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ABSTRACT. In this paper we prove that the best constant in the
Sobolev trace embedding H!(Q2) — L9(9) in a bounded smooth
domain can be obtained as the limit as € — 0 of the best constant
of the usual Sobolev embedding H'()) — L%(w,dxz/e) where
we = {z € Q : dist(z,0) < e} is a small neighborhood of the
boundary. We also analyze symmetry properties of extremals of
this last embedding when 2 is a ball.

1. INTRODUCTION.

The main goal of this article is to obtain the best Sobolev trace
constant for a given domain as the limit of the usual Sobolev constant
in small strips near the boundary of the domain when the width of the
strip goes to zero.

Sobolev inequalities have been studied by many authors and is by
now a classical subject. It at least goes back to [2], for more references
see [5]. Relevant for the study of boundary value problems for differen-
tial operators is the Sobolev trace inequality that has been intensively
studied, see for example, [3], [7], [8], [9], [10].

In this paper we consider the best Sobolev trace constant. Given a
bounded smooth domain  C RY, we deal with the best constant of
the Sobolev trace embedding H'(Q2) — L4(99). For every critical or
subcritical exponent, 1 < ¢ < 2, = 2(N — 1)/(N — 2), we have the
Sobolev trace inequality: there exists a constant C' such that

2/q
C (/ |v|qu) < /(|Vv|2 +v?) du,
) Q
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for all v € H'(Q2). The best Sobolev trace constant is the largest C'
such that the above inequality holds, that is,

/|VU|2+UQCZ{E
(1.1) T, = inf & :

vEHL(Q\HL(Q) 2/q
’ ( / |v|? dS)
o0

For subcritical exponents, 1 < g < 2,, the embedding is compact,
so we have existence of extremals, i.e. functions where the infimum
is attained. These extremals can be taken strictly positive in € and
smooth up to the boundary. If we normalize the extremals with

(12) / u|7dS = 1.
[2)9]

it follows that they are weak solutions of the following problem

—Au+u=0 in €,
(1.3) ou N
v T, lul"%u on 0€),

where v is the unit outward normal vector. In the special case ¢ = 2
(1.3) is a linear eigenvalue problem of Steklov type, see [17]. In the
rest of this article we will assume that the extremals are normalized
according to (1.2).

As we have mentioned, we want to see how the best trace constant,
T,, can be obtained as the limit of the usual Sobolev constant for some
subdomains. To this end, let us consider the subset of €2

we ={x € Q : dist(z,00) < e}.

Notice that this set has measure |w,| ~ €|0€2| for small values of €. For
sufficiently small ¢ > 0 we can define the “parallel” interior boundary
Iy ={y —ov(y), y € 0N}, where v(y) denotes the outward unitary
normal at y € 02. Note that I’y = 0€2. Then, we can also look at the
set w, as the neighborhood of I'y defined by

we={z=y—ov(y), yedQ oecl0e)}= |J I,
0<o<e

for sufficiently small ¢, say 0 < € < 5. We also denote by Q5 = {z €
Q : dist(x,0Q) > 6} and for § small we have that 95 = I's.

Let us consider the usual Sobolev embedding associated to the set

we, that is,
d
HY(Q) — L (wa, —x) .
€
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We have normalized the size of w. by taking dz/e as measure in w.
In this case the embedding is continuous for exponents ¢ such that
1 <q<2"=2N/(N —2). Note that 2* = 2N/(N — 2) is larger than
2, =2(N—1)/(N—2). The best constant associated to this embedding
is given by

/|VU|2+U dx
(1.4) Sy(e) = mf

Fl L

For ¢ < 2*, by compactness, the infimum is attained. The extremals,
normalized by

1
(1.5) E/ lu|!dz =1,

are weak solutions of

16) —Au+u= Sqf)xwg(x)|u|q_2u in €,
1.6
ou _, on 99,
v

where x,. denotes the characteristic function.

Our main result is the following:

Theorem 1. Let T, and S,(g) be the best Sobolev constants given by
(1.1) and (1.4).

(1) For critical or subcritical ¢, 1 < q < 2, =2(N —1)/(N —2), we
have

(1.7) lim S,(¢) = T,,.

e—0

Moreover, for subcritical ¢, 1 < q¢ < 2, = 2(N — 1)/(N — 2), the ex-
tremals of S,(e) normalized according to (1.5) converge strongly (along
subsequences) in H*(Q) and in CP(Q), for some 3 > 0, to an extremal

of (L1),
lir% Ue = U, strongly in H'(Q) and in CP ().

In the critical case, g = 2, = 2(N — 1)/(N —2), the extremals of Sy(c)
converge weakly (along subsequences) in H'(Q) to a limit, ug, that is
a weak solution of (1.3). This convergence is strong in H*(Q) if and

only if the limit verifies fm ud =1 and in this case ug is an extremal
for T, .
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(2) For supercritical q, 2, =2(N—1)/(N—2) < g < 2*=2N/(N —-2),
we have
(1.8) lin% Sy(e) = 0.
E—>

A reference closely related to this work is [1] where the authors con-
sider concentrated reactions near the boundary in an elliptic problem.
They prove that the solutions converge to a solution of a problem with
a nonhomogeneous flux condition at the boundary. Our results can be
viewed as a complement of the results of [1] since here we deal with

(nonlinear) eigenvalue problems when the reactions are concentrated
near the boundary (see the right hand side in (1.6)).

Next, we look at the symmetry for extremals of (1.4) in the special
case when () is a ball, Q = B(0, R). In this case we prove the following
result.

Theorem 2. Let S,(c) the best Sobolev constant given by (1.4) with
Q= B(0,R).

(1) For 1 < q <2 and for every R,e > 0, the extremals of (1.4) in a
ball are radial functions that do not change sign. In particular, there
exists a unique non negative extremal of (1.4) satisfying (1.5).

(2) For2 < q<2,=2(N—1)/(N —2), there exist 0 < Ry < Ry < 00
such that:

(2.1) for 0 < R < Ry and £ small (possibly depending on R) the
extremals of (1.4) are radial.

(2.2) for R > Ry and ¢ small (possibly depending on R) the
extremals of (1.4) are not radial.

2. PrROOF OF THEOREM 1

This section is devoted to the proof of Theorem 1. First, we prove
that the Sobolev trace constant is continuous as a function of the do-
main. We believe that this result has independent interest by itself.

Lemma 2.1. Let Qs = {z € Q : dist(x,0Q) > 0}. Then the function
§ — T,(%),

18 continuous at 6 = 0.

Proof. Consider a fixed ¢y > 0 small enough. For all 0 < § < ¢,
let us consider a smooth increasing function s such that ¥s(0) = 9,
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Ys(s) = s for all s > g and ¥s(s) — s as § — 0 in C'([0,00)). Now
we take the diffeomorphism
/h ZQ-—*(%,
y—vs(s)vy) forz=y—sv(y) €w., s€(0,e),
A5 (.13) = .
x for x € Q\ @;.
which is also a diffeomorphism when restricted to the boundary,
A5Z@Q-—>895
This diffeomorphism has bounded derivatives and moreover

(2.1) lim || DAs(z) — 1]} = 0,

uniformly in Q. Here I € M,y is the identity matrix.

Therefore, we can change variables with,
u(z) = v(As(x)),
for z € Q or x € 9N). This induces a map, that we denote the same
As : HY(Q) — H'(Qs)

which is a diffeomorphism. Moreover, we have that the following dia-
gram is commutative

HI(Q) — L9(09)
(2.2) A5l | As
HYQs) — L9(00y).

Therefore, from (2.1), we obtain

01(5)/ |Vul® +u?dr < IVol]? + 0 dx < 02((5)/ Vul? + v* dx,
0 0

Qs
where C;(0) — 1 as § — 0.

In a similar way, we get

(2.3) 01(5)/ |u|qu§/ |v|qugcg(5)/ lu|? dS,
o0 Qs o0

with C;(6) — 1 as 6 — 0.

From the previous inequalities we obtain that there exist two con-
stants K7, Ky such that K;(§) — 1 as § — 0 and

K1(0) Ty(2) < Ty(Q2s) < Ka(6) T, ().
The desired continuity is proved. 0
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The next result shows that the traces on 0€)s5 also behave contin-
uously as 0 — 0. In order to do this, we first figure out a device
that allows to compare traces taken on different surfaces close to the
boundary of §2. For this observe that, for any ¢ < 2, we can define the

mapping
75 H(Q) — LY(08s) « L1(09).

Here the first arrow denotes traces and the second one denotes the
diffeomorphism induced by A;' as in (2.2).

Then, we have the following result, which in particular complements
some results in [1].

Lemma 2.2. Denoting by v the trace operator on 052, we have
};in(l) Yo =7 in LY(0N)
on compact sets of HY(Q) if ¢ = 2, or in LIHY(Q), L1(ON)) if q < 2..

In particular, for q < 2,, if u. is a bounded sequence in H'(Q), then
%fws |us|? is also bounded.

Moreover, if u. — ug strongly in H'(Q) and q < 2., then

(2.4) / e |?dS — [ |uol?dS
895(5) onN

as §(e) — 0 and

1
(2.5) -/ |u5|qu—>/ uo” S
€ Juw. oQ

as e — 0.

Proof. 1f ¢ < 2, and u. is a bounded sequence in H'(§2), we write

1 1 [°
—/ lue|? de = —/ / luc|7dS do <
€ Juwe €Jo Jogs

1 _q -1
E/ T4 (825) 2 [uz 31,40 < sup [T4(2s) "2 l|uz 1 q)
0

6€[0,e]

which is bounded using Lemma 2.1 and the fact that the sequence u.
is bounded in H'(Q).

Note that if ¢ < 2, there exists some 0 < s < 1, such that
Y5+ HY(Q) — H*(Q) — LY(09s) « LY(09).

In a similar fashion, if ¢ = 2,, we take s = 1.
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For any fixed v € H*(2), from (2.3), we have that these operators
converge to the usual trace on 02, that is

lim 55(u) = 5(u).

Moreover, we have
”%HL(Hs( a),La00)) < C,

uniformly on 0. Hence, from the Banach—Alouglu—Bourbaki lemma, we
get
lim s = v
on compact sets of H*(Q).
In addition, if u. — wg strongly in H'(Q)
im [ |y.(u)?dS = / uo|? S
o9

e—0 90

which combined with (2.3) gives (2. 4)

On the other hand, to obtain (2.5) we write

/]uslqu— // |us|?dS do.
095

Since for every § < e, [y, [uc|” and [, [ug|? are uniformly close, we
get (2.5). O

Remark 2.3. The only property that we have actually used in the proof
of the previous results is (2.1). Therefore both lemmas above remain
true for any family of domains Q5 such that there exists a diffeomor-
phism As : Q — Qs with As : 0Q — 0Qs such that (2.1) holds. Also
note that in Lemma 2.2 the conclusions remain true for q < 2, under
the weaker assumption of convergence in H*(Q) for s < 1 but close
enough to 1.

Proof of Theorem 1. We first prove (1.7) for critical or subcritical ex-
ponents, i.e. 1 <q¢<2,=2(N—-1)/(N —2). Given k > 0, let us take
a regular function uy such that

/ |Vug|? + ui do

+ ]{ - 1 2/q "
(—/ uida:)
€ Jo.
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By the regularity of ug, from Lemma 2.2 (see also [1]), we have, for a

fixed k,
1
lim— [ wujdz=lim- / / uZd:L’ds—/ ui dz.
e—=0 ¢ e=0¢ o0
Therefore, using uy, as test in (1.4) and taking limits we get
1
limsup S,(e) < T, + —.
e—0 k

Letting £ — oo we obtain

(2.6) limsup S,(¢) < T,

e—0
Now let us prove that for ¢ < 2, we have

(2.7) lim inf S,(2) > T,

For this, note that for u € H'(Q) we get, using the restriction to s,

2 1 2 1 2
ul?dS < —|lul|in < w31 (0)-
([ wiras) < sl < mhlin

Integrating for 6 € (0,¢) we obtain

=2 e (G )

Thus, we have obtained

- ([ ) <00

This fact, together with the continuity of the map
0 — Ty(S2s),
proved in Lemma 2.1, gives (2.7).
From (2.6) and (2.7) we obtain
lim S,(e) = T4,

e—0

as we wanted to prove.

Now we turn our attention to the convergence of extremals in the
subcritical case ¢ < 2,. To prove this fact, let us consider u. an ex-
tremal of S,(g) normalized by

1
(2.9) g/ |uc|?de = 1.
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Hence we have, for € small, using (2.6),
el gy = Sale) < Ty +1.

Therefore the sequence u. is bounded in H'(€) and we can extract a
subsequence (that we still denote u.) such that

u. —~wup  weakly in H'(Q),
Ue — Ug strongly in L*(QQ),

(2.10) Ue — Up strongly in H*(Q2), Vs < 1,
Ue — Ug strongly in L9(0%2),
Ue — U a.e. in €.

Now we claim that,

(2.11) / lup|? dS = 1.
o0

To prove this, note that as we have

1 1 [f
1:—/ ]uslqu:—/ / |u.|?dS db,
€ We € Jo 00s

from the integral mean value theorem, there exists 0 < d(¢) < ¢ such

that
/ 7 dS = 1.
00

Now, from the convergence of u. to ug in H*(2), valid for 0 < s < 1,

we conclude that
/ ugl? dS = 1
a0

see the Remark after Lemma 2.2. This finishes the proof of the claim.
With this in mind, we have

|Vuo|? + ul dv
7, <9 < ol oy < tinint 3

(<)

< lim sup ||u5||§{1(9) = lims&lp Syle) =Ty

e—0

Therefore
i {[uc]| () = [[uoll a1 @)-

In particular, the convergence of the norms implies that the extremals
of S,(¢) normalized according to (2.9) converge strongly in H*(Q) to
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an extremal of (1.1),

lim u. = uy, strongly in H*(Q)

e—0
which satisfies (2.11).

Now, let us prove that we have convergence in C#(Q), for some 3 > 0.
To this end we will use some results from [1] that describe the behavior
of solutions of linear elliptic equations with concentrated potentials.

Denote by V.(z) = S,(¢)ud™? so that u. is a solution of the problem

1

—Aue +u. = =X, Vet in €,
€

Ou,

8?/ =0 on 0f).

First, remark that as ¢ is subcritical we can choose » > N — 1 such

that g
1 T
z \V.|" dx = ﬁ/ |u€|(q—2)r dx < C,

€ We € We

with C' independent of . Indeed, as . is uniformly bounded in H*(Q)

we have from Lemma 2.2, that for any § < 2(N —1)/(N — 2),

1
—/ lu|® dz < C.
€ Jo.

Now, just write # = (¢—2)r and use the fact that ¢ < 2(N—1)/(N —2)
(this implies (¢ — 2) < 2/(N — 2)) to obtain that for some r > N — 1
we have (¢ —2)r <2(N —1)/(N —2).

Moreover, since S,(g) — Ty, us — ug in H'(Q2) and ¢ is subcritical,

we have that .
—/ V.pdr — Vop dS
€ Ju. o0

for any smooth function ¢, where Vy(x) = T,ul *(z). Hence, uy satisfies

—Aug +ug =0 in €,
% = Vhug on 0f).
ov

With all this at hand, we can apply Theorem 3.1 and Corollary 3.2
from [1], that guarantee the convergence in the Hélder norm C?(Q),
for some 3 > 0.

In the critical case ¢ = 2, we also obtain a uniform bound in H'({2)
for the extremals u. of S;(¢). Therefore we can extract a subsequence
such that (2.10) holds. Passing to the limit in the weak form of (1.6)
we get that the limit ug is a weak solution of (1.3). However, due to
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the lack of compactness, we cannot ensure that ug verifies [, [ugl? = 1
in this case.
To finish the proof of the theorem it remains to show (1.8) in the
supercritical case 2, =2(N —1)/(N —2) < ¢<2*=2N/(N —2). To
see this fact assume that 0 € 92 and consider

u(z) = |z|

Where we choose A such that u € H'(Q2), i.e. A < (N —2)/2. Now we
choose A = \(q) such that

/ |u|?dS = 400,
o9

that is, A > (N —1)/q, which is possible since ¢ > 2,. We observe that
with this choice, we have

lim — / |u|? dz = 400.

e—0 ¢
The proof is finished. U

Remark 2.4. Observe that in the critical case, using a sequence of

minimizers and subsequences if necessary we have u. — ug weakly in
HY() and S.(q) — T,. Also, we have

H%H?{l(@) < lilen_}glf H%Hiﬂ(g) < limSélp H%Hiﬂ(g) = lims(1)1p Se(e) =1,
E—> E—

and

/|Vu0|2+u0
T <

2/q°
( / |u0|qu)
[2)9]

Hence if ug is a minimizer, then [, |uo|?dS < 1. Conversely, if
Joq |w0|?dS > 1 then the argument above shows that this integral is ac-
tually equal to 1 and ug is a minimizer. Moreover in such a case, we get
the convergence of the H*(2) norms and hence the strong convergence
in this space.

Thus, ug is a minimizer if and only if [y [uol?dS = 1 which in turn
15 equivalent to the strong convergence.

Also, in the critical case it may happen then that one has (1.5) and
faﬂ "LL()|qu < 1.
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3. PROOF OF THEOREM 2

We divide the proof of Theorem 2 in several lemmas. Along this
section we take Q2 = B(0, R), except in the next result.

Lemma 3.1. Let Q be arbitrary. Then for any 1 < q < 2 and any
e > 0 every extremal is of constant sign. Moreover, there exists a
unique positive extremal of (1.4), normalized according to (1.5).

Proof. Note that non negative extremals of (1.4) are indeed positive
solutions of (1.6), i.e. they satisfy, when normalized as in (1.5),

—Au = f(z,u) = a(z)u” —u in €,
3.1
(3:1) @ =0 on 0f),
ov

where a(x) = SQT(E)X% () > 0and p = ¢g—1. Also, note that from (1.4),
non negative extremals exists, since the absolute value of an extremal
is an extremal.

Now, we use an argument from [18]; see also [15] and [16]. Note that
if ¢ < 2 then p < 1. Hence, if z € Q\ @; we have f(z,u) = —u <
C(z)u+ D(x) if we take C(z) = —1 and D(z) = 0.

On the other hand, if z € w. Young’s inequality yields for sufficiently

small 0,

Sq(e) |~
<(5§—-1 Za\7/
for some constant 5 > 0 and we can take C(z) = — 1 and

D(@:ﬁfggﬁ

In summary

S(e) |

Clo) =dxale) =1, D)= 5| %4 ] e

and we have, for u > 0 and x € ,
f(z,u) < C(x)u+ D(z).

Note that for sufficiently small §, the semigroup generated by A +
C(z) in ©Q with Neumann boundary conditions decays exponentially.
Then since D € L*(Q)), we get from [18] and [15], that there exist a
solution of (3.1), which is maximal in the sense of pointwise ordering.
In particular it is nonzero since it bounds above in a pointwise sense
any normalized positive extremal.
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Now, the proof concludes by showing that in fact (3.1) has a unique
solution, which follows from the fact that

[ _ale)

u ul=r
is nonicreasing for u > 0 and strictly decreasing on a set of positive
measure. Indeed, let ¢ be the maximal positive solution of (3.1) and
0 < ¥ < p any other solution. Then, multiplying the equation satisfied
by ¢ by 1 and the one for ) by ¢, substracting and integrating by parts
in 2, we have

O_/fxw o — /f otp = /( z, ) (me'

fle)

Now, since 1 < ¢ we have that %) < 0 and is non zero in a
set of positive measure. Therefore, we must have 1) = 0.

When g = 2 the conclusion of the lemma follows easily since the first
eigenvalue of the elliptic problem (1.6) is simple, [14]. Therefore there
exists a unique positive eigenfunction such that (1.5) holds. u

With this, if Q = B(0, R), we get the following result, which actually
proves the first part of Theorem 2.

Corollary 3.2. For every 1 < q < 2 and every R, > 0 every extremal
of (1.4) is radial and does not change sign in Q.

Proof. Note that in any case ¢ < 2 or ¢ = 2, the absolute value of an
extremal is also an extremal. Therefore, the absolute value is a non-
negative extremal and must be then coincide with the unique positive
extremal. This one, in turn, must be radial, since, by uniqueness, it
must coincide with any rotation of it. U

The following lemma proves (2.1) in Theorem 2.

Lemma 3.3. For2 < q<2,=2(N—1)/(N —2) there exists Ry such
that for every R > Ry there exists €y such that the extremals (1.4) are
not radial for € < g.

Proof. The results of [6] imply that in this case the extremals of the best
Sobolev trace constant 7,(B(0, R)) are not radial (since they develop
a concentration phenomena). Since the extremals for S,(¢) converge
to the extremals of T,(B(0, R)) as ¢ — 0 they cannot be radial for ¢
small enough (possibly depending on R). U

Now we finish the proof of Theorem 2.
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Lemma 3.4. For2 < q<2,=2(N—1)/(N —2) there exists Ry such
that for every R < Ry there exists €y such that there exists a radial
extremal of (1.4) for e < gg.

Proof. First, let us choose Ry in such a way that for any R < Ry the
problem

—Au+ R*u=0 in B(0,1),
(3-2) ou T,(R)
— p2_4 q—1
B R u on 0B(0,1),

has a unique positive solution close to 1y = 1 normalized with the usual
constraint fBB(O pul =1, see [8]. Here

_gN —2N +2
. .

G

Observe that the above problem is just (1.3) (together with (1.2))
rescaled from the ball of radius R to the ball of radius one. Also note
that, from the results of [9], we have

TR |BO,1)
R-0 RS |0B(0,1)]2/‘1'

Moreover, we can assume (taking Ry smaller if necessary) that for
R < Ry the linearized of (3.2) is invertible. This can be obtained since

for small R there is a unique solution to (3.2) with faB(o pu?=1and
the linearized problem is invertible at R = 0, v = W and then
invertible at (R, ug) for small R (see [8] for the details).

Now we want to use the implicit function theorem in (1.4). To this
end, let us rescale (1.6) to the unit ball defining v(z) = R*u(Rx) where
u is the solution of (1.6) satisfying (1.5). If a = (N — 1)/q, we have
that v satisfies

1
3.3 Idr =1
(33 e, e =1,

where A, g = B(0,1) \ B(0,1 —eR™") and also

S
—Av + R*v = R? Rﬁi(;)_lxgﬁ(x) vt in B(0,1),
ov

™ =0 on 0B(0,1),
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where . r(z) is the characteristic function of A, . Let

S = {veHl(B(O,l));/a lv]?7dS = 1}.

B(0,1)

If we multiply v by an adequate constant p in order to have w =
1
uv € S, we have p = <faB(o N v?)”« and we are left with a solution of

Ale 1.
3.4 —Aw + R*w = R:R_(l—zzﬂxsﬁ(:c)wq ' in B(0,1),
' ow
%_0 on 0B(0,1).
Here

A(e) = S,(e) ( /8 o dS) o

where the integral term also depends on ¢ through v. From (1.7) and
the convergence of the extremals in Theorem 1, we get, using (3.3) and
Lemma 2.2, that

Ale) = T,
as ¢ — 0.
Let us consider the functional
F: S x[0,e)— (H'(B(0,1)))",
given by

F(w, = VwVeodr + R d
(w,e)(9) /B(O,l) wVeodr + /B(o,l) wo dx
_Rgfl(s)

eR'RP /3(0,1)\3(0,1—6}21)
This functional is C'! with respect to w € S (since ¢ > 2).

wi o de.

Remark that we are looking for pairs (w,e) that are solutions of
F(w,e) =0 (these are weak solutions of (3.4)).
To apply the implicit function theorem we need to compute
oF

First, let us compute the derivative

oF
— = VxV¢dr + R? d
aw(w,é?)(cb)(x) /B(O,l) xVodx /B(O,l) x¢ dx

R2A(e) /
eRRP B(0,1)\B(0,1—eR~1)

(¢ — Vw2 da.
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Taking the limit as ¢ — 0 and evaluating at w = u we obtain (by [1]
or by the results of the previous section)

OF
0 — VxVodr + R d
5., (W 0(9)() /B(OJ) xV¢dr + /B(O’l) X¢ dx
T,

—RQ—q/ q— Dut2¢py dx.
R Josion Y

This problem corresponds exactly with the linearized of (3.2) that is
invertible by our choice R < Rj.

Therefore, by the implicit function theorem, we get that there exists
go such that for any ¢ < gy there exists a unique solution w, € S of

F(w.,e)=0
close to u, that is, a unique weak solution of (3.4), with

lim w, = wu.

e—0

Since we have proved that every extremal of (1.4) goes to u as e — 0
and we have uniqueness of solutions of (3.4) in a neighborhood of w,
then the extremals must be radial. O
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