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Some non-existence result is established for bounded solu-
tions of a Neumann problem on the upper half space. Based
on this non-existence result, precise asymptotic behavior is
given for the principal eigenvalue of some linear eigenvalue
problem in bounded C' domains, and this answers a question
that appeared in Lacey et al, 1998.

1. Introduction.

For any v > 0, set

m A = sip  oatt —JolVul

ueH(Q)\{0} fQ u? 7

where (2 is a bounded domain in R™ with boundary 9€). It is straightforward
to show that the supremum of (1) is attained by some positive function
u, € HY(Q), which is a weak solution of

(2) Au=A(y)u in £, ZZ =vu on 09,

where v is the outward unit normal vector on 0f); v exists a.e. for Lipschitz
domains. The goal of this paper is to understand the asymptotic behavior
of A(y) as v — oo when 92 € C*. Since A(y) — oo when v — oo, (2) can
be viewed as a singularly perturbed linear eigenvalue problem.

The asymptotic behavior of A(vy) was first studied by Lacey, Ockendon
and Sabina in [3], where they investigated some reaction-diffusion model in
which distributed nonlinear absorption mechanisms compete with nonlinear
boundary sources. In order to describe the long time behaviors of solutions
to this reaction-diffusion model, it is important to understand the asymp-
totic behavior of A(~y) as v — oo (see [3] and the references therein). Among
other things, Lacey, Ockendon and Sabina showed in [3] that

(3) lim A0

=1
y—oo A2

323


http://pjm.math.berkeley.edu/pjm
http://dx.doi.org/10.2140/pjm.2004.214-2

324 YUAN LOU AND MEIJUN ZHU

if 0Q is C? and is differentially equivalent to the unit sphere. On the other
hand, when  is a planar domain and 9SQ is piecewise C', they proved that

A(v)

lim inf — > cosec’a > 1,

Yooy
where a is the smallest interior semiangle on 0€2. These considerations
indicate that the asymptotic behavior of A(7) is strongly affected by the
smoothness of the boundary. In this connection, we prove:

Theorem 1.1. (3) holds for any bounded C* domain.

Remark 1.1. Similar result can be established for the problem

Au=A(y)u in €, % =~b(z)u on Of.
v
More precisely, if b(z) € C(9) is positive somewhere, then
Ay
Ji S = o)

In the following we briefly sketch our approach: Since (2) is a singularly
perturbed problem, it is natural to “blow up” u, the solution of (2), near
its maximum which must be attained on 92 (via the Maximum Principle).
That is, straightening out the boundary and rescaling u., suitably, by passing
to the limit we are led to the following Neumann problem on the upper half
space:

. ou
(4) Au=au in RY, — =-u on ORY,
o0x,
where a is the limit of A(y)/7? (subject to a subsequence) as 7 — co. By
adequate choice of test function in (1), one can show that a > 1. On the
other hand, using some similar ideas as the sliding method developed in [1],
we are able to show:

Theorem 1.2. Ifa > 1, (4) has no bounded nontrivial solutions.

By some non-degeneracy result in Section 3, the solution of (4) obtained
via the blowup process is indeed nontrivial. Hence, Theorem 1.2 ensures
that @ = 1, which in turn yields Theorem 1.1.

Remark 1.2. It turns out that Theorem 1.2 is sharp: For every a < 1, (4)
has bounded nontrivial solutions of the form w(z')e™*", where x = (2/, x,,)
and w is a solution of

(5) Aw=(a—1)w in R

Theorem 1.2 also fails without the boundedness condition: (4) has positive
(unbounded) solutions of the form w(a’)e™*", where w is a positive solution
of (5) for a > 1. We refer to [2] for the classification of positive solutions to

(5)-
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The plan of this paper is as follows: Theorem 1.2 is established in Sec-
tion 2. In Section 3, we first derive the relation between lim,_ oo A(7)/7?
and (4), and then use it to complete the proof of Theorem 1.1.

2. The proof of Theorem 1.2.

We prove Theorem 1.2 in this section. Our idea is to construct some super-
solution of (4), by employing some similar ideas as the sliding method of
Berestycki, Caffarelli and Nirenberg (see, e.g., [1]).

Throughout this section, we assume that u(z) is a bounded solution to
(4) and a > 0; without loss of generality, we may assume that SUPRn U > 0.

Lemma 2.1. SUPRn U = SUPgRy U-

Proof. Let {27 }521 be a sequence of points with u(x?) — supgn u. Denote

x}, the last component of z7. We first show that x), — 0 as j — oo. If not,
then there is a § > 0, such that 27, > ¢ (after passing to some subsequence).
We consider v/ (x) = u(x + 27) for |z| < 6. Notice that w/ is bounded in
|x| < §. By standard elliptic estimates, we know that after passing to some
subsequence, u/ — ug in C*(By/2(0)), where ug satisfies

AUO = aug in 35/2(0),

and wug assumes its positive maximum at the origin. This is clearly impossi-
ble.

Again, standard elliptic estimates yield that |Vu| < C for some positive
constant C'. Therefore, SUDRn U = SUPgRy U-

We normalize u(x) so that supgr u = 1. By Lemma 2.1,

(6) supu = 1.
OR™

Define
Qn = {(2',z,) | 2 € R"™', 0 <z, <h},
Q= {(@,20) | |2/ <7, 0<a, <h},
Lipe = 0y N {zy > 0},
Topr = 0, N{z, = 0}.

We first state a lemma concerning the sub- and super-solution method.
Consider

—Au = f(z,u) in Qp,,

(7) u=g(x) on I'yppr,

% = h(z,u) on Iypy,
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where f(x,u), h(z,u) are Carathéodory functions, g(z) is continuous.
A function v € H'(Q4,) is called a sub-solution to (7) if u < g(z) on
'y p, and

/g (Vuvy— fwn] = [ <o,

FQ,h,r
for all n € C®(Q,), n >0, and = 0 on T'y 5. Similarly u € HY(Qp,,) is
called a super-solution to (7) if the above inequalities are reversed. We refer
the proof of the following result to [5]:

Lemma 2.2. Suppose that u,u € Hl(Qhw) are both bounded, u > u, and
they are super-solution, sub-solution of (7), respectively. Then there is a
solution uw € HY Q) to (7) such that u < u < W holds a.e. in Qp,.

We now apply Lemma 2.2 to construct a super-solution of (4).

Lemma 2.3. For any fixed h, v > 0, there is a unique solution to
Ay = ayp in Qpg,

(8) =1 on T'ypp,
g—ﬁ’ =1 on Lo,

Proof. 1Tt is easy to check that u = 0 is a sub-solution and w =1+ h — z,
is a super-solution to (8). The existence follows from Lemma 2.2, whereas
the uniqueness follows from the Maximum Principle.

Lemma 2.4. Let u(x) be a solution to (4) and 1y, be the unique solution
to (8). Then tp, > u in Qp .

Proof. Set w = 4y, , — u. Then w satisfies

Aw = aw in Qp,,
w >0 on I'yp,,
ow

5 =1—u on I'op,.
If w(zg) = ming, | w(z) < 0, then zg € T'ap, \ {|2/| = r}. By the Hopf
Boundary Lemma, we know that dw/0dv(zp) < 0, which contradicts
ow/ov(xg) =1 —u(zg) > 0.
This proves Lemma 2.4.
Now consider

Ap=ap  in Qg

)

(9) p=1 on  I'yppr,
g% =0 on Iap ;.
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It is easy to see that u = 0 and w = 1 are sub- and super-solutions to (9),
respectively. Thus there is a unique solution to (9). We denote it by 11 4 ;.
Decompose 1y, as

wh,r = wl,h,r + w2,h,ra
where 13 1, is the unique solution to

Ap=ap  in Q.

w =0 on Fl,h,m
o
Biﬁ =1 on Fg,h,,«.

It again follows from the Maximum Principle that
0 <tYrp,r <1, 0<vYonr <l+h, VreQ,.
Furthermore, we can show:

Lemma 2.5.

a) Y1 p,r is non-increasing in . For any fized h > 0, as r — 00, Y1 p,
converges monotonically to 1, where 1 p(x) is a function of xy
alone and satisfies

Ay = ap in  Qp,
(10) p=1 on {n=h},
% =0 on {z, = 0}.
b) o, is non-decreasing in r. For any fixed h > 0, as r — 00, Vg,

converges monotonically to gy, where gy (x) is a function of x
alone and satisfies

Ay = ay in  Qp,
(11) Y =0 on {zn = h},
g—f =1 on {z, = 0}.

Proof. We only give the proof of Part (a) since Part (b) can be established
in the same spirit. For any " > r, set w = ¥y v — 1y in Qpp. Then w
satisfies

Aw = aw in Qp,,
(12) w <0 on I'ypg,
%—Z =0 on Iy,

It follows from the Maximum Principle and the Hopf Boundary Lemma that
w < 0in ﬁh,r. This proves the monotonicity of 1y p, .

Therefore, for any fixed h > 0, as r — o0, 11 5, monotonically converges
to ¢y, in R”} and ¢y, satisfies (10).
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We still need to show that 1y 5, is a function of x;, only. For any P ¢ Rr—1
and 7/, r > 0 with 7" —r > |P|, consider the difference wy = ¢ p (2’ +
P xy) — 1 pr(@, zn) in Qp,. It is easy to see that w satisfies (12), thus
wy < 0in Qp, . That is,

i (@' + Pran) < ipe(2's2,), Vo€ Qp,, VPeR'™
Sending r, 7" — oo, we have
Uip(a’ + Poan) < ¢ip(z), Vo€ Q.
Hence 1 p(z) = 1 p(zp).

Proof of Theorem 1.2. Denote vy, = 1 5 + 2. Then by Lemmas 2.4 and
2.5, Yp(x) > u(x) in Qp, and 1y, satisfies

W' —ap=0 in (0, h),
Y'(0)=—1,  (h)=1.
Direct calculation shows that
Up(xy) = cle‘/ax" + CQC_ﬁxn,

where
. 1-— ﬁe*\/&h
LT evah 4 e—vah’
o 1+ ﬁeﬁh
27 evah 4 e—vah'

Sending h — oo, we have ¥y (x,) — ﬁe*\/axn. Thus by Lemma 2.4,

1
u(z) < —e Vo yre R
a

It follows from (6) that

@<
=supu(zr) < —,
OR™ Va

i.e., a < 1. This proves Theorem 1.2.

3. Asymptotic behaviors of eigenvalues.
We prove Theorem 1.1 in this section. For every piecewise smooth domain
(), it was proved in [3] that
A(y)
v
To prove Theorem 1.1, we need to show that when 9 is C!,

liim'y—w)o 1

= A0
(13) lim, o0 o <1
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Proof of Theorem 1.1. For any v > 1, let u, be a positive solution of (2)
and u, attains its maximum at z,. By the Maximum Principle, we know
that x, € 9€). After normalization we can assume that maxgu, = 1 and
xz, — 0 € 0f2. Further, we can assume that there is a C' function ¢ such
that QN Bz (0) can be represented by z,, = ¢(a’) for |2/| < 2 with ¢(0) =0
and 0¢/0z;(0) =0fori=1,...,n—1.

For any n € C§°(B2(0)), u, satisfies

(14) / Vi, - Vi + A(’Y)/ UnT) — ’Y/ uyn = 0.
Q Q o0

Now we flatten 0 near the origin. Let y = ®(x) : QN B2(0) — Qg =
O (2N By(0)), be such that

@i(x):xi, i:1,2,...,n—1,
D, () =z, — (o).

Denote the inverse of y = ®(z) by x = ¥(y). Then (14) can be rewritten as

n Ou, On 0Py, oD,
Do 0o 0 ¥ U (y))|D¥|d
kzlzjl /Qq) 8yk 3yl ox; ( (y)) O ( (y))‘ | Y

(]

+A(v) / um| DV|dy — 7/ uyn/ 1+ [Vo(y')2dy" =0,
Q@ 89<I>

where |DV| is the derterminant of DW. Notice that |V¢| = o(1) as 2’ — 0.
Thus DV — [ as |y| — 0, where I is the n x n identity matrix. We now
consider two different cases.

Case 1.

— A
limvﬂm—(z) =q < +o0.
Y

Without loss of generality, we may assume that

Y Jaq i = Jo [Vus* sup Y Joqu® = Jo [Vul? o
ok fQ “3 uwe H1(Q)\{0} 2 fQ u? 7

and uy(zy) = maxqu,(r) = 1, zy — 0. We let 2 = v(y — yy), where
yy = (21,0), and set v,(2) = u,y(y). Then for any R > 0 and n with
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compact support in Bag, as v becomes sufficiently large, v, satisfies

(9<I>k z 0P; z
o (‘1’ (+2)) s (e (0 3) 1001 (3142
A(v) z

+ —72 /B+ vyn| D] (y7 + 7) dz

2R

B / 0T+ IV0(, +2//7)Pde! = 0.

Since for z € B;R, Yy + 2/7 — 0 as v — oo, we know that for sufficiently

large v,
"L Oy, z 0P, z I
(Za (v (n+2)) 5 (v (’”H))) =3

kl

Let ngr be a cutoff function satisfying ng = 1 in Br with compact support
in Bop and |Vnr| < C. Choosing n = u - ng in (15), we have,

IV0, 255y < Cllos llz= = C.

Therefore, after passing to a subsequence, v, — vy weakly in H, .

loc
v — oo, where vy € HL _(R7) satisfies

(R%) as

Avg = avg in R%,

%”VO =19 on ORY,
3 n

0<vy <1 in R%.

To show that vy is nontrivial, we claim that there is a constant C' > 0
such that

(16) 1= [l gy gc(||v7||p<amm{|x/|<2} ol e ))>.

Since the embeddings from W12(B; (0)) to L%(B;(O)) and L?(OR" N
{|2'| < 2}) are both compact, we know that

1<C <\|vo||L2(aR1m{xf<1}) + HUoHL%(Bﬂ ))> ;
from which it follows that vy # 0. From Theorem 1.2 we see that a < 1.
Hence it suffices to establish (16).
Inequality (16) can be obtained via Moser iteration. Though it seems to be
a standard result (see, e.g., [4]), we include a proof here for the completeness.
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Direct calculation shows that

/ Vu, - V(0F¢?)
B

1k b1
= et i) /B; v ( 5)
4k

k—1
k+1 2 k+1 2
— v, C — / , C - V.
(k+1)2 /BQ+ v Vel (k+1)2% Jizn=0, jarj<2y | ¢

Choosing 1 = v];g? in (15) with £ > 1 and ¢ having compact support in

2
k-1 k41 A £2
+(k+1)2/3;1}7 A¢

B; , we have

(17)
% 2
/B; v (U'y 5)
k-1 [ k-1
< 'U+1A2+/ ,UkJrlv 2+ ,Uk+1v2_y

(k+1)°C / ki1, , (k+1)%C / ftl
+ — (% + — v, .
4k {zn=0, |z/|<2} v g 4k B;r v €

Let

1
T'Z‘:].‘i‘F, i:1727...,

and choose §; satisfying
&=1, |z| <ripa;
é.i = 07 "T‘ > T
V& <228 V2] < 4-4%

Replacing £ by &; in (17) and using the Sobolev inequality and the trace
inequality, we have, for n > 3,

=2 2(n—1)

kil % nT k41 n—2
B 7)) e ()
B, OB N{zn=0}

i (k+1)? / k1 i, (k+1)? / k1
<O (ai T gi BT
=¢ < LT B} vl LT OB, N{zn=0} T

where C' is some universal constant. By

k+1 (k+1)-725 ) "
/ vy < C </ Uny ,
B B,
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we arrive at

n=2 2(n—1)

ke \ oz " L\ Tz
a ([ (=Fe)) 4 ( é)
B, OB, N{zn=0}
. (k+1)? / (k1)) "
<C. w7
<C <4 + oy ot Uny

2
+C- <4l_|_(k+1)>/ v”;‘f‘l'
4k OB} N{n=0}

Define = (n—1)/(n —2), qo = 2, gi+1 = Bg; and p; = ng;/(n — 1) for
i=0,1,...; choosing k = ¢; — 1 in (18), we have

o] qLip”l(BTt'H) * ||U’y||qLiqi+1(Fi+1)

2
<C- (42 + qil) (H vHLpl Bt T o117 ))
(]

where I'; = OB N{x, = 0} fori = 0,1,...;since § > 1, (aP+0P)/P < a+b.
It follows that

q q 1/Qz+1
i1 i1
(19) <||U'7”LZ’:'+1(B2+1) + ||U“/||LZ‘Z+1(F1-+1)>

‘ q2 1/q; » 1/q
(o e n)) ()

Since ¢; = 23, it is easy to see that

2 1/ps i ) ) 5
(C”‘i ! fﬂ) < [o(t 4269V < V@4 4 gyl e,

Thus
0 1/qi
H<4ZC+ qZC) < (C < 0.

1=1

It follows that

Ioslsses o,y < € (o lomgnoncan + 1001, o e )

Sending i — oo, we obtain (16). For n = 2, we can obtain (16) in the same
spirit. We thereby complete the proof of Theorem 1.1 in Case 1.

Case 2.
A()

lim —Z2 =
Y00 5 .
v
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We will also rule out this possibility. Let u, be the sequence of positive
functions such that

7[89 Uy fQW“v| _ sup Vfaﬂug_fQ’V“F

72 Jqud ue HL(Q)\{0} 72 Jou?

as 7 — 00, and u,(z,) = maxgu(xr) = 1. Define z = y/a(vy)y(y — yy) and
vy(2) = uy(y). Then for any R > 0 and n with compact support in Bjp, as
7 becomes sufficiently large, v, satisfies

Ovy On 0y, ( ( z))

— " (P + —

klzl / 8zk 0z Ox; Yy ~y
8<I>l z
T (1 (0 +3) 10w (3743

L (o)
+ vn| DU + —)dz
a(v)v? /B> DY v, v

2R
vw\/l + VoY, +2'/7)|2d2" = 0.

1
- Va() Jamo

Similarly as in Case 1, we can show that v, — v weakly in Hﬁ)C(BE), where
0<wvy<1,v9#0, and vg € HIOC(IR{CLr) is a weak solution of

= a(y) — o0

Avg = vg in R7,
(20) = on OR".

Using even reflection, from (20) we know that there is a positive bounded
function satisfying

Avg=v9 in R™
On the other hand, it is well-known that there is no nontrivial positive
solution to the above equation. This finishes the proof of Theorem 1.1.
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