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Boundary concentrations on segments
for the Lin-Ni-Takagi problem

WEIWEI A0, HARDY CHAN AND JUNCHENG WEI

Abstract. We consider the following singularly perturbed Neumann problem
(Lin-Ni-Takagi problem)
2 P . u
e“Au—u+u”=0, u>0 in £, E:O on J%,

where p > 2 and Q is a smooth and bounded domain in R2. We construct a
new class of solutions that consists of a large number of spikes concentrating on
a segment of the boundary that contains a strict local minimum point of the mean
curvature function and has the same mean curvature at the two end points. We
find a continuum limit of ODE systems governing the interactions of spikes and
show that the derivative of the mean curvature function acts as friction force. Our
construction is partly motivated by the construction of CMC surfaces on broken
geodesics by Butscher and Mazzeo [10].

Mathematics Subject Classification (2010): 35J61 (primary); 35B40 (sec-
ondary).

1. Introduction and statement of main results

1.1. Introduction and Main Results

In this paper, we establish new concentration phenomena for the following singu-
larly perturbed elliptic problem:

2Au—u+ul=0 in Q

u=>0 in (11)
ou

— =0 on 0%,

av

where € is a smooth bounded domain in R? with its unit outer normal v, the expo-
nent p is greater than 2, and ¢ > 0 is a small parameter. We prove the existence of
solutions concentrating on a segment of 9€2.
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This equation is known as the time-independent nonlinear Schrodinger equa-

tion: )
0 R - _
ih—aw = LAYV — PPy (12)
t 2m

where / is the Plank constant, V is the potential, and 7, m are positive constants.
Then, standing waves of (1.2) can be found by setting ¢ = ¢'£/ hy(x), where E is
a constant and the real function v satisfies the elliptic equation:

—PAv+ Vv =P (13)

for some modified potential V. If we consider i — 0, the above equation becomes
a singularly perturbed one.

It can also be viewed as a stationary equation of Keller-Segel system in chemo-
taxis [24] and the Gierer-Meinhardt biological pattern formation system [19]. In
particular, Lin-Ni-Takagi [29] first derived this problem from Keller-Segel system
and initiated the study of the quantitative properties of its solutions. In the literature
this is also called as the Lin-Ni-Takagi problem [18].

Although problem (1.1) appears simple, it has a rich and interesting structure
of solutions. For the last twenty years, it has received considerable attention. In par-
ticular, various concentration phenomena exhibited by the solutions of (1.1) seem
both mathematically intriguing and scientifically useful. We refer to three survey
articles [38,39], and [44] for more background and references.

In the subcritical case, problem (1.1) admits spike layer solutions, concentrat-
ing at one or multiple points of Q. It was first established in [40,41] by Ni and
Takagi the existence of least energy (mountain pass) solutions to (1.1), that is, a
solution u. with minimal energy. They showed in [40,41] that, for each ¢ > 0,
sufficiently small, u. has a spike at the most curved part of the boundary, i.e., the
region where the mean curvature attains maximum value.

Since the publication of [41], further studies on spike-layer solutions (for the
Dirichlet problem and mixed boundary problem as well) have been made. For spike
solutions, solutions with multiple boundary spikes as well as multiple interior spikes
and mixed interior and boundary spikes have been established (see [4,7,8,12,15—
18,20-23,26,27,42,43,45,46], and the references therein). Owing to these works,
the phenomenon of concentration at points is now well-understood. Necessary and
sufficient conditions for the location of boundary and interior spikes are available.

In particular, with regard to the interior spike layer solutions, Lin, Ni, and
Wei [28] showed that there are at least (EIISW interior spikes, and recently the
first author, the third author and Zeng [5] extended their result and obtained the
optimal bound of number of interior spikes, S—}VV , for general smooth domain in RV .

A general principle is that for interior spike solutions, the distance function
from the boundary 9€2 plays an important role, while for the boundary spike solu-
tions, the mean curvature function of the boundary plays an important role.

Besides the spike-layer solutions, it has been conjectured for a long time that
problem (1.1) should possess solutions, which have m—dimensional concentration
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sets for every 0 < m < N — 1 (see, e.g. [38]). The case m = N is excluded since
(1.1) is not expected to exhibit phase transitions.

Under symmetry conditions, some results for problem (1.1) have been obtained
in [1,2,6,9,13], as well as for the Dirichlet problem and the nonlinear Schrodinger
equation.

In the general case, progresses although still limited, have also been made
in [30,31,33-37,47,48]. For solutions concentrating on interior higher dimen-
sional sets, results were first obtained in [47,48] where the third author and Yang
constructed solutions concentrating on line segments in the interior of the domain
2. For boundary concentration solutions, in a series of papers Malchiodi and Mon-
tenegro [34,36] proved the existence of solutions concentrating on the whole bound-
ary or arbitrary components of Q2 when € C R" and solutions concentrating on
closed geodesics of 9€2, when Q2 C R3; later Mahmoudi and Malchiodi [30] ex-
tended the results and obtained the existence of solutions concentrating on the k-
submanifolds of 32 € R, provided that the sequence ¢ satisfies a gap condition
is called resonance.

In [3], the first and the third authors and Musso removed the resonance con-
dition in [47] and proved the existence of solutions concentrating on the interior
straight line by putting a large number of spikes distributed along the line. It is nat-
ural to ask that whether one can remove the resonance condition for the boundary
concentration solutions using similar ideas. In addition, in all the above mentioned
papers, for higher dimensional boundary concentration solutions, the concentration
sets were either the whole boundary or closed submanifolds of the boundary. A
natural question is:

Does problem (1.1) have solutions that concentrate on a broken segment of the
boundary for alle — 0 ?

In this paper we provide an affirmative answer to the above question. We construct
solutions concentrating on a broken segment y of the boundary 992 C R? for all
e — 01if y satisfies the following condition:

(Hy). Let y = ¢ ([0, b]) be the segment parametrized by arc length, and H (q) be
the curvature of 92 at g. Denote by

d d?
H'(y(s)) = EH(V(S)), H"(y(s)) = WH(y(s)).

Assume that H”(y (s)) > ¢ > O for all s € [0, b], and H(y (0)) = H(y (b)).

Remark 1.1. From assumption (Hy), one can see that y must contain a non-de-
generate local minimum point of the curvature H, and that the curvature at the two
end points of y must be the same.

Our main result in this paper is stated as follows:

Theorem 1.2. Assume that y satisfies (Hy). Then there exists ey > 0 such that, for
& < &, there exists boundary spike solutions to (1.1) concentrating on y .
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Remark 1.3. In the paper [23] Gui, Winter, and the third author proved the exis-
tence of multiple spike solutions concentrating at the local minimum point of the
curvature H(p). In this paper, we proved the existence of spike solutions con-
centrating on the segment that contains a local minimum of H(p). Theorem 1.2
extends their result to a segment containing a local minimum point of H.

Remark 1.4. In this paper the condition p > 2 on the exponent is imposed for
technical reasons. In the range 1 < p < 2, we believe that the conclusion is also
true by more refined estimates.

1.2. Description of the construction

The solutions we construct consist of a large number (O (; 111 -)) of spikes distributed

along the segment y whose mutual distance is sufficiently small (O (¢ In¢€)).

At first glance one may discard such kind of solutions, as there seems to be
no balancing force at the end points of the segment. In the following, we show
that the derivative of the mean curvature function acts as friction force. This new
phenomenon was first discovered in the work by Butscher and Mazzeo [10], in
which they constructed CMC surfaces condensing to a finite geodesic segment. We
comment more on this later.

In this subsection, we briefly describe the solutions to be constructed later and
present the main idea in the procedure of the construction.

More precisely, let w be the unique solution of the following equation:

Aw—w+wP =0 in R?
w >0, w0)= max, g2 w(y) (14)
w— 0 as |y| — oo.

It is well-known (see [25]) that w is radial, i.e. w = w(r), w'(r) < 0 and has the
following asymptotic behavior:

_ N1 _
w(y) =cnplyl™ 2 e Pl +o(1)) (1.5)

and
w'(y) = —(1 4+ o(1)w(y) as |y| — oo. (1.6)

For g € 02, we set
Qe ={z:e2€Q}, Qe g={z:62+q €},

and

Puwy(z) = Pe, ,w <z — %) ,we(2) =w (z — %) , 7 € e,
where Pq, LWz — %) is defined to be the unique solution of

q\P» . ou
Au—u+w<-——) = 0in Q. 5 = 0on 92, (1.7)
I Vv
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We put a large number of boundary spikes along y. Let (y(s1), --- , ¥(sx)) be the
location of spikes. We define

k .
U= Po,.w (Z B yf”)
i=1

to be an approximate solution.

A natural and central question is how to choose s; such that U is indeed a good
approximation. By formal calculation, one has the following energy expansion for
the energy functional corresponding to (1.1):

k k D) — (s
W)= 51w - eyol_;my(sl)) _n, (M) o),

where yp, y1 are positive constants. One needs to find a critical point (sy, - - -, sg)
of J in order to obtain a solution of (1.1), i.e., iJ = 0 for all ;. The main point

in this paper is to exploit the contribution of H’ (y(s)) in aJ The novelty of this
paper is the new method of constructing balance approximate spike solutions, i.e.,
the configuration space {(s1, - - - , sx)}, such that "— is almost 0.

In this paper we establish a method to find such balance approximate solutions.
It turns out that the number of spikes and their positions are determined by some
nonlinear equations, which involve the interaction of spikes and also the effect of the
boundary curvature. To explain this, we need to introduce the interaction function
W (s) to describe the interactions of different spikes, which is defined for all s € R
by

W(s) = - f w(y = (5. ) pur~ gy,

R2 a1

It turns out that y (s;) are determined by the following non-linear system:

w @%ﬂl+¥wwm»:0@%

v Ei:&l.-W<B%;ﬂ)+eH¥W@ﬁ)=0(§)

w(ﬂ;ﬁig_w(ﬂi?ﬁig+¥HWm1D— (%)

&

—w ('S"_&\i“') +&2H'(y(s0)) = O (¢%) ,

and the number of spikes depending on ¢ is given by k = k., = [‘ —In SI] + 1.
One can see from the above equations that it is possible to balance the two end
points of the segment using the derivative of the curvature function. However, in
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general, the above nonlinear system is difficult to solve. Our new idea is to consider
this non-linear system as a discretization of its continuum limiting ODE systems
(as the step size h = ¢|In¢g| tends to 0):

dx _ 1 g e
dr lnew <lne'0(t)>
dp ,
E:H(y(x(t))), 0<t<b, 19)
p0) =0, p(be) = pp
1
x'(bg) = —— W2 H'(y (x(be)))),

Ing

where W~! is the inverse function of W, and b, = (k. — 1)h = b + O(h) and
pp < 0 1is a small constant depending on €. The above overdetermined ODE is
solvable under the assumption of the segment y in (Hy).

To describe the configuration space of y (s;), we solve the ODE system (1.9)
first and denote the solution as x(z). Then, we define the positions of the spikes by
midpoint approximation:

t; t;
s?:x<‘+2‘“) fori=1,--+ k—1 (1.10)
and .
0= +ew ! (82H’ (pr)), (1.11)
where
i =G —Dlelng|, i > 1. (1.12)

The method to determine the approximate positions, i.e., s?, is the main contribution
of this paper, which we elaborate in Section 6. The position defined in this manner
is indeed an almost balanced one. We find real solutions by perturbing these spike
points.

Letting y; € R, we define

si=s 4y, fori=1,---,k, (1.13)
and y; satisfies

[yil < CleIn(—Ine)]
ce’

[Git1 —8i) — (si —si—D)| = "0 00 (1.14)
min dw (%=1} g (5T i
€ ' €

fori =2,---,k — 1 and for some large constant C > 0.
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With these notations, we can define the configuration space of (sy, - - - , s¢) by:
A ={(s1,---,8) € ]Rkls,- is defined by (1.13) and satisfies (1.14)}. (1.15)

The reason behind defining the configuration space in this manner is made clear in
Section 3.
Moreover, from the analysis of the ODE (1.9) in Section 6, one can infer that

C

Isi —si1] = (1 +o()lelne], w(2—=1) < < (1.16)
£ |Ineg|

fori =2,---,k,and
Isi —si—1] = 2(1 +o(1))|e Ing|| (1.17)

fori =2, k.
We prove Theorem 1.2 by showing the following result:

Theorem 1.5. Let y be a segment of 0S2 that satisfies (Hy). Then, there exists &g
such that for & < g, there exists a positive number k = kg, = [lalnsl] + 1 and
k points (y(s1), -+, v(sx)) ony, where (s1, -+, Sg) € Ay such that there exists a
solution ug to problem (1.1) having the following form:

ug(x) = Z,Png(g < . (Sl)) +o(1), (1.18)

where o(1) — 0 uniformly as ¢ — 0.

Remark 1.6. The motivation behind our construction comes from the study of the
constant mean curvature surfaces. In [10], Butscher and Mazzeo constructed CMC
surfaces condensing to a geodesic segment by connecting a large number (0(})) of
spheres of radius r distributed along the geodesic segments. Such surfaces cannot
exist in Euclidean space, but they are able to show that the gradient of the ambient
scalar curvature acts as a ‘friction term’, which permits the existence of balance
surfaces. Therefore, the gradient of scalar curvature plays the same role as the
gradient of the mean curvature in our case. In their paper, they require the symmetry
condition on the geodesic segment. In our main Theorem 1.2, if we further require
that €2 is symmetric, it is easy to see that (Hj) can always be satisfied near the
non-degenerate minimum point of the curvature H (y (s)). Since we do not require
any symmetry of the segment in Theorem 1.2, we believe that our idea can be used
to construct CMC surfaces condensing to geodesic segments without the symmetry
condition. This is the main contribution of our paper. We will discuss this in a
forthcoming paper (A. Butscher announced this result in a preprint [11], but the full
details have not been published as yet).
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1.3. Sketch of the proof of Theorem 1.5

We will use the Lyapunov-Schmidt reduction method and a perturbation argument
to construct the solutions to (1.1). The perturbation argument used to produce a real
solution is not so different from the ones appearing elsewhere in the literature. As
mentioned earlier, the main contribution of this paper is a novel approach to con-
structing balanced approximate solutions. In the following, we present the sketch
of the proof.

We first introduce some notation. Given that, after the scaling x = &z, the
original problem becomes

Au—u+uP =0 inQ;,

u=>0 in Q; (1.19)
0
—u:O on 082;.
av
Fixing s = (s1, - - , Sk) € Ak, we denote by
(s1) (s1)
P=<P1,---,Pk>=<y R
3 &

and define the sum of k spikes as

k
U= ZPQ&EW(Z - P).

i=1

Define the operator
S(u) =Au—u+u?.

We also define the following functions as the approximate kernels
BPQEYPZA u)(Z - Pl)

8‘[[3.

1

i for i=1,.--- k.

Using U as the approximate solution, and performing the Lyapunov-Schmidt reduc-
tion, we can show that there exists &y such that, for ¢ < gg, we can find a solution
Y of the following projected problem:

k
S(U—Flﬁ):ZqZ,,/ 1/sz=0,l=1,,k,
=1 Qe

1

where ¢; are constants depending on the form of v, Z;.
Next, we need to solve the reduced problem

¢ =0 i=1,--k

by adjusting the points in Ay.
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There are two main difficulties in solving the reduced problem. First, we need
to control the error projection produced by 1. In order to control this projection,
we need to work in a weighted norm, which estimates ¥ locally (see Section 3).
Further, we need a decomposition of i, which is given in Section 4, from where
one can see why we define the configuration space of s; in (1.15). The reason
why one needs to obtain a further decomposition of ¢ is that the mutual distance
of the spikes at the main order is not the same. In fact, near the two end points,
the mutual distance of two consecutive spikes is 2(1 4+ o(1))e|Ing|, while in the
more central part the mutual distance of two consecutive spikes is (1 +o0(1))e|In¢g]|.
Thus, the global estimate for ¥ is not sufficient for our estimates. We need further
decomposition near each spike. Second, we need to solve a non-linear system of
the form (1.8), for which we use the discretization of the ODE equation (1.9).

Finally, the remainder of this paper is organized as follows. Some preliminary
facts and useful estimates are explained in Section 2. Section 3 contains the standard
Lyapunov-Schmidt reduction process: we study the linearized projected problem in
Subsection 3.1 and then solve a non-linear projected problem in Subsection 3.2. In
Section 4, we obtain further asymptotic behavior of v, which provides an expansion
in e. In Section 5, we derive the reduced nonlinear system of algebraic equations
for the location. Section 6 is devoted to solving the reduced problem.

2. Technical analysis

In this section we introduce a projection and derive some useful estimates. Most of
the results in this section are quite standard now and have been extensively used in
the literature (see [21-23,40,43,45]).

Throughout this paper, we shall use the letter C to denote a generic positive
constant that may vary from term to term. Through the following rescaling

x=¢€z, 1€ Qs :={ez€Q}, (2.1)
equation (1.1) becomes

Au—u+uP =0, in,

ou 2.2)

— =0 on 0€2;.

av

We denote by Ri = {(y1, 2)|y2 > 0}. Recall that w is the unique solution of (1.4).
Let g € 92. We can define a diffeomorphism straightening the boundary. We

may assume that the inward normal to 0€2 at ¢ points in the direction of the positive

xp axis. Denote B'(R) = {|x1] < R}, and ; = QN B(g,R) = {(x1,x2) €

B(q, R)|x2 — g2 > p(x1 — q1)} where B(q, R) = {x € R?||x — ¢q| < R}. Then,

since 02 is smooth, we can find a constant R such that Q2 can be represented by

the graph of a smooth function p, : B'(R) — R where p,(0) = 0, and ,oé 0) =0.

Hereafter, we omit the use of g in p, and write p instead, barring any confusion.
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Therefore, €2 can be represented near g by (x1, p(x1)). The curvature of 92 at ¢
is H(g) = p”(0). After scaling, we know that near Q = %, 0%2, can be represented
by (z1, e ' p(ez1)), where (z1, z2) = e~ 1(x1, x2). By Taylor’s expansion, we have
the following:

1 1
e p(ezn) = 5" Oz} + oV O + 0 (£%4). 23)

Recall that for a smooth bounded domain U/, the projection Py of H 2U) onto
{u e HZ(U)Ig—]'f = 0 at 9} is defined as follows: For v € H?(U), let Pyv be the
unique solution of the boundary value problem:

Au—u+vP=0 inl

0 24
o =0 on 0UA. @4
v

Let hp(z) = w(z — P) — Pq, pw(z — P). Then, hp satisfies

Ahp(z) —hp(z) =0 in €2,

oh 0 2.5
—P=—w(z—P) on 0€2. 2:5)
av ov

For z € Q1 ¢, for P = (P1, P2), set now

—z—P
yi=z1—P » 2.6)
»2=2-Pr—¢e"p(e(z1 —P).

Under this transformation, the Laplace operator and the boundary derivative opera-
tor become

Ag= Ay + p(e21) 0y, — 20" (621)3y, 5, — 60" (621)0y,

1
LS 8 2
(14 0/e20?)" o5 = plezndy, — (14 p ez,
First, we need to obtain the expansion of / p(z) in terms of &, from which one can
see the effect of the boundary curvature. In this paper, we need to expand it up to
0(82). To be more specific, let v be the unique solution of

Av—v=0 inR%r

0 " p"(0 2.7
_vzi’o()y% OnaRﬁ_, (2.7)
dy2 |yl 2

where w’ is the radial derivative of w,i.e., w = w,(r),andr = |z — P|.
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Let v® be the unique solution of

82
Av—v—2p"0)y =0 inR%_
dy19y2
ov ")y U1 on IR2
—=—p"O)y1— :
a2 a1 *
Let v® be the unique solution of
Av—v=0 in ]R%r

v w (2.8)
o |y—|§p<3>(0)y13 on 9RZ.

Note that vV, v@ are even functions in y1 and v is an odd function in y1. More-
over, it is easy to see that |v; (y)| < Ce ™| forany 0 < p < 1. Let x(x) be a
smooth cut-off function such that y (x) = 1,x € B(0, Roe|Ing]),and x (x) = O for
x € B(0,2Rp¢e| In¢g|)¢ for Ry large enough, and x.(z) = x(ez) for z € Q. In this
case, one has w(Ry|Ine|) = O(eR0). Set

hp(@) = —(e010) + 2 (120) + 130)) ) 1oz = P) + %65 (2), 2 € Qe (29)

Then, we have the following estimate:

Proposition 2.1.
||€(Z)||H1(Q€) <C. (2.10)

Proposition 2.1 was proved in [45] by Taylor expansion and a rigorous estimate for
the reminder using estimates for elliptic equations. Moreover, one can check that
1E(z)| < Ce =Pl for some 0 < . < 1.

In our proof, only the evenness property in y; of the functions v‘" and v® are
used. However, for the function v®, both the oddness property and the equation it
satisfies will be used. In fact, it is from this term that the derivative of the curvature
function appears.

Similarly, we know from [45] that:

Proposition 2.2.

|: ow 87398,13“}

o 7} @—P)=en(Mxe@—P)+&m@), 1€ Q. (2.11)
atp atp

where 1 is the unique solution of the following equation:

Anp—1n=0 in R

an 1 (w” w/) s 3w 5 (2.12)
o __(® p"(0)y3 — —p"(0)y; ondR2.

by 2\ )T T T +

Moreover,
Il g,y < C. (2.13)
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One can observe that n(y) is an odd function in y;. It can be seen that |n; (y)| <
Ce ¥ for some 0 < . < 1.
Finally, set

Lo=A—1+ pw? (2. (2.14)

We have the following non-degeneracy property:

Lemma 2.3.
5 1 Jw
Ker(Lo) N Hy(R%) = span v [ (2.15)
Y1
where H]%/(R%r) = {u € HZ(R%F), 5% =0on BRi}.
Proof. See [40, Lemma 4.2]. ]

Next, we state a useful lemma that we will frequently use:

Lemma 24. If |q1 — q2| < |q1|, we have the following estimate:
p—1 ow
- pw(y) (w(y—me1)+w(y+qze1))a—yldy = O(lq1 —q2lw(lq1])) (2.16)
il

as |q1| — oo, where ey is the unit vector (1, 0).

Proof. By the oddness of g—;: in yp, one has

_ ow
/ pwMP ! (w(y — gier) + w(y + qae1)) =—dy
R2 a)’l

+

3
= /Rz pw(M? H(w(y — qrer) —w(y — 9231))8_;110’)’

+
L
= /pw(y)" l‘—‘O(w’(y—q]e])lm—qzl)dy
RR2 dy1
= O(q1 — @2Dw(q1]). O

Remark 2.5. In the following sections, we will denote by y! = (y{, yé) the trans-
formation defined by (2.6) centered at the point P; and by v;J ) be the corresponding

solutions in the expansion of / p, .
3. Liapunov-Schmidt reduction

In this section we reduce problem (2.2) to a finite dimensional one by the Liapunov-
Schmidt reduction method. The argument, thus far, is quite standard. We leave most
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of the proofs to the appendix. We first introduce some notation. Let H 1%, (£2;) be the
Hilbert space defined by

HY (Q) = {u € H*(Q%) g—z =0on aszg} ) (3.1

Define
S(u) = Au —u +u? (3.2)

foru € H]%,(Qg). Then solving equation (2.2) is equivalent to solve
S(u) =0 with ue Hy(%). (3.3)
To this end, we first study the linearized operator
k p—l
Le() = AY — Y + p (Z%s,mw@ - P») v,
i=1

and define the approximate kernels to be

apggypiw(z - P)
B 8TP.

i

i >

fori =1,--- k.

3.1. Linear projected problem

We first develop a solvability theory for the linear projected problem:

k
L) =h+Y ciZ
i=1

34
/ WZidz=0,i=1,---,k S

&

¥ € Hy(S2%).

Given 0 < u < 1, consider the norm

-1
il = sup | (e =21 hco|. (3.5)
Z€Q j
where P; € Ay, with Ay is defined in (1.15).
The proof of the following Proposition on linearized operator, which we post-
pone to the appendix, is, thus far, standard.
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Proposition 3.1. There exist positive numbers 1 € (0, 1), 9 and C, such that for
all ¢ < gg, and for any set of points P;, j = 1,...,k, given by (1.15), there is a
unique solution (Y, ¢;) to problem (3.4). Furthermore,

¥l = Cllills (3.6)
In the following, if v is the unique solution given by Proposition 3.1, we set
v = Ah). (3.7)

Estimate (3.6) implies that
IAM® |1« < Clikl. (3.8)

3.2. Nonlinear projected problem

We now have sufficient context to solve the nonlinear equation:

k
L) +E+NW) =) ciZ
T (3.9)
/ vZ;=0fori=1,---,k

£

¥ € Hy(Q)

where E is the error of the approximate solution U:

k k
E=A (Z Pa, p w(z — P,-)) - (Z Pa, p w(z — P,-)) (3.10)

i=1 i=1
k p

+ (Z Pa, pw(z — P») :
i=1

and N (y) is the nonlinear term:

k p k p
N) = ((Z PQSYPiw(z — Pi)) + W) - (ZPQ&PI,U)(Z - Pi)) (3.11)

i=1 i=1

k p—l1
—-p (Z Pa, pw(z— Pi)) v

i=1
By Proposition 3.1, we can rewrite (3.9) as

v =—A(E +N®{)), (3.12)
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where A is the operator introduced in (3.7). In other words, v solves (3.9) if and
only if ¥ is a fixed point for the operator

T(W) = —A(E+N®W)).

We show that the operator 7' defined above for ¢ € HI%, (€2;) is a contraction on

B = {w € Hy(Qe) : 1Yl < Ce, / VZi =0}

£

for some adequately large C > 0.
In fact, we have the following lemma:

Lemma 3.2. There exist u € (0, 1), and positive numbers &g, C, such that for all
& < &, for any set og points Pj, j = 1,...,k, given by (1.15), the following
estimates hold:

|El« < Ce (3.13)

and
IN@)« < Cligll>. (3.14)

Proof. We start with the proof for (3.13). Fix j € {1, ..., k} and consider the region
|z — Pj| < mln“Pj_Pj*z]HPj_P”ll} . In this region, the error E, whose definition is
given in (3.11), can be estimated in the following way:

E@I <Cw’ ' @=Pp)| Y wk=P)+) hp@)
Pi#P; i (3.15)
< C(e+e2)e MPil < el Pil,

if we choose an adequately small p such that p — p > 2.
min{|P;—P;_|,|Pj—Pj1]
2

Now, consider the region |z — P;| > }, for all j. From

the definition of E, we obtain in the region under consideration

k p
|E(z)| <C [Z hp,(2) + (Z Po, » w(z — P») - wix - Pi)l’}
i i=1

1

<C) enhn <s+s%) (3.16)
i

<Ce Ze_mz_m.
i

From (3.15) and (3.16), we obtain (3.13).
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We now prove (3.14). Let ¢ € 5. Then,

(Ense-n)s) - (mnen)

k p-1
- p (Z Po, pw(z — Pi)) ¥| < Cy.

i=1

IN(W)| <

Thus, we have

-1
(Ze—mx—”ﬂ) N[ = Clyl2.
J

This gives (3.14). [

Using the above estimates, we validate the following result:

Proposition 3.3. There exist u € (0, 1) and positive numbers ey, C such that for
all ¢ < &g, for any set of points P;, j = 1,...,k, given by (1.15), there is a
unique solution (¥, ¢;) to problem (3.9). This solution depends continuously on the
parameters of the construction (namely Pj, j =1, ..., k), and furthermore

¥l = Ce. (3.17)

Proof. As mentioned before, we show that the operator 7 is a contraction mapping
in 5.

By the estimates in Lemma 3.2, (3.13), (3.14), and taking into account (3.8),
we have, for any ¢ € B,

1Tl < CLE+ N4 < Cle + &%)
<Cie

for a proper choice of Cy in the definition of 3. Take now v and ¥, in B. Then it
is straightforward to show that

IT(r) =T W)l < CINW1) — N2«
= CUWYlls + 120l 1Y — 2l
< oY1 — 2l

This means that T is a contraction mapping from B into itself.

The existence of a fixed point ¥ now follows from the contraction mapping
principle, and ¢ is a solution of (3.9) and satisfying (3.17).

A direct consequence of the fixed point characterization of i given above, to-
gether with the fact that the error term E depends continuously (in the *-norm) on
the parameters P; (j = 1,...,k), is that the map (Py,---, Px) — ¥ into the
space C () is continuous (in the *-norm). This concludes the proof of the Propo-
sition. O
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4. Further expansion of the error

In the previous section, we obtained a solution ¥ to (3.9) which satisfies |||« <
Ce. However, this estimate is not enough to solve the reduced problem. To proceed,
we need to obtain the asymptotic behavior of the function i as ¢ — 0. This is
needed to compute the neighboring interactions. The idea is that although the || - ||«
norm of i is not small enough, we can obtain a more accurate decomposition such
that the projection with respect to Z; is small enough for our purpose.

Before we state the result, we first consider the following equation:

d
Ap— ¢+ pw()? o =h+d ‘a”y(y) inR2
1

99

— =0 on dR?

v + 4.1)

d

[ 675 2ay <o,

R 9)1
Je2 higy

where d = — 5. We consider the above equation in the space {||A]« <

fRi (gy_ui)
400}, where ||hlx = SUP, g2 le#1¥1p| for some 0 < w1 < 1. It is quite stan-

dard to show the solvability of the above equation, and the solution ¢ satisfies the
following estimate:

@1l < CllA s (4.2)

Now, we decompose ¥ as follows:
Proposition 4.1. We may write
k
V=) xe(z— P)gi + &2y, (43)
i=1

where
Il < C, 4.4)

and ¢; = ¢; (yi) is the unique solution of

iNp— ow(y') .
Api — i+ pw(y)P gy = Hy +di 22 in R
1

I
——=0 on AR? 45
3y, ' + 4.5)

dw(y')

i 2 2dy =0,
R2 Oy
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where d; is defined such that the right hand side of the above equation is orthogonal
to wG) in L? norm, and

9y
Hi= — pw(yyr! [w (yi _Sic1— Siel> tw (yi Sig1 — Siel> . wj(l)i| 46
e e
fori=2,--- k— 1, while
So—§
Hy = —puw(y")?~! [w (yl - 1e1> +evi”} , .7)
and
Sk—1 — S
Hy = —pw(y)?~! [w (y" - %el) + sv,i”} : 48)
and where we have set _
o =y () (4.9)

for the solutions obtained in Section 1.2 centered at the point P;.

Proof. First, by the definition of d;, there holds

P i
d—— [ & w(y')

dy. 4.10
- oy, (4.10)

Then, from Lemma 2 4, the evenness of vl.(l) with respect to yi, and the definition

of the configuration space (1.15), we know that fori =2,--- k — 1
- . i — Sit1 i — Si—1
dl<C 1o, R i i+ ’
|dil < Ce™ lsig1 — sil — |si —s; llmln{w< A w A @.11)
< Ce?,
and fori =1, k,
di| = O (w (sl _ ”)) —0 (82) and |dy| = O <w <M)> — 0@,
3 &
(4.12)

Moreover, from (4.1), we have the following estimate:

@illsse < Ceif p > 24 py. (4.13)

Our strategy is to estimate ¥ in order to decompose 1 into three parts and show
that each of them is bounded in || - || as ¢ — 0. We write i as

Y1 =Y + vz + Yz, (4.14)
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where 111 satisfies

Ay — Y11 =0 in Q,
k
011 _ 19 Yoimy Xe(z — P on 39,
v g2 v

Define 1> by
1 k
V=5 > sizi,
i=1

where s; is determined by

k
M(si) = —/ ( Xe(z = P +821ﬁ11) Z;.
e \j=1
Finally, define /13 to be the solution of the following equation:

1
Le(Yr13)= e—st (1ﬂ - Zf:l Xe(z — P — &2(Y11 + 1/f12)> in Q,

oY1z
I

/ Y13Zidz = 0.
Qe

Next, we estimate 11, Y12, Y13 term by term.

k P
iz 92z X G=PG: gg (= Pi)¢i . By direct calculation,
& v

0 on 982

First, we estimate g1, =

av

™

1 & A, dxe(z — P;
g1e = —ZZ(Xs(Z— P,')% +¢>,-L)
i=1

=~

i2 ge*ﬂll)’*%w +0 (82>
& = av

k
—0 (8—2e—w1—mRo|1ns\) Y el hil

i=1

k
<Y enlnl,
i=1

671

(4.15)

(4.16)

(4.17)

(4.18)

if we choose (41 > w and the cutoff function in such a way that (u; —u)Ro > 1. In
the above estimate, we use the definition of ¢;, , the Neumann boundary conditions
satisfied by it, and the definition of the cut-off function x. Thus, we have that

llg1ell« < C. Therefore, there exists a constant C > 0 such that

Inll« < C.

(4.19)
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By the definition of V12, ¢; and the estimate on 1, one can obtain that

k
/Q (Z xe(z— Py + 821/’11) Zidz = _/Q Xxe(z — P Zidz

j=1
+ > xelx— pj)¢;Zidz
j=i—1,i+1

4o (81+<1+u><1+0<1>>> +0 (82) :

In order to estimate the above term, we first consider a general function that is the
solution of the following equation:

A =4+ pw(»? I p=—pw ()’ (w(y — qrer)

0

+w(y + qre1) + sv(l)) + d—g)(y) in R%r
Y1

d

99 =0

4.20
5 on BR%F ( )
y2
ad
/ o w(y)dy _o.
RZ OV

We can decompose it as

o =0¢'+¢% 421
where

Al — ¢! + pw(y)P~lg!

= —pw(y)P~! (w(y —qie1) +w(y +qier) + sv(l)>

d
+d; 1;1()7) in R%
" Y1 (4.22)
— = on BRi
ay2
d
/ ¢! w(y) dy =0
R2 Oy
and
AP* — ¢* + pw(y)P~'¢?
Jw .
—Pw(y)p_l(w(y + qre1) —w(y + fhel)) +d> a)fly) in R
2
% _ on dR2 (4.23)
ay2 +
0
/ @ w()’)dy _0.
R2 - 9)1
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where d; are defined such that the right hand sides of the above equations are or-
thogonal to 37“1 in the L? norm. It is easy to see that ¢! is even in y; and that, by

Lemma 2.4, ¢? satisfies

2 ]lx < Cw(gn)lq1 — qal,

if |g1 — g2| < |g1| and [g1| — oo.
Using the above estimates, we can decompose ¢; as

¢ =Pi1+dio (4.24)

. { (Si—si1> (Si_si+l>}
min {w ,w| ——
e e (4.25)

Then, by the above estimate and the decomposition in Proposition 2.2, we have

with ¢; 1 even in yi and

Si—S8i—1 Si —Si+1

&

i 2llss <C

< Cs2.

f Xe(z — )i Zidz = O (82) : (4.26)

£

and similar to the decomposition of ¢;, one can also decompose ¢;—1 + ¢;+1 as an
even function of y| and an O (¢2) function; thus, we obtain

dw(y’)
ay

/ Xe(z = Pj)¢jZidz = / (Pi—1 + dit1) dy+ 0O (82)
e R

=0 (82> .
Moreover, since |s1 —sz2| = 2(1+o0(1))|eIne| and |sp—1 —sx| = 2(1 +0(1))|eln¢g],
one can obtain

j=i—1,i+1

/ Xe(@ = P)drZ1dz = O(e?), / Xe(z = P Zidz = O (7). (427)
Qe Qe

Thus, we have
Isi| < Ce?. (4.28)

Next, we estimate 1/13. Set

k
Je=Le (W =Y ez — pi)epi — &> (Y11 + le)) -

i=1

We claim that
Il fell« < Ce%. (4.29)
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Indeed by the definition of f; we have

k
fe(2) =L (Klf =Y ez — P — £ (Y11 — Klflz))
i=1
=E+NW)+) ciZi— Y Le(Xe(z — P)$) — " L(Y11 + 12)

p
= (Zpgsipiw(z — Pi)> — Zw(z —PHYP+N®W)+ ZciZ,-

i
p—1

= xe(z—P) | Aydi—i +p (ZPQEW(Z—PO) + O(e) | ¢i

i

+ D" QVGY (xe(z — P) + §idxe(z — P)) — €2 Le (Y11 + ¥12)

1

p
= <Z7>Q€,Piw<z - P») — > w@—=P)YP+NW)+ ) ciZ

p—1
_Z Xe(z—F) | p <Z73gzgﬂpiw(z - P,-)) —w(y — pl.)['—l bi

— pw(y — PYP"  (w(y — Pis) + w(y — Pip1) + v (1)) + dizi>
+Y_ 0@ + Y (296:V (e @ = pi)) + $i8xe 2 = P)

—&2L (Y11 + ¥12).

From the definition, and from theestimates of ¢;, V11, ¥12, x , and the configuration
space, we know that |c;| = 0 (&%), so

| fells < Cée%.
By the a priori estimate, we know that
I3l < C,

thus, we have
Y1l < C.

We thus complete the proof. O

Given points P; defined by (1.15), Proposition 3.3 guarantees the existence
(and provides estimates) of a unique solution v, and ¢;, fori = 1,...,k, to the
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problem (3.9). It is clear then that the function u = U + i is an exact solution to
our problem (1.1), with the required properties stated in Theorem 1.5 if we show
that there exists a configuration for the points P; that provides all the constants c;
in (3.9) equal to zero. In order to do so, we first need to find the correct conditions
on the points to obtain ¢; = 0. This condition is naturally given by projecting in
L%(S2) the equation in (3.9) into the space spanned by Z;, namely by multiplying
the equation in (3.9) by Z; and integrating all over €2.. We do so in detail in the
next section.

5. The reduced problem

In this section we keep the notation and the assumptions of the previous sections. As
explained in the previous section, we have obtained a solution u =Zf:1 Pa, pw(z—

P;) + Zle xe(z — P + €2y of the following equation

k
Au—u—l—u”:Zc,-Z,- in Qg
i=1 5.1
au
— =0 on 0€2,.
av

In this section we solve ¢; = 0 for all i by adjusting the position of the spikes, i.e.,
P; . First, multiplying the above equation (5.1) by Z;,i = 1, - - - , k and integrating
over 2., we obtain

(Au—u+uP)z,
Qe
Cl
c (Au—u+uP)Z,
M| . |=]|Ja . (5.2)
Ck
(Au —u +uP)Zy
L JQ; .
Recall that M is invertible, so the equation ¢; = 0, foralli =1, --- , k,is reduced

to solve the following system:

/ (Au —u+uf)z;

£

(Au—u+uP)zZ,
o —0. (5.3)

(Au—u +uP)Zy
L Jo, i
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We have the following estimates:

Lemma 5.1. Under the assumption of Proposition 3.3, for € small enough, the fol-
lowing expansion holds:

)

(Au—u+uP)Zidz = -V ( ) — &2 H (y(s) + O (83) , (54

Qe

and moreover, fori =2,--- , k — 1, there holds

/ (Au —u —|—up) Zidz =W <s7,' —Si—l) - (7” _si+1>
e € € (5.5)

— PunH (y(s) + O (83>

and finally

/ (Au—u+uP) Zidz = W (%) — 20 H (y(s0) + O (83> . (5.6)

where vy > 0 is a constant defined in (5.12).
Proof. First, by direct calculation, one can obtain the following expansion:

Au —u+u?

k k
= |:A (U + ) xe(z— Pi)¢i> - (U + ) Xxez— Pi)¢i>
i=1 i=1

p
+ (U + ) Xelz— P,-)qsi) }

k p—1
+le? | Ay =y +p (U + ng(z - Pi)¢i> (41
i=1

k

r p
+ (U + D xe@— Py +s2w1> - (U +
L i=1

k p
Xe(Z — Pi)‘Pi)

i=1
k p—l

-p (U + ) Xe(z— Pi)d’i) 2
i=1

= L+ L+
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Next, we calculate /1 to I3 term by term. First, from the estimate on i1 in (4.4),

p—1
/1221:82/9 A¢1—¢1+P<U+Zxa(z—pi)¢i) V| Zi

=€2/ —pw(Z_Pi)p_IMwl
Q, ot
p—1
+p <U+ZX5(Z—P1‘)¢>1') Ziyn 5.7

= [ pp-tu-pyr2 2y, (ZW’LO(S))‘ZZ
. i
=0<83).

Moreover,

p
| bz [(UJers(z — Py +82w1>
Qe e f
p
- (U + Y xelz— PI->¢,->
—pU+ Y xelz— P,->¢,-)P182w1} Z;

c [ ewbizi=o(s).
Qe

Next, from the equation satisfied by ¢; and the definition of the cutoff function ¥,
we obtain

/ L Z;

— [@U-v+vn) 2i+Y [ xec=pp (s0i—0,4pU70) 2
& J &

p
- [(UJ{: xe(z—Pi)¢i> —UP=pUP' Y xe - pi)d)l} zi+0 (&)

= | (AU-U+UPZ; + I11 + 12 + O(>).
Qe

(5.8)

(5.9

In the following, we show that, although ¢; is of O (¢), after projection with respect
to Z;, the terms containing ¢; are indeed 0(&3).
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Similar to the estimate in (4.26), using the equation satisfied by ¢;, we have
fori =2,--- ,k—1
Z/ xe(z = P)) (A — ¢+ pUT'9;) Z
j &
= / xez = P (A — ¢+ pUT'9;) Z
Qe

+Z/ Xe(z — Pj) <A¢j—¢j+PUp71¢j)Zi
T %

:fg P(Up*l —wf_l)¢izi+0<e3)

+ > /Qex(z—P.i)(A¢j—¢1+PUP_1¢’/)Z"+O(83>

j=i—1,i+1

= / p(p— 1)wf72(wi+1 +wi—1)i Z;

£

+ > / Xe(z — Pj) (A‘Pf —it PUp_ld’-") Zi+0 (83>

i Tl YR
min{w <Si—5i—l)’ » (Si—5i+1)}>+0 (83>
£ £

=0 <e
and similarly, we can always decompose

‘Si—si—l )_)Si — Sit1 ‘
& &€

= 0(d)

k Xe(z— Pj)pj =¢eyi+ O (ez) ;
=1

J

where 1 ; is a function even in y{ . By Proposition 2.2, we have

dw(y!
Zi = (y)+817i+0<82),
ay1

where 7; is odd in yi. Thus, we have

k 2
In <C / p(p— 2wl (Z Xe(z = P,~>¢>j) Zidz+ 0 (&)
Qe =

< ce.
For the case i = 1, k, recall that w(%) w(%) = 0(g?), one can also
obtain
I+ Iz = 0(e?). (5.10)
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Thus, we have the following:
/ L Zidz = / (AU-U+U") Zi+ 0 (o).
Next,fori =2,--- ,k—1,

/ (AU —U +UP) z;

£

P
= / [(Zpszg,piw(z - Pi)) - wiz— Pi)p:| Zi
Qe i i
= / |:(w(z - P)+ evi(l) + &? (vl-(z) + vi(3))

p
+Y Pa,pwz—P)+ 0<e3)) =Y wi - P»"] Z;
J# '

l
= / pw(z — P)P~! (81);1) + &2 (vi(z) + vl@)

£

Fw(z— P +wiz - Pi+1>)w +0 ()

Si—1 — 8 Sit1 — S dw(y)
= pw(y) |wly————e | twl|y— el
R%r & & 8y1

ad
+ 82/ pw(y)pflmvl@ +0 (83> .
R2 Iy

5.11)

Similarly, one has fori = 1, k,

f (AU - U + U?) 2, :/ pw ()W y_sz—s1e1 dw(y)
R‘ZF & 3)’1

a
—I—ezf pw(y)pfl—w(y) v§3) +0 (83> ,
R2 a1

and

dw(y)
ay

]
+82/ pw(y)p_l—w(y)v,?) +0 (83) .
R2 ay1

Sk—1 — S,
(AU — U +UP)Z, :/ pw(y)w (y— k=l kel)
Q R% €
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Next, by the definition of Ui(3) , we obtain

0 d
/ pw(y)P—lwvl@dy — / —(A — I)le@)
RZ R2
+ +

ay1 i
dw(y) v 3 dw(y)
= —/ R _v(3)_—yd
oR2 0y1 dy2 ' 9y2 Oy
L[ (WD)
=——/<4 pD (P yldyr
3Jr\ Iy

=~ (P) = —v2H'(y (51)),
where v, = % fR (Iu;_,I)Z yf > (0 is a positive constant.
Recall that the interaction function is defined by

-1 3w()’)dy'
ay

Combining (5.9), (5.10), (5.11), (5.12) and (5.13), we know that

/ L Z1dz = —W (

thatfori =2,--- ,k—1

‘/ellzidzz\IJO%D —\IJ(
o9

/ N Zpdz = W (\%D — &2 H' (y(s;)) + O(&).

W(s) = —f pw(y — (s,0)w(y)
RZ

+

S1— 982

&

) —e?wH'(y(s1)) + O (83) :

Si — Si+1
&

D — 20 H'(y (s1)
and that

The results follows from (5.7), (5.8) and (5.14)-(5.16).

From Lemma 5.1, the problem (5.3) is reduced to the following system:

v, ( %D +e2H' (y(s1)) = O ()

v, < ke |) - (‘SQ - D +&2H'(y(52) = O ()

&

&

—, <]¥D +82H'(y (s¢) = O (%) ,

2 ( MD - <‘WD +eH'(y (sk-1)) = 0 (£7)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
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where we denote
Wi(s) = vy ' W(s). (5.17)

By summing up the first i equations, one has

. . i
v, (M) + Y H () =0 (ie?) fori=1,-- k=1
=

£
k
2y ) — 3 )
i§=1ﬁsH<y<s,>> 0 (ke*)

We need to find a solution of (5.18 ) in (1.15).

6. Solving the nonlinear system

Our aim in the rest of this paper is to find a solution {s;} to the above non-linear
system (5.18) the class A defined in (1.15).

Observe that the linearized matrix of the above system at the main order is
degenerate, thus the terms containing H'(y (s)) play an important role. We explain
how we solve system (5.18). The novelty of this paper is to consider the above
system as a discretization of an ODE system. In order to explain this idea, we first
introduce some notation.

Let

s =G()

be the solution of W{(s) = b. Since V(s) = Cns*%e_s(l +o0(1)) as s — oo,
using this asymptotic behavior of Wy, one has the following:

G(b) =— (1 + 0 (M)> Inb, asb — 0. (6.1)
Inb

Then, the above reduced system (5.18) is equivalent to the following system:

i
sig1—si = £G (—Z e2H'(y(s))) + O (a%)) fori=1,--- k—1
=

(6.2)
sk — sk—1 = eG (2 H'(y (sx)) + O(e3k)) .
Let 7 = —eIn ¢ be the boot size, where we have set s; = x(¢;) and t; = (i — 1)h.
Then from the above system (6.2),
tiv1)— x(t; 1 d
i) =2 _ L (-2 (- m o aapmn) + 06
h Ine Ine = (6.3)

M - —éG (SZH/ (y (x(@))) + O <g3k)> '
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In order to the solve the above system, we consider the limiting case of the above

system, i.e., view w as x’(¢) and Zi‘:l H'(y (x(t))h as fot H'(y(x(0))dt,
and introduce the following ODE:

& L6 (o)

dt Ine Ing
P _ H'(y (x(1)))
dt (6.4)

p0) =0, p(be) = pp

X (be) = —liG (2H (rxee)))
ne
where b, = (k — Dh = [2]h = b + O(h).

One can see that the above second order ODE has three initial conditions. Be-
sides the two end point initial values, there is an extra condition, i.e., the last equa-
tion of (6.4), which in fact comes from the last equation of (6.2). This ODE with
extra initial condition is not always solvable. It turns out that this extra condition
corresponds to some balancing condition of the curvature of the segment y . In or-
der to solve this ODE, we need assumption (Hy) on y. For this ODE, we have the
following existence result:

Lemma 6.1. Under the assumption (Hy), there exists g > 0, such that for every
& < &g there exist pp, = pp(e) < 0, such that the above ODE (6.4) is solvable.
Moreover, py, satisfies the following asymptotic behavior:

, In(—1Ine)
pp=—\H(ybe) + O e h. (6.5)
ne
Proof. From the asymptotic behavior of G, we know that the first equation of (6.4)
is
dx ( (t))
dt — Ine \Ine P

=( (1“( 1“8))) a1 In(—p(1)) + a2).

1 In(—1Ine)
ag=—, a=1—-—=:
Inge Ing

Integrating the above equation from b, to ¢, one has

where

ro
x(t) — x(by) =/ —— G (—p(t))dt
be

Ine Ine

= (1 + 0 (M)) [az(t —be) +ay /t ln(—p(t))dt] .
Ine be
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Plugging the expression for x (¢) into the second equation,

, , In(—1Ine) !
P(f)=H<J/(X(bs))+<1+0< ne ))|:a2(t—b8)—|—a1/ln(—p(t))dt]>. (6.6)

By the boundary conditions p(0) = 0, p(b:) = pp, we have

0 _ t
/H’(y<x(bs)+<1+0(ln(lnin8))) [az(t—bg)+a1/ ln(—p(t))dt]>>dt=—pb.
& bé‘

(6.7)

By Taylor’s expansion,

— t
" (y <X(b£) " (1 o (ln( mg))) [aw “heta f ln(—p(t))df})>
Ine A
= (y (x(b"‘) +ay(t—b)+0 (1“(;]1;8))))

= H'(y (x(bo) + a2t = b)) ) + O <ln(_ln€)) .

Ine

So from (6.7) and the above equation, we have

0 0 _
[ o aamd= [ (y(xe0 + axte ~ ) )ar + 0 (“‘(1 1“”)
b b, ne
In(—1 6.8
— H(y (x(be) — a2b8)> —H(y(x(bg))) +o ( n( n;8)> ©8)
= pp.
Since by the third boundary condition
/ 1 /
X' (b)) = —EG<82H (y(x(bg)))), 6.9)
one can obtain
oo = H'(y(x(b))eIne. (6.10)
We assume that
oo = (H'(r o) + o )e e, ©6.11)
then (14 o(1))
o(1))pe
be) = by 4 00 6.12
o) = bt T ) 12
Using (6.12), (6.8) is reduced to the following:
H'(y(0)) — H'(y (b
Hy ) — Hy (b)) + TY = H @D -4 0602
H'(y (b0)) 613

—0 (ln(—lns)) ‘
Ine
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By the assumption (Hj)

H(y(0)) = H(y (b)), H'(y(0) # H'(y (b)), (6.14)

and
H"(y) > ¢y >0, by =b+ O(h), (6.15)

the above equation is uniquely solvable with

pe=0 (M) . (6.16)

Ine

In(—1Ineg)
Ine

Therefore, there exists a unique pp = (H "(y(be)) + 0( ))8 In ¢ such that

(6.4) is solvable, and we have

In(—Ineg)

(6.17)
Ine

x(0)=0<
0

>,x(bg)=bg+0<w)

Ine

We will use the solution of the ODE to approximate the solution of (6.2). In order
to obtain a good approximate solution, one needs to control the error of

iH/<V(X(l‘j)))h — /OIH] H/<y(x(t)))dt.
=

Therefore, we use the midpoint Riemann sum approximation of integrals, which
gives us

Xi: H’(y(x(t_,-))>h - /Otm H’(y(x(t)))dt —0 (h2> . (6.18)
=

To be more specific, we choose the approximate solution to be the following:

- - t; t;
W=, =" =k, (6.19)
and
I
W0 =x0_ teG <pr> , (6.20)

where x (¢) is the solution determined by the ODE (6.4).
We want to find the solution to (6.2) of the form

si =x0+ yi. (621)
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Then, y; satisfies the following equation:
Yi+1—Ji
i
=—E;+¢ (G (—822H’(y (x?—kyj))—i- o) (831'))
j=1
i
-G (_8221-1/()/ (x?)))) fori=1,---,k—1 (6.22)
j=1
k k
82ZH”<)/ (x?))yj-i-O (82)Z|yj|2
j=1 j=1

:—Ek+0<s3k),

where
i
b=yt eo (23 (4))

fori =1,--- ,k—1,and

B = Z W (r ().

First, we show that the approximate solution we choose is indeed a good approxi-
mate solution, i.e., the error E; is small enough. In fact, we have the following error
estimate:

Lemma 6.2.
i
Ei=x', —x0—¢G <—€2 ; H' (v (x?))) = 0(e) (6.23)

fori=1,---  k—1,and

Ep = ezjii;H’ (]/ (x?)) =0 (82%) ) (6.24)

Moreover, the following estimate holds:

k—1

Y IEi| = O¢e). (6.25)

i=1



686 WEIWEI A0, HARDY CHAN AND JUNCHENG WEI

Proof. First, fori =k — 1, we have

2 =20 G (—sngﬂ (v <x9)>>
-0l =0 (5 (0 ()

e k—1 )
-0 (ﬁ) ‘p,, - ;H (y(xj?))h(.

Since we choose the midpoint approximation, we have, fori =1, --- , k — 2,

ot = Y1 (v (<2)) h = 0 (), (626
j=1

J

and
0 (r ()= (S ( ()1~ 00)

+H' (v () h+ o0 (627
=0 (n)+0 (—ln(illgn ‘9)) h=0 (_111(;]1;18)) h.

By (6.26) and (6.27), and recall that p, = O (h), one can obtain that

Eo=x0—x0 | — G (—82 :Z? H' (y (ﬁ))) = O(¢h)

and

Ex=0 (&%) . (6.28)

Next, by the equation satisfied by p(¢), we can obtain that

p(t;) = O(minfi, k — i + 1}h), (6.29)
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so,fori =1,--- ,k—2,

[ e o) a (e S (¢ ()))

= _ﬁG (ép(h‘ﬂ)) h—eG (_82;}[/ (y <X?>>>

"o A\2
+0 (M(tiJrl)) 3

|Ine|p?

(o) o (5w ()

p"p — (p')?
+0 (7|1n8|p2 (tip1) | 1°

i 1" A2
=0 (,0(:“)) (P(li+1) - ZIH/ (y (x?)) h) +0 (%(GH)) n3
=

eh 1 h
—0 0
(min{i,k it 1}) +0E) (min{i,k 1R minik—i+ 1})

= 0(¢).

Moreover, from the above estimate, we have

i
Y Ej=0C(), fori=1,-- k—1.
j=1

Finally, we show that equation (6.22) is solvable.

Lemma 6.3. There exists ¢g > 0, such that for ¢ < &g, there exists a solution
{yih1<i<k to (6.22) such that

I¥lloo < Celn(—Ine). (6.30)



688 WEIWEI A0, HARDY CHAN AND JUNCHENG WEI

Proof. For ||yllcc < €|Ineg|, we have

(AL () 0 () e (-2 L o ()

(St (v ()3 o iy,
e (1 () (v (1))
g2

+0

e

The equations (6.22) for y; can be rewritten as follows:

e S )
T ()

iyl ; Lo &%

Zij:1 H’ ()/ (x?)) Zij:1 H (V (x?)) (6.31)
fori=1,---,k—1
k

SoH (v (<9))y; +ZH”/< (x9)) 52 O(ek)+0<%).

j=1

=—E4+0

We show that one can first solve y, to yi in terms of y; from the first k — 1 equations,
and finally solve y; by the k-th equation of (6.31).
For1 <1 <iyp = (1 — )k, where § > 0 is a small number to be determined

later, we have
Z] 1HN( ( ))yj
YI+1—YI+8; > 1H/< ( ))
ZXI:E»Jr : o N +Z o
SO (9)) T m S (1)

|y|z<l 2
_0(8)+me{z —z—l—l}_{—Z minf{i, k —i + 1}
= 0w +0 ()bl
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where we have set
|y|i1§i§i2: sup |.);l|
i1<i<ip

Moreover,

! Zijzl H”<V (x?))yj _ iyli<i
8; > H/(V (x?)) _EZ (mm —l+1}>
_o0 ellyli<i — o(D)lyl;
= (—5 )— y|t§l-

Thus, one can obtain that for [ < i
31 = 31 + o) yliziy + o(Dy[2, + 0, (6.32)
Therefore, we obtain
yi=(1+oM)y1+ O0() forall i=2---ip. (6.33)

For [ > ip, we have the following:

LY H (J/ (x(,))) Vi
Yi+1 — V1 = —¢& Z ; o
2T ()

+0(e>+0(|y|0<l<,)+0( )|y|l<,0+ oDy,

= Codl¥lig=i=t + O (v <1t + O (I¥li<io) + Oe)

for some Co independent of ¢ and §. Therefore, for ig < i < k, we have
yi = 00 + Codlylig=izs + 0 (v[} i) + Oe). (6.34)

If 5 > 0 is small such that Cyé < Alr, then the above system is solvable with
yi =01+ O(e). (6.35)

From the last equation, we have

iH” <7’ <x10)> yi + Xk: H" ()/ (x,o>) i+ 0 <k|y1|2) +0 <k82>

i=1 i=ip+1

% (7 (=) (1 + o))y + OkIyID + O (ke) + O (kin )
i=1

_ O_(ln(— 1118)) ‘
Ine
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Thus, by the assumption (Hj ), the equation is reduced to

y1=0(y1 + 0@+ 0 (1y1?) + Ofe In(~Ine)).

If we further choose § small enough but independent of ¢ such that O(8)|y;| <
% |y1], it is easy to see that, by the contraction mapping theorem, the above equation
has a solution and satisfies

yi = O(eln(—Ing)). (6.36)
Thus we obtain that there exists a solution to (6.22) with
[ylloo < Celn(—Ine) K efInel.

Thus, we have proved the existence of solution to (6.22). O

Appendix
A. Proof of Proposition 3.1

In this appendix, we present the proof of Proposition 3.1. The proof is rather stan-
dard. It follows from the argument in [5] and [28]. It is based on Fredholm alterna-
tive theorem for compact operators and an apriori estimate.

First, we require an estimate on the matrix M defined by

Mij:/ Z:Zjdz forall i, j=1,--- k. (A1)
Q

Lemma A.1. For ¢ sufficiently small, given any vector b e RX, there exists a
unique vector 3 € Rk, such that M3 = b. Moreover,
1Bllce < ClBllos (A2)

for some constant C independent of €.

Proof. To prove the existence, it is sufficient to prove the a priori estimate (A.2).
Suppose that |8;| = || B0, We have

k
> M =bi.
i=1

For the entries M;;, from the definition of Ay, and the exponential decay property
of Z;, we know that

9 2
M;; :/ Zl-zdz = (1 —|—0(1))/ (_w) dy > cg > 0,
Qe R_%_ ayl
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and
|Pi—Pjl

Z|Mij| < CZe_ 7 =o(1).

J# J#

Hence, for ¢ small, we have

collBlloo < colBil <D IMijl1B;1 + Ib;]
J#i
< oM|Blloo + 15l

from which the desired result follows. O

Next, we need the following a priori estimate:

Lemma A.2. Let h € L*(2,) with ||k« bounded and assume that (\r, {c;}) is a
solution to (3.4). Then, there exist positive numbers gy and C, such that for all
& < &g, for any set of points P;,i =1, ...,k given by (1.15) , one has

Vil < Cllall (A3)
Proof. We argue by contradiction. Assume there exists i solution to (3.4) and that
Al — 0, (¥l =1.

We prove that
¢ —>0fori=1,--- k. (A4)

Multiplying the equation in (3.4) against Z; and integrating in €2, we get

/Lgl/ij(Z)=/ hZ;+ M(c)),
Qg

£

By the exponentially decay of Z;, we first know that

[z,
Qe

< Cllhll«.
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Here and in what follows, C stands for a positive constant independent of ¢, as
& — 0. Secondly, by the equation satisfied by Pq, P, w(z — P;), we have

k p-1
/ L.yZidz = / Ay -y +p (ZPQ&P,'U)(Z - P,')) v | Zidz
Qe Qe

i=1

k p-l
= / AZi—Zi+p (Z Papw(z— P») Zi | vdz
Qe i=1

a7

))pl P, pw(z— P)

k
p (Z Pgsypi w(z — P

i=1

(e — Py M} "

aT
w(z — P;
< C/ % O(e) +w(z — Pi)p_ZZPQE,PI,w(z—Pj) Yldz
Bime (P;) T j#i
+ it ij 4 00 Y e [y
€ e : Z
Qe \Byine(Pi) j=1 j=1

= Clvl. (0@ +0 (s%))
< Cellyl.

if we choose n small enough such that p — n > 2. This can be done since p > 2.

Since M is invertible and |M~!|| < C, we obtain
leil < C([All« + O@) Y]l (A5)

Thus, we obtain the validity of (A .4), since we assume ||¥ |, = 1 and ||A|, — O.
Now, let u € (0, 1). It is easy to check that the function

k
W=y enlnl
i=1

satisfies |
LeW <3 (,uz—l) W,

in Q¢ \ Uj=1,..«B(P;, R) provided R is fixed large enough (independently of ¢).
Hence, the function W can be used as a barrier to prove the pointwise estimate

lpl(x) < C (IILs Vllx + sup IIWlle(B(pj,R)mQ£)> W(x), (A.6)
J

forall z € Q; \ U;B(P;, R).
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Granted these preliminary estimates, the proof of the result goes by contradic-
tion. Let us assume there exist a sequence of ¢ — 0 and a sequence of solutions
of (3.4) for which the inequality is not true. The problem being linear, we can re-
duce to the case where we have a sequence ¢ tending to 0 and sequences A,
w(”), ¢™ guch that

=1.

*

H Q)

0, and HW)
*

However, (A 4) implies that we also have
le™ ]l — 0.

Then, (A.6) implies that there exists Pl.(") such that
19 e o gy = € (A7)

for some fixed constant C > 0. Using elliptic estimates together with the Ascoli-
Arzela’s theorem, we can find a sequence Pl.(") and we can extract, from the se-

quence wi(")(- - Pi(")) a subsequence that will converge (on compact) to V¥, a
solution of

(A=1+pw’ ) Yoo=0 inR%,
ad
& =0 on aRi,
ay2

which is bounded by constant times e *I, with ;1 > 0. Moreover, since wl.(")
satisfies the orthogonality conditions in (3.4), the limit function ¥, also satisfies

ow
Voo o2 dx =0.
R2 Oy

However, the solution w being non-degenerate, this implies that o, = 0, which is
certainly in contradiction with (A.7), which implies that 1/, is not identically equal
to 0.

Having reached a contradiction, this completes the proof of the lemma. O

We can now prove Proposition 3.1.

Proof of Proposition 3.1. Consider the space

Hz{ueH,%,(Qs):/ uZ; =0, i=1,...,k}.

Qe

Notice that the problem (3.4) in 1 is rewritten as

Vv+KW)=h in H (A.8)
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where £ is defined by duality and K : H — "H is a linear compact operator. Using
Fredholm’s alternative theorem, to show that equation (A.8) has a unique solution
for each & is equivalent to show that the equation has a unique solution for 4 = 0,
which in turn follows from Proposition A.2. The estimate (3.6) follows directly
from Proposition A.2. This concludes the proof of Proposition (3.1). O
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