NONHOMOGENEOUS NEUMANN PROBLEM FOR THE POISSON
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ABSTRACT. In this work we analyze the existence and regularity of the solution of a nonho-
mogeneous Neumann problem for the Poisson equation in a plane domain 2 with an external
cusp.

In order to prove that there exists a unique solution in H*(€2) using the Lax-Milgram theorem
we need to apply a trace theorem. Since €2 is not a Lipschitz domain, the standard trace theorem
for H'(2) does not apply, in fact the restriction of H*(§2) functions is not necessarily in L?(99).
So, we introduce a trace theorem by using weighted Sobolev norms in (2.

Under appropriate assumptions we prove that the solution of our problem is in H? (©) and
we obtain an a priori estimate for the second derivatives of the solution.

1. INTRODUCTION

This paper deals with an elliptic equation in a domain with an external cusp. Since this kind
of domains are not Lipschitz, the standard arguments to prove existence can not be applied when
non homogeneous Neumann boundary conditions are imposed on some part of the boundary.
Indeed, to apply the Lax-Milgram theorem in this case one needs to use some trace theorem
for Sobolev spaces. However, simple examples show that, for some cusps, there are functions
in H'(2) such that their restriction to the boundary are not in L?(9Q). Therefore the classic
trace theorems for Lipschitz domains are not valid in this case.

We consider the following model problem: let 2 be the plane domain defined by

Q={(z,y):0<2<1,0<y<p@)]}

with ¢ € C%(0,1), p,¢’,¢"” > 0 on (0,1), ¢(0) = ©'(0) = 0 (a typical example is p(z) = 2,
a>1),and I' =T; UT'9 UT's the boundary of €2, where

M={0<2<ly=0}, Ta={z=10<y<1} and T3={0<z<1,y=p(x)}

(see Figure 1).
We seek u such that

(—Au=f, inQ
@:07 onF1
v (1.1)
u=0, only
%297 OI’IF3

where v denotes the outside normal to 2.
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FIGURE 1. cuspidal domain

In [6] the authors characterize the traces of the Sobolev spaces W1P(Q), 1 < p < oo for
domains of the class considered here by using some weighted norm on the boundary. Existence
of solutions of (1.1) can be derived from their results under certain hypothesis on the data.
In order to obtain existence results for more general data we present a different kind of trace
results by introducing a weighted Sobolev space in €2 such that the restriction to the boundary
of functions in that space are in LP(T").

Once the existence of a solution is known, the question about its regularity arises naturally.
For the Poisson problem with homogeneous boundary conditions on cuspidal domains it is known
that, if the right hand side of the equation is in L2(Q), then the solution belongs to H?(f) (see
[2, 5]). We show that the technique introduced by Khelif in [5] can be extended to treat non
homogeneous Neumann type boundary conditions. In this way we prove that the solution of our
model problem belongs to the space H?(2).

2. EXISTENCE AND UNIQUENESS OF SOLUTION

In this section we prove some trace results and apply them to obtain existence and uniqueness
of solution of our model problem using the Lax-Milgram theorem.

Let V = {v € HY() : v|r, = 0}. The variational problem associated with (1.1) is given by:
Find v € V such that

a(u,v) = Li(v) + La(v) Yo eV,

where

a(u,v):/QVu-Vv , Ll(v):/gfv and LQ(U):/Fggv.

Using the Poincaré inequality, it is easy to see that the bilinear form a(-,-) is coercive and
continuous on V. Therefore, in order to prove that there exists a unique solution in V' using
the Lax-Milgram theorem, we need to impose conditions on the data f and g which guarantee
that the linear operators L and Lo are continuous on V. For the continuity of L it is enough
to assume that f € L?(2). On the other hand the continuity of Ly when g € L?(I'3), in the
case of a Lipschitz domain, is proved by using well known results on restrictions of H'() to the
boundary. However, since our domain is not Lipschitz, the standard trace theorem for H'(Q)
does not apply, in fact, the following example shows that for some cusps the restriction of H!(Q)
functions is not necessarily in L?(T).

Example 2.1. Consider ¢(z) = z%, a > 1, and the function u(x,y) = x~7. Then, an easy
computation shows that w € H'(Q) iff v < 0‘51. However, u € L*(T) iff v < % So, for a > 2,
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% << O‘T_l, we have examples of functions which are in H'(Q) and such that their

restrictions to the boundary are not in L?(T).

taking

In [6], Mazya, Netrusov and Poborchi, characterize the space of traces of W1P(§), for non
Lipschitz domains €2 of the type considered here, by using some weighted norms on the boundary.
In particular, it follows from their results that there exists a constant C' such that

lug |2y < Cllullz1(c. (2.2)
Indeed, the left hand side agrees with the first term in the norm ||. ||TWZ}(Q), with p = 2, intro-
duced in [6, page 108] which, as proved in that paper, is bounded by the H! norm.
The inequality (2.2) can be used to prove the continuity of Ly under the assumption that
g2 € LA(Ts), in fact we have

_1 1
/ gy zup:?
I's
1

Let us observe that assuming continuity of g the condition gp~2 € L?(I's) implies that g has
to vanish at the origin, which does not seem to be a natural condition for the existence of a
solution. Therefore, our goal is to relax the assumption on g by introducing a trace result of
a different nature of those in [6]. More precisely, we want to give sufficient conditions to have
traces in LP of the boundary. In order to do that we introduce the weighted Sobolev space
Wé’p (Q) as the closure of C*°(Q) in the norm

_1 1 _1
| La(u)| = <Ilge™ 2 lp2(ry) lup? |2 ry) < Cllge™ 2l L2y lull 1)

0l 1y = 87 gy + 197 2 -
In what follows we use the letter C' to denote a generic constant which depends only on p.

Lemma 2.1. There exists a constant C such that for any u € Wé’p(Q) with 1 < p < o0,

llull pry < C(JJup™ Z lzr(o) + HVUSD HLP @)

Proof. We will use the following change of Varlables which is a generahzatlon of that introduced
by Grisvard [3] for power type cusps. Let £ = ,(m) and n = ( ) then, Q is transformed in

given by

Q= {(&n): €> 0<n<l1},

1
¢'(1)’

see Figure 2.

We denote by I't = {(§,1) : € > Sqgy,m = 0}, To = {(€1) : € = 535,0 < 0 < 1} and

F3:{(§7n) €> 1)777_1}
First we give the proof for the case p = 1. Writing v(§,n) = u(z,y) we have

/FS [ul = / ule, ol VT T PR
: 0/ [ule, plw)ldz = 0/ J()de,

J(©) = 2L (2.4)

(2.3)

where
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FIGURE 2
Applying the following standard trace inequality in Q,

ow
. <C T3 ’
lwll L1y < (Hw”Ll(m Han Ll(ﬁ)>

to the function w(&,n) = v(&,n)J(£), we get
= du(&;n)
[ e <c ([ oemiaeden+ [ |20 sedean)

(1)

and therefore, changing variables and using (2.3) and (2.4), we have

/ lu| < C </ |ug0(x)_1d:ndy+/ ’@ dwdy).
I's Q a0y

Applying the same argument on I'y and a standard trace theorem on I'y, we obtain

Jullprry < C (Jlue™ @) + IVull i) (2.5)
concluding the proof for the case p = 1.
Now, for any p such that 1 < p < oo, we use (2.5) for u? to obtain

J 0( [re 4 [ |u|P—1|Vu|>
T Q Q
_1 1
_ c( [ e+ [ s qIVUIw>
Q Q

where ¢ = ]%, and therefore, the proof concludes by using the inequality ab < %aq + %b” in the
last term on the right hand side. (]

IN

Remark 2.1. With an argument analogous to that used in the previous lemma one can prove
the following result, which is stronger than (2.2),

1
lue? ||rry < Cllull ey + IVue | Le))-
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Existence results for more general data g can be obtained from the previous lemma and
embedding theorems. During the rest of this section we will restrict ourselves to the case of
power type cusps, for which embedding theorems are well known.

Let ¢(x) = 2% with a > 1. In the next theorem we prove that the restriction of H'()
functions are in LP(I") under appropriate assumptions on the values of o and p. In the proof we
will make use of the inclusion

2 1
HY(Q) CL'(Q) for 2<r< (O‘—+1) (2.6)
a —_—
which is a particular case of the results given in [1].
Theorem 2.1. Letu € HY(Q) and 1 <p <2. I[fa <1+ % then v € LP(T") and
[ull ey < Cllullar o) (2.7)
Proof. From Lemma 2.1 we know that
_a p=1
lullzoey < Clluz™> [[zogay + [IVua5 [Loey) 23)

< C(lluz 7 ey + VUl Lr))-
To bound the first term on the right hand side of (2.8) we use the Holder inequality with an
exponent ¢ to be chosen below. Then,

[ e < (/ |u,pq> (/ aqql)%l_

2(14+a)
S4S G

From (2.6), if we have

2 <
p —
1

wpt) " < Clul?
o = Cllulln )

-1
On the other hand, ( fQ o1 )qT is bounded if ¢ > 14+ «a. So, if a <1+ % we can take ¢ such
that 1 + o < ¢ < ?(H‘;‘; and we obtain (2.7). O

Remark 2.2. In particular, it follows from the previous theorem that for o < 2 the functions
in H*(Q) have traces in L*(T"), while from Ezample 2.1 we know that this is not true for a > 2.
Therefore our result is almost optimal.

Now we can give an existence result for problem (1.1) under appropriate assumptions on g
and a.

Theorem 2.2. Let 1 < p <2, g € LYT'3) with q = %, and f € L*(Q). Ifa <1 +]% then
there exists a unique solution u € V' of problem (1.1).

Proof. Since the bilinear form af(-,-) is coercive and continuous on V, the existence of a unique
solution will be a consequence of the Lax-Milgram theorem if we show that the linear functional
L := Li+ Lo is continuous on V.

Since f € L?(2), Ly is continuous and therefore it only remains to prove the continuity of Ls.
From Theorem 2.1 we know that [|ul|»r) < C|lul[g1(q) and so,

La(u)| = j/r gu

<|lgllzas)llullLrrsy < CllgllLas)llullm @
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=]

and the theorem is proved. U

3. REGULARITY OF THE SOLUTION

In this section we analyze the regularity of the solution u of problem (1.1). Under appropriate
conditions on g we prove, in the next theorem, that v € H?(2). In order to obtain this result we
will apply the method introduced by Khelif [2, 5] which is based in approximating the domain
by a sequence of Lipschitz domains.

Theorem 3.1. Let f € L*(), and g such that, if h(t) := g(t,o(t)), ho™2 € L*(0,1) and

h'(cp")_% € L?(0,1). Assume also that H% o) < 1. Then the problem (1.1) has a unique

solution u belonging to H*(Q), and there exists a constant C such that

_1 _1
ull 2y < C {Hf||L2(Q) + he™2 | 120.1) + 1P (") 72 ”L2(0,1)} : (3.9)

Proof. The existence of a unique solution u € H'(Q2) follows from the results of Section 2. Then
it only remains to show that v € H?(Q).
Let p, = 1/n and define
Q ={(z,y) € Q:p, <z <1},
T=A{(z,0):p, <z <1},
10 <y <1},

and,

see Figure 3.

FIGURE 3

We consider the following problem in €2,

—Aup, = f, in,
u, =0, on Iy
ou
a—Vn =g, on Pg (310)
0
% =0, onITUILY

In what follows the letter C' will denote a constant which may depend on .
Observe first that the solution wu,, satisfies
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_1
lunllmr ) < € {1 fllia@ + e % 20 } (3.11)

with C independent of n. Indeed, this estimate follows by standard arguments using a trace
theorem as that given in Remark 2.1 applied on €2,,. Note that the argument of Lemma 2.1 can
be applied to €, providing a constant independent of n.

It is known that the solution of problem (3.10) belongs to H?*¢(2,,) [2, 4], for some positive ¢,
in particular its first derivatives are continuous. Our goal is to obtain an estimate for ||u, || g2(q,,)
valid uniformly in n. Using a method introduced by Khelif [2],[5] we will show that

1 _1
lunll 20, < C{HfHL?(Q) + he™2 20,1y + IR/ (") 2 ||L2(o,1)} (3.12)

with C independent of n.
For any p and ¢ in H(£,,) we have

dp
i - z + a_
/an ity /anyw /mﬂw(%

where 7 is the unit tangent vector oriented clockwise. Note that the right hand side has to be
understood in a weak sense, i.e., % € HY2(09,,). Taking

8un o aun

in the equation given above we obtain

/| = /| (Bt = i (et
z/np§+2/gnpxwy+/gn¢§

(3.13)
:/ p2+2/ Pyt +/ o[ o2
Q o, - Ja, ! o0, OT
dp
2
[unlir2(@,) o0, OT
where |un| g2, denotes the seminorm of u, in H?((y,).
To simplify notation we introduce the one variable functions
0 0
o(t) =GR e)  and w(t) = T p(0).
Then, the boundary conditions imply
ou
a—y" =0 on T'TUTy
w=v¢ +hy/1+ ()2 on I'}
ou
8_; =0 on FZ
Therefore, (3.13) becomes
1
|un|§{2(9n) 2/ 12 —2/ w(t)v'(t)de, (3.14)
Qpn Pn

and so, we have to bound the last term on the right hand side.
From the boundary condition on I'} we have,
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1 1 w / 1 7 !
/“umwua>ﬁ__/’wu><¢ﬁg> m-i/ wu><h@) LZS¢<&V> dt =1+11. (3.15)

For the first term we have

_ ! A ! w(t)2 ©"(t)
I= /n w(t)w'(t) 10 dt /n (t)"= 2 dt
t

t
Lt ey 1 / b ()
== w(t dt — w(t dt.
5 ) Ry e [ wer S
Now, since %‘—; is continuous, it follows from the boundary condition on I'y that w(1) = 0.

Therefore, integrating by parts, we obtain for the first term in the right hand side of the last
equation,

1 1 ’ 1 1 1 1 1 "
5 | 0P gt = gl s+ 5 [ e i
and then,
_ Ll 1 lw 2 ¢"(t)
I=—5w(py) T 2 /p ) (t) SI0E dt. (3.16)

Using now the boundary condition on I'} and the fact that %L; is continuous, it follows that
v(pp) = 0 and so, from the boundary condition on I'j we obtain

w(pn> = h(pn) vV1+ Sol(pn)2'

Therefore, replacing in (3.16) we have

1 1 I ©" (t)
I=—=h%(py) (1+ /pn2———/ w(t 3.17
$2n) (L6 0)) s =5 | w0 5, (3.17)
To bound the first term on the right hand side we observe that, for any s € (0, 1),
s s %
hs) — hO) = | [ H(0)] < (") / "(tydt) = ||pieyE ()3,
o) 1= | [ 10| < e ([0 7, #6)

In particular h is continuous at 0 and consequently, since hgo_% € L%*(0,1), it follows that
h(0) = 0 (recall that 0 < ¢(t) < t for all ¢ small enough).

Moreover,
2
h/(pn) < ‘h/((p”)fé
' (pn) L2(0,1)
and so, we obtain from (3.17),
1 2 1 1 SOll(t)
1< ‘h’ "= —/ 2(¢ dt. 1
=o)L, ) w05 (319)

Let us now estimate the second term on the right hand side of (3.15). A simple computation
shows that

o _/1 /w(t)h(t)w”(t) dt+/1 wONOVI+ ' sy
"

(02 /1 +¢'(t)? n ¢'(t)
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Using the arithmetic-geometric inequality ab < %aQ + §b2 valid for all € > 0, we have

e [fw®)P"(t) 1 [T h(t)*"(t)
71| < Q/z)nidth /pm(

OO0

¢'(t)? 2¢
e [T w(t2(®) o'
< 7dt+— ho~2 ,
: / i L (=

while, on the other hand, we have

1 2.1 / /(4)\2
e [T w®)¢"(?) /h()(+<p(t))
v < = ————=dt dt
vl < Q/n s ) T o
e [Ywt)2p"(t) C 1|2
S s MU O .
2/p ' (t)? * 2e (¢ L2(0,1)
So
1 2,01
w(t) " (t) 1 ‘WP + Sl
11 §e/ —dt+—h |n (319
&l pn P(1)? I3 200 (@) |l Lo (0,1) el roy” O
Therefore, using the estimates (3.18) and (3.19), we obtain from (3.15),
1 1 1 2,1
/ w(t)v’(t)dt' < <—+e)/ M(lt
P 2 . ()
1| ¢ ~Li2
- h o1+ ‘h’ . (3.20
2¢ || (¥')* || 0,1 e lizon + 2¢ (¢ £2(0,1) (3.20)
But, from the boundary condition on I'! we know that %L;(t, 0) = 0 and therefore,
2
du 2 ® 92y #0192y ?
2 n n
w(t) = | = (¢, p(t = / y)dy Sgpt/ t,y)| dy
(0 = | Gttt ot0) (0 ) o [ G
and consequently,
1,2 2 2
/ wl) < ' ALY
. e(t) dy L2(Q)
Therefore, replacing in (3.20) we obtain
1 " 2 2
e 0“un,
2 / w(t)v’(t)dt‘§(1+2e) (t,y) +
n (@)l Lo,y I O¥° L2(Qn)
Ll e Ihe™ a0y + € (242 ) e 3] (3.21)
e ||(¢)? Lo°(0,1) # *lzzon 201
Hence, using this estimate in (3.14), we conclude that
unlzqeny < 1132y + € (24 ) Lo 4o + )3
nlH2(Q,) = L2(Q) c ¥ 2llL2(0,1) Y £2(0.1)
2
90”90 82un
29| Ttn ) (3.22)
(¢')? Lo(0,1) Oy L2(Qn)
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where we have used that

!

H g <1
(@)l oo o,1)

From this fact, we also observe that € > 0 may be chosen in such a way that

’ ¢"p

(')

< 1.
L>(0,1)

(1+2¢)

So, recalling now (3.11), we obtain (3.12).

Now, using a standard argument and the Rellich theorem, one can show that there is a
subsequence, that for simplicity we continue calling u,,, such that, for each Q, u,, is defined on
Q. for n large enough and converges weakly in H?(;) and strongly in H*(£). Moreover, if we
call u the limit function, it follows from (3.12) and the weak convergence in H?2, that u satisfies
the estimate (3.9). So, it remains only to show that w is the solution of (1.1). Therefore we have

to see that
/Vu-Vv:/fv+/ qgu YvelV.
Q Q s

It is enough to show that, given v € V,

Vu-Vv—/fv—/ gu —0
Qk Q T's

when k — 0o. Moreover, by density, we can assume that v € W1°(Q)N V. For n > k, we have

Vu-Vv—/fv—/gv
Qk Q I's
:/ (Vu — Vuy,) - Vo + Vun-Vv—/fv—/ gu
Q, Q, Q Is
:/(Vu—Vun)‘Vv—F Vun-Vv—/ Vun-Vv—/fv—/gv
Q. Qn Qn\Q Q I's

= / (Vu — Vuy,) - Vo — / fo— / gu — / Vuy, - Vo (3.23)
Qg N2y, L3\I'y Qn\Qp

where we have used that u, is the solution of problem (3.10). But,
1
[ T Vol < el ol oe oy
Qn\Qp

and, since ||un | g1(q,) are uniformly bounded, the last term on the right hand side of (3.23) can
be made smaller than any positive constant by taking k large enough. Then, the proof concludes
by using that, for k fixed,

/ (Vu —Vuy,) - Vo — 0
Qp
when n — oo. [l

Observe that the domains with power type cusps, i.e., p(t) = t* « > 1 are in the class
considered here. In fact,
SO//QO o — 1
()2 o
In what follows we will show that the hypothesis h(pfé € L?(0,1) assumed in the previous
theorem is not too restrictive and can not be substantially relaxed. With this goal we consider
o(t) = t* o > 1. In this case, the hypothesis is ht—% e L?(0,1) and we will prove that, if
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a(r—1)

the solution of problem (1.1) belongs to H?(Q) then, ht— = € L"(0,1) for any r < 2. In
particular, if h is continuous at ¢ = 0, it follows that h(0) = 0.

We will show in the next lemma that, for v € H?(Q), % is the restriction to I's of a function
in WHr(Q), for r < 2. Then, the result will follow by using again the results of [6].

Lemma 3.1. Let u € H%(Q), and consider v = 1 - Vu, where n(z,y) = ﬁ(—ay,x).
Then,
i) v= % on T's,
i) v= —% on I'y,
iii) v e WL (Q), forr < 2.
Proof. The first two assertions follow immediately from the fact that n(x,y) agrees with the

outward normal on I's and with the inward normal on I'y.
To prove iii), let us call

ay T
a(z,y) i= ——, and b(z,y) i= ———
(,9) 2 + a2y (@9) 22 + a2y?
then, we have
0 0
v=—a(wy) g + bl )y (3.24)

Since a and b are bounded functions, we have that v € L?(Q). Therefore we have to show that
the first derivatives of v are in L"(Q2) for any r < 2. Now, a straightforward computation yields

da ax? ob o?y?

9r (22 4 azyz)g

y (3324-0423/2)%

)

and
da —axy ob —a’zy

ox (22 + a2y2)3 oy (22 + a2y?)3
Integrating these expressions over {2 one can easily check that

s 1
/ Oa < C/ x*Cdx,
Q 0

s 1
db S C/ w25a73s+adx7
0

9

dy

ox

J

s 1
/ @ < C/ xs(a+1)73s+adx’
aldz| = Jo
and,
s 1
/ @ < C/ Qj‘s(a+1)_38+adl‘.
o0y 0
Therefore,
da € L°(Q) if s<a+1 (3.25)
oy ’ '
ob s Vs if a>3
7 L*(Q), { s< it if o< % (3.26)
0b Oa s Vs it a>2
gy oz S LW {s<§j—g if <2 (3.27)



NONHOMOGENEOUS NEUMANN PROBLEM IN DOMAINS WITH AN EXTERNAL CUSP 12

Now, let w be any of the first derivatives of u. Then in view of (3.24), in order to prove iii)
it is enough to see that, for r < 2, arw, ggw, %w, W E L™(9), and this is the aim of the rest
of the proof. We will make use of the imbedding theorem (2.6).

First choose p = % Since w € H'(), it follows from (2.6) that w € L™(£2) where
2(a+1)—r(a—1)
2(a+1)

= =D is the dual exponent of p. On the other hand, since r < 2, we have rp < a4+ 1 and

so, we obtain from (3.25) that € L'P(Q). Then, applying the Holder inequality we obtain
that g—;’w e L"(Q).

In a similar way, using (3.26), (3.27), and again (2.6), we can prove that a“ ,g—Zw, gzw €
L?(£2) choosing now p = Q and ¢ = 2

Therefore, taking derivatives in the expression (3.24) we obtain % € L?(Q2) and g—z e L"(Q),
for r < 2, concluding the proof. O

In [6], the authors characterizes the traces of W™ for general cuspidal domains. Applying
their results for our case it follows in particular that for v € W17 (Q) (see [6, page 108]),

ot t) —u(t, )"
/0 ta(r—1) dt < Cllvllwrrq)- (3.28)

From this estimate and our previous lemma we can easily obtain the following corollary.

Corollary 3.1. Let u be the solution of problem (1.1) and h(t) := g(t,t%). If u € H*(Q) then,

1 r
/ lZ((:zi) < 00 for any r<2. (3.29)
0

Proof. Let v defined from u as in Lemma 3.1. Then, we know from that lemma that v € W17 ().
Therefore, (3.29) follows immediately from (3.28) and the fact that v = 0 on I';. O

Acknowledgments: We thank Julidn Ferndndez Bonder and Noemi Wolanski for helpful com-
ments.
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