for A +a. on Uy with Dirichlet

boundary condition. It follows from Green’s representation formula and standard
estimates on the Green’s function that

u 2**17175 B U 2*71*1)6

wiw) < [y gy [y

Q lyl Q |yl

for all z € Q2. We let

dy  (98)

n—2

De(2) = pe 2 ue(kex)

for all z € k71Q and all € > 0. It follows from Proposition 5.1 and (86) that for
any a € (0,n — 2), there exists C,, > 0 such that

be(z) < Ca
ST e

(99)
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for all z € k71Q and all € > 0. It follows from (98) and a change of variable that

_n=2 ) 2" —1-p.
pe * uc(y) < C |ye_key|2 n%dm
[ atxe) |y
N 2*_1_175
= C/ : n—2 Uﬁ(y) s dx
ket on{|ye—key|> 1%} [ye — keyl |y
1 -~ 2% —1—pe
+C / na— Ocly) —— df100)
k;lﬂﬂ{\ye—keyK%} |ye - keyl |y|

We estimate the two integrals of the RHS separately. With (99), we get that

1 i 2* —1—pe
/ e(y) dx
k

Tron{lye—key|>1uely |Ye — key|n—2 lyl®
1
< C ) . 2777,/ - d
SO g R T ) @
<C-lyf (101)

for all € > 0 small and « close enough to n — 2. On the other hand, with (99), we

get that
1 ~ 2% —1—pe
/ n—2 ’ vé(y) S d.’l?
ket QN lye—key| <%} [Ye — keyl |yl
1 1
<c/ S
ko 0O [ye—koy| < by [Ye — key[n2 |yl mlmpots

2

dx

_ c.k?@*‘l‘l’e)*s/ 1 "
T Y@ TPt L an g — kel <Lzl [Ye — Key|" T2

2

C - k?(Q**lfpe)‘i’S |y€|2

T i
k (2*—1—pe)ats—n

€
Iyel) '

Since limy—p—2limeo(2* — 1 —p)a+s—n=2—s> 0, we get with (97) and «
close enough to n — 2 that

1 De(y)? 1P .
/ = W " o (), (102)
ko ton{|ye—key|> 2!y [Ye — key |y

when e — 0. Plugging together (101) and (102) into (100), we get that

_n=2 _n
e 2 ue(ye) =0 (|y€|2 )
when ¢ — 0. This proves that (96) holds in Case 6.4.2.

In both cases, we have proved that (96) holds. As easily checked, (58) and then
Proposition 6.1 follow from (96) and (27). This ends Step 6.4, and therefore proves
Proposition 6.1. (Il

< Cly- <

Step 6.5: From Proposition 6.1, we can derive pointwise estimates for v.. This is
the object of the following proposition
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Proposition 6.2. Assume that the hypothesis of Proposition 6.1 are satisfied. Then
there exists C' > 0 such that

ve(x) < and |Voe|(z) < ¢

(14 |af?)*= T (Lt e

for all e > 0 and all x € k% N{z1 < 0}, where ve was defined in (45) and U is as
in (16) with o = 0.

Proof. The first inequality of the proposition is an immediate consequence of the
estimate (58) and the definition (45) of v.. Concerning the second inequality, we
proceed by contradiction and assume that there exists a family (y.)eso such that

y. € U for all € — 0 and such that
n—1
) ’We (Z—) ’ = +o0. (103)

Case 6.5.1: we assume that y. = 0 when ¢ — 0. It follows from the pointwise
estimate (58) that for any § > 0, there exists C'(6) > 0 such that

Ye

€

lim (1 +

e—0

n—2
ue(x) < C(0)pe*
for all z € Q\ Bs(zo) and all € > 0. We then get that

2-n 2-n =2 (e _g_p (e T )2 1P
Ape® we) +ac - (pe® ue) = pie? ( po) e * o)

in D'(Q\ Bs(7o)). It then follows from standard elliptic theory that

2-—n
(e 2 “6”02(5\335(10)) =0(1) (104)
when ¢ — 0. Since y. /4 0, there exists § > 0 such that, up to a subsequence,
—2

|ye| > 40 for € > 0. It follows from (104) that Vu.(¢(y.)) = O(u:T) when € — 0.
A contradiction with (103). This proves the Proposition in Case 6.5.1.

Case 6.5.2: We assume that

N gl
513% ye = 0 and 15% N +o0. (105)
We let ¢ as in (16) with 2o = 0 and define

h . |<7J€|7172
e(z) = s e O o(|ye|r)

2
€

for all x € |y—U‘ N {z1 < 0}. It follows from (58) and (29) that there exists C' > 0
such that

he(z) < C - x> (106)
for all € \y_Ue|ﬂ{I1 <0}, z #£0. We let
Ag, = g7 (8i; — T (36)0k) ,

the Laplace-Beltrami operator for the metric (ge)i; = (9i¢,0;p)(kex). In this
expression, the g/ = (g !);; are the coordinates of the inverse of the tensor g. and
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the I‘fj (ge) are the Christoffel symbols associated to the metric g.. After a change

of variables, (23) rewrites as

2—s5—pe(n—2 o
ke s—pe(n )hg 1—pe

n—2
Ag.he + yelPac(p(lyele)he = ke 2 (m)

’myem B

Yel

inD (‘y—U| N{z < O}) Since (29), (105) and (106) hold and since s € (0, 2), there
exists p > 4 such that

. U
Aghe -+ e Pac(o(ye)he = f. in D <|y |

(|y—U€\ N {z; < 0} \ {0}) uniformly wrt ¢ — 0. Since h, = 0 on

Iy_Ue\ N {z1 = 0} and (106) holds, it follows from standard elliptic theory that there

exists for any d; > d3 > 0, there exists C’(d1,02) > 0 such that

N{z1 < 0}> )

where f. € L?

loc

[hellcr((ss, 0)\Bs, (0))n{z1<0}) < C'(d1,02)
for all € > 0. It then follows that
Ye
[Ye

when € — 0. Coming back to the definitions of h. and v, we get a contradiction
with (103). This proves the Proposition in Case 6.5.2.

Case 6.5.3: We assume that
|ye| = O(ke)

when € — 0. In this case, It follows from Proposition 5.1 that ‘Vve (Z—)‘ =0(1)

when ¢ — 0. We get a contradiction with (103). This proves the Proposition in
Case 3.

In all the cases, we have contradicted (103). This proves Proposition 6.2. |

Corollary 6.1. Let (uc)eso as in the hypothesis of Proposition 6.1. Then there
exists H € C1(Q\ {0}) such that

Ue(xe)ué — H in Clloc(ﬁ\ {0})
when € — 0.

Proof. We let He(x) := ue(ze)ue(x) for all x € Q and all € > 0. It follows from
Proposition 6.1 that for any open subset U such that U C Q \ {0}, there exists
C(U) > 0 such that |H.(z)] < C(U) for all z € U and all ¢ > 0. Equation (23)
rewrites as
L HZ2 1P
AH, + acH. = uc(xe)> P2 6|T
in 2. The conclusion of the Corollary is then a consequence of standard elliptic
theory. (Il
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7. POHOZAEV IDENTITY AND PROOF OF THE THEOREMS
In this section, we prove the following estimate:
Proposition 7.1. Let Q be a smooth bounded domain of R™, n > 4. We let
s € (0,2). We let (pe)eso such that pe € [0,2* —2) for all ¢ > 0 and (22) holds.

We consider (uc)eso € HT ((Q) such that (14), (15), (23), (24) and (26) hold. We
let pe as in (27) and v as in Proposition 5.1. Then, we have that

(n—5) [pn |22 V0|2 dz
ok H(0

oM n(n = 2)2u,(R1)
In this expression, H(0) is the mean curvature of the oriented boundary OS2 at 0.

We prove the Proposition in the sequel, and postpone the proofs of Theorems
1.1 and 1.4 to the end of the section. We let p. > 0 such that lim._.qp. = 0. We
let ue, a. and a as in (14), (15), (23), (24) and (26). We assume that 0 < s < 2
and let x., p, ke as in (27). Since lim_oz. = 0, we consider the chart ¢ defined
in (16) with 2o = 0.

Step 7.1: We provide a Pohozaev-type identity for u.. It follows from Proposition
8.1 that uc € C'(Q) and that Au, € LP(Q2) for all p € (1,2). In the sequel, we
denote by v(z) the outward normal vector at x € 99 of the oriented hypersurface
09 (oriented as the boundary of Q). Integrating by parts, we get that

/x’ﬂiueAue dx

Q

= —/ 2 0;u Oy e da—i—/ @(xiaiue)ajue dx
Fle) Q

2
] oo [ upiss [0Z
o0 Q Q 2

2
= (1 — E)/ |Vu6|2dm—|—/ (((E,y)|vu€| _xiaiuéauue) do
2 Q oN 2
= (1 — ﬁ) (/ WOy U d0+/ Ue Al dm)
2 o Q

2
+/ ((fE; V) |VUE| - miaiueauue> do.
o0 2

Using the equation (23) in the RHS, we get that

) 2% —pe
/ ' O;ucAue dz = (1 — E) (/ Ye dr — / aeuf dz)
Q 2 o |z Q

2
+/ ((1 - E) UOyte + (x, V) [Vl - zi(?iuéﬁ,,ué> do. (107)
89 2 2
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On the other hand, using the equation (23) satisfied by u., we get that

*
u2 —1—e¢

/xiaiueAued:c:/xiaiuéeid:c—/xi&uéaeuedz
Q Q

Q |z[®

Q| —s ug re i
= [ 2'|x|7%0; . dex — | 2'Oiucacucdx
Q 2% — pe Q

. 2% —pe 2% —pe .
= —/ i (z']x] %) Ye dx +/ (z,v) e do — / 20U e dx
Q 2* — pe o0 2% —pe  |xlf Q

— 2" —pe 1 _
n S Uu, 2
= —AW . 2*6_p€ dCC—FE/Q(TLa,E—i-I'LaiCLE)Ue dx

2*_175
+/ (f’”) U do—/ (@:Y) 2 do. (108)
00 2" —pe |zl o0 2

Plugging together (107) and (108), we get that

n—2 mn-—s /qué /( (ﬂc,Vae)) 2
- £ dx + ae + ——= |uidr
( 2 2*—Pe> o |zf° Q 2
n—2 [Vue|?
= ——uO U + (x,v
/6(2 < 2 (#:0) 2

. 2*_175
—2'0;uc0, U — (f’ v)  Ue ) do +/ (z,v) acu? dx (109)
2* —pe |zf? o0 2

for all € > 0. Since u. = 0 on 0f, we get that

— 2)p. 2" —pe .
(TL K )p / ue dCC—/ (a€ + (CC,VCL )> ug dI
2-(2*=pe) Jo |zI* Q 2

_ %/@Q(:E,VHVuEFdU. (110)

Step 7.2: We first deal with the RHS of (110). We take ¢ as in (16) with 2o = 0.
With the pointwise limit of Corollary 6.1, we get that

/ (@, 1)| Vi | dor = / (@, 1)| Ve 2 do + o(p1.)
o0 aQNe(U)
when € — 0 as soon as n > 4. With a change of variable, we get that

/(?Q(:E,V)|Vu€|2da -
(1+0(1)) / (%:I),yw(kex)) Vo2 /13| da

+o(p~?) (111)

where the metric g. is such that (ge)i; = (9ip, ;) (kex) for all i,j = 2,...,n,
|ge| = det(ge) and
U
DE:k—ﬂ{Ilzo}
Using the expression of ¢ (see (16)), we get that

Solan — (L=0200(@), - —Onipo ()
AN ES S e
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for all x € U N {x; = 0}. We then get that
(vop(z), X) = (1 +0(a*) - <X1 - ZXiaisﬁo(»’C)>
=2

for all z € U N {z; = 0} and all X € R". In this expression O(1) is bounded for
z€Un{z; =0} and X € R". With the expression of ¢ (see (16)), we get that

(p(kew), v o p(kex))

= (1+O(k2|z]?)) <900(/€5$) — ke Z ;Eiaiwo(ke:t)>

=2

=1+ O(2[eP) - (~505p(0's) + OGEL)) (112

for € > 0 and z € £ N {1 = 0}. Plugging (112) into (111), using the estimates of
Proposition 6.1, Lebesgue’s convergence theorem and letting ¢ — 0, we get that

1 o
/ (z,v)|Vuc|* do = <—§/ dijo(0)x' 2! |Vu|? da + 0(1)) - ke (113)
o OR™

when n > 4 and where lim._.oo(1) = 0.

Step 7.3: It follows from Proposition 6.1

/ u? dx = o(pe) (114)
Q

when € — 0 and as soon as n > 4. Plugging (113) into (110), using (24) and (114),
we get that

’I’L—2 n—s
- SRE 2—s 1 3
(5w +o0) p

_ _1/ 6ijspo(0)xixj|vv|2d$+0(1) - e (115)
4 Jorn

where lim._,g 0(1) = 0 and when n > 4. With (115), we get that

- 2 n—s €
lim & = (R )5 . Le
2.2 He

e—0

1 o
=_= / Dijpo(0)z' 2! |Vo|* da
4 Jorn

when n > 4. We consider the second fondamental form associated to 0f2, namely

I, (z,y) = (dvpz,y)
for all p € 9Q and all z,y € T,09 (recall that v is the outward normal vector at
the hypersurface 992). In the canonical basis of OR™ = Tp0f2, the matrix of the
bilinear form I, is —D%g@o, where Dgcpo is the Hessian matrix of ¢ at 0. With
this remark and (115), we get that

im — = ~——~ nyTEs 2
lim n—2) ps(R™) /BRn IIy(z, z)|Vu|* d (116)
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when n > 4. Since v > 0, that v € C?(R™) and v verifies (52), it follows from
the strong maximum principle that v > 0 in R™. Moreover, it follows from the
definition (45) and the pointwise estimate (58) that there exists C' > 0 such that

C

vr <772
= =

for all z € R™. We let o(z) := |z|* "v (ﬁ) be the Kelvin transform of v. As
easily checked, 9 € C?(R™ \ {0}) and verifies

~2*—1 C
Y in R” and 0(z) < ———
(1+[z[*)="

for all x € R™. Since 9 vanishes on JR™, it then follows from standard elliptic
theory that o € C*(R™) and then, that there exists C' > 0 such that #(x) < C|x|
for all x € B1(0) NR™. Coming back to the function v, we get that tehre exists
C > 0 such that

C

(1+ Jz?)*=

for all x € R™. It follows from Proposition 1.2 of Appendix B that there exists
w € C?(R* x R) such that v(z1,2’) = w(wy,|2’|) for all (z1,2’) € R* x R*™1. In
particular, |Vv|(0,2') is radially symmetrical wrt 2’ € OR™. Since we have chosen
a chart ¢ that is Euclidean at 0, we get that

/ [Io(e, )| Vo] de = M/ 22|Vl da
OR™ OR™

v(z) <

n

_ _H(O)/ 2| Vo|? da.
no Jorr

Note that we have used here that in the chart ¢ defined in (16), the matrix of the
first fundamental form at 0 is the identity. Plugging thsi last inequality in (116),
we get that
(n = 5) fyge |22V d
lim 2 = = L H(©0) (117)
SOt n(n - 2)2,(RD)E

when n > 4.

Step 7.4: We are now in position to prove Theorems 1.1 and 1.4. We prove
Theorem 1.1 by contradiction and assume that there are no extremals for (2). It
follows from Propositions 4.1 and 4.2 that there exists ue € H{ (€2) such that (23),
(24) and (26) hold with a. = 0 and p. = €. Since 0 < s < 2, then (117) holds
with p. = ¢ when n > 4. We then get that H(0) > 0. A contradiction with
the assumptions of Theorem 1.1. This proves the first point of Theorem 1.1 when
n > 4. Concerning the compactness, any sequence of minimizers of (2) satisfies
(23) and (24) with p. = 0 and a = 0. If the sequence of minimizers blows up, we
get with (117) that H(0) = 0. A contradiction with our initial assumption. Then
we get that the sequence does not blow up. It then follows from standard elliptic
theory that it converges in H7 4(€2). This proves Theorem 1.1 when n > 4.
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Concerning Theorem 1.4, the proof is quite similar to that of Theorem 1.1. We
assume that the conclusion of the theorem does not hold. It follows from Proposi-
tions 4.1 and 4.2 that there exists u. € Hf ;(€2) such that (23), (24) and (26) hold
with a. = a and p. = €. The proof is then the same as the proof of Theorem 1.1.

8. APPENDIX: REGULARITY OF WEAK SOLUTIONS

In this appendix, we prove the following regularity result:

Proposition 8.1. Let 2 be a smooth bounded domain of R™, n > 3. We let
€ (0,2) and a € C°(Q). We let € € [0,2* — 2) and consider u € H7 ((Q) a weak
solution of
2*—2—¢
Au + au = ful Y in D'(Q).
Then there exists § € (0,1) such that u € C19(Q).

Proof. Step 8.1: We follow the strategy developed by Trudinger. Let § > 1, and
L > 0. We let

|t|5—1¢ if [t| <L
Gr(t)={ BLP Yt —-L)+L° ift>1L
BLAL(t+L)—LP ift<—L
and
t| = ¢ if |t| < L
Hp(t)=1{ 8L (@t -L)+L> ift>L
B LS (t+ L) - L™ ift <L
As easily checked,
46
0 <tGr(t) < Hp(t)? and G (t) = ——— (HJ ())?
— L()— L() an L() (6+1)2( L( ))

forallt € Rand all L > 0. Let n € C°(R™). As easily checked, n?G.(u),nHp(u) €
H? (). With the equation verified by u, we get that

2% —2—¢
/VuV (n*Gr(u dx—/ i ||33|5 n uGL(u)dx—/anQUGL(u)dx. (118)
Q

We let Ji(t) = f r(7)dr for all t € R. Integrating by parts, we get that

/VUV (G r( ))d:c:/nQG’L(u)|Vu|2d:c—|—/VnQVJL(u)dz
Q Q

_ %/n2|VHL(u)|2d:c+/(An2)JL(u)dz
43
~ o | VoL@ b+ 2 [l da

+ /Q(AnQ)JL(u) dx (119)
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On the other hand, with Holder’s inequality and the definition of ps(R™), we then
get that

|u|2*727e ) |u|2*727€ )
/ (78—11) -7 uGL(u)dz§/ (|a|—|—7s) -(nHp(u))* dz
Q || Q ||

11—~

([ el T
~ \JanSupp » ||

2
*

y (/ InHL(u)F*)? y (/ d:v><>
Q || o lzl®

< a-/Q|V(17HL(u))|2dx (120)

where
1

2
. s 2* —2—p. 7231555 e
a = / (laf - =] + [u] _ ) da
QNSupp 7 ||

2e
L dz \ 79
<) ([ 25)

Plugging (119) and (120) into (118), we get that

2 4/6 2 2
A [ V)P de < 52 [ msnlm P+ [ 150 >JL<u>|?f21)

where
1

.. 2
48 / (laf - o] + [ul* 2 ) 7= ’
A = 5 — s dx
(B+1) QnSupp n ||

2e
o dr \ 79
xps(R) </Q |x|s>

Step 8.2: We let pg = sup{p > 1/ u € LP(Q)}. It follows from Sobolev’s embedding
theorem that py > % We claim that

Do = +00.
We proceed by contradiction and assume that
Po < Q.

Let p € (2,po). It follows from the definition of py that u € LP(S2). Let B =p—1>
1. For any z € 0, we let §, > 0 such that

1

2
* o 2% —e T 2% —e
[t N
S
QN Bays, () ||

dz \ T 23
eF) = 42
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Since € is compact, we get that there exists x1,...,zx € € such that

N
Qc U B5zi (,TZ)

i=1
We fix i € {1,.., N} and let n € C°°(Bas,, (z;)) such that n(z) = 1 for all z €
Bs,, (xi). We then get with (121) and (122) that

<5+1 7 [ VoL @)P b

<G (ﬁ+1 /|77A77||HL( |2dz+/ |AR?| - L (u)| da. (123)

Recall that it follows from Sobolev’s inequality that there exists K(n,2) > 0 that
depends only on n such that

( [ = dx)T <K@2) [ [9iPds (124)

for all f € Hf o(R™). It follows from (123) and (124) that

n—2
2ﬁ / 2n T
Hy(u)|»—2d
< —— [ InAn||Hp(u)*d An?| - [ (w)| d
EESY /ln allHL () w+/| 7l ] de
for all L > 0. As easily checked, there exists Cy > 0 such that |Jp,(t)| < Cp - [¢t[*?

for all t € R and all L > 0. Since u € L°T(Q), we get that there exists a constant
C = C(n,u,[,9Q) independant of L such that

/ |HL(“)|%d$§/ |77HL(U))|%CZ£E§C
QNBs, . (x:) Q

for all L > 0. Letting L — 400, we get that

/ |u|ﬁ(ﬁ+1) dxr < 400,
QﬁB(;mi (II)

for all i = 1...N. We then get that u € L72*D(Q) = L#2P(Q). And then,
—sp < po for all p € (2,po). Letting p — po, we get a contradiction. Then
po = +oo and u € LP(2) for all p > 1. This ends Step 8.2.

Step 8.3: We claim that

u e C"*(Q)
for all a € (0,1). Indeed, it follows from Step 8.2 and the assumption 0 < s < 2
that there exists p > 7 such that

|2*7275

|u u

fei= —au € LP(Q).

|z[*

It follows from standard elliptic theory that, in this case, u € C%%(Q) for all
a € (0,min{2 — s,1}). We let

ap = sup{a € (0,1)/u € C**(Q)}.
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We let a € (0,ap). Then u € C%%(Q). Since u(0) = 0, we then get that

lu(@)] < [u(z) — u(0)] < Clz|®. (125)
We then get with (125) that
_|u@)P c
| fe(2)] = T —au| < W

for all x € Q. We distinguish 2 cases:
Case 8.8.1: s —(2* — 1 —€)a < 0. In this case, for any p > 1, up to taking « close
enough to agp, we get that

fe € LP(Q).
Since Au + au = fe and u € Hf 4(1), it follows from standard elliptic theory that
there exist exists § € (0,1) such that u € C19(Q). Tt follows that oy = 1. This
proves the claim in Case 8.3.1.
Case 8.8.2: s —(2* =1 — €)ap > 0. In this case, for any p < P ey P
taking « close enough to g, we get that

f. € LP(Q).

up to

We distinguish 3 subcases.

Case 8.3.2.1: s — (2* — 1 — €)ap < 1. In this case, up to taking « close enough to
Q, there exists p > n such that

fe € LP(Q).
Since Au = f. and u € H{ ((Q), it follows from standard elliptic theory that there

exist exists § € (0,1) such that u € C*?(Q). Tt follows that ag = 1. This proves
the claim in Case 8.3.2.1.

Case 8.3.2.2: s — (2* — 1 —€)ag = 1. In this case, for any p < n, up to taking «
close enough to o, we get that

fe € LP(Q2).
Since Au+ au = f. and u € le)o(Q), it follows from standard elliptic theory that

u € C%4(Q) for all & € (0,1). It follows that ag = 1. This proves the claim in Case
8.3.2.2.

Case 8.3.2.3: s — (2 — 1 — €)ap > 1. In this case, it follows from standard elliptic
theory that u € C%%(Q) for all

a<2—(s—(2*—1-¢€)ay).
It follows from the definition of «q that
ag>2—(s— (2" =1 -¢)ay),
and then
0>2—-54+(2"—2—¢€)ap >0,

a contradiction since s < 2 and € < 2* — 2. This proves that Case 7.3.2.3 does not
occur, and we are back to the other cases.

Clearly, theses cases end Step 8.3.
Step 8.4: We claim that there exists 6 € (0,1) such that
ue CH(Q).
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We proceed as in Step 8.3. We let a € (0, 1) (note that ag = 1). We then get that

Ju(@) ' u c

|$|s — |$|s—(2*—1—6)a

|[fe(@)] =

for all x € Q. We distinguish 2 cases:

Case 8.4.1: s — (2* — 1 —¢) < 0. In this case, for any p > 1, up to taking « close
enough to ag, we get that

fe € LP(Q).
Since Au + au = f. and u € Hf 4(1), it follows from standard elliptic theory that

there exist exists § € (0,1) such that u € C1Y(Q). Tt follows that oy = 1. This
proves the claim in Case 8.4.1.

Case 8.4.2: s —(2* —1—¢€) > 0. In this case, for any p < ﬁ, up to taking
a close enough to 1, we get that

fe € LP(Q2).
As easily checked,
1—(s=(2"—1—-¢€)=2—-54+(2"-1—-€)—-1>2"—2—¢.

We the get that there exists p > n such that f. € LP(Q). Since Au + au = f. and
u € H}((Q), it follows from standard elliptic theory that there exists § € (0,1)

such that u € C1¥(Q). This proves the claim in Case 8.4.2.

Combining Case 8.4.1 and Case 8.4.2, we obtain Step 8.4. Proposition 8.1 then
follows from Step 8.4. O
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