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Abstract  We study the asymptotic behaviour of the periodically mixed Zaremba problem. We cover
the part of the boundary by a chess board with a small period (square size) € and impose the Dirichlet
condition on black and the Neumann condition on white squares. As € — 0, we get the effective boundary
condition which is always of the Dirichlet type. The Dirichlet data on the boundary, however, depend on
the ratio between the magnitudes of the two boundary values.
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1. Introduction

Suppose that a part of the boundary, denoted I', of the domain Q C R? is covered by
a fine chess board with square size €. On each black square, we impose the Dirichlet
boundary condition

[S—
U = 9ge

and on each white square the Neumann condition

ous

o

As ¢ — 0 the squares become smaller and smaller but, at the same time, their number
becomes larger and larger. At the end, the black and white squares merge and we get
some homogeneous grey area.
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The question is: what happens with the boundary condition? Which one prevails? Do
we get Dirichlet, Neumann or something else?

We call the boundary condition satisfied by the limit the effective boundary condition,
as it should be effectively applied in situations when € is small. So, what is the effective
boundary condition?

The periodic function, as its period tends to zero, tends (weakly) to its mean value.
As the original (microscopic) boundary condition is equally spread mix of Dirichlet and
Neumann condition, at first glance, one would expect some average between the Neumann
and Dirichlet condition. Disappointingly, the first answer is much simpler. The effective
boundary condition is always the Dirichlet condition

u=GonT.

On the bright side, the value of the effective Dirichlet datum G is not so obvious and
depends on the ratio between the magnitudes of g. and h.

As expected (taking int account [3]), if the Dirichlet datum g. and the Neumann datum
h have the same magnitude, then only g. remains in the picture and h disappears. Thus
the effective Dirichlet value G is derived from g. only, and does not depend on h. If g.
is weaker (for example, in the sense of L? norm) then there is a critical ratio when they
both appear in the limit Dirichlet condition. Beyond that critical ratio, the Neumann
datum A becomes dominant and the Dirichlet datum g¢. disappears from the limit.

Boundary value problems with the periodic structure on the micro-level have been
studied, using the method of homogenization, for more then 50 years (see e.g. [1]). In
particular, effective boundary conditions with periodic geometry are not new subjects
(see e.g. [2-5] or [8]). Problems similar to ours have been studied in [3], in case of heat-
conduction equation in two dimensions (see also [2]). The main difference is that the
Dirichlet condition in those papers is homogeneous, corresponding to our situation with
g- = 0. Thus, the limit satisfies the homogeneous Dirichlet condition. An asymptotic
expansion was found and the second-order corrector contains the trace of the Neumann
boundary condition. The idea was generalized in paper [4] to n dimension and almost-
periodic boundary condition, but still with zero Dirichlet datum g = 0.

The novelty and the most important feature here is that the Dirichlet value g. is not
zero and depends on ¢ in the way that g. = £”¢. Also, we use a different approach based on
the very-weak formulation of the problem, weak convergence and the boundary-layer-type
test function.

Further analysis, with higher-order asymptotics, can be found in [11]. Application of
similar ideas, to the viscous fluid flow was done in [10, 12].

https://doi.org/10.1017/50013091522000487 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091522000487

Dirichlet vs Neumann 1065
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Figure 1. Domain 2 with alternating Neumann and Dirichlet conditions on I'.

1.1. The geometry

Let © € R3 be a smooth bounded domain. We assume, for simplicity, that the boundary
0f) has a flat part

Y= {x=(r1,79,23) € R®: x' = (v1,22) Cw, x3=0}CIN.

Let I' CC X be compactly embedded in ¥, with smooth boundary 0T'. We cover I' with
chessboard. The square size (and period) is denoted e.

As we said before, on each black square, we impose the Dirichlet boundary condition
and on each white square the Neumann condition.

More precisely, we denote by ) = (0, 1)? the unit square consisting of four squares of
equal size

1\? 1 1 1 1 1 \?
y11:<072> 7y21:<2a]->X<0a2>7y12:<072>><<271>7y22:<271> .

Now Y1 and Yso are black squares, while )15 and Y51 are white ones.

V12 Va2
Y Va1
Thus, we define
P = Y11 U Vyy — the Dirichlet (black) squares (1)
AN = Y15 U Va1 — the Neumann (white) squares (2)
Let

rb = ( U e(i+ WD)> NT — the Dirichlet (black) boundary (3)
i€Zz?

Fév = ( U e(i+ 'yN)> N T — the Neumann (white) boundary. (4)
i€z?

Clearly, TN UTP =T and T¥ NTL = 0.
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2. The problem

For simplicity, our model problem is the Laplace equation. In order to focus on the mixed
boundary condition, we take the zero right-hand side. On the rest of the boundary we
assume the homogeneous boundary condition. That is by no means essential, any other
boundary condition will do.

Auf =01in Q

u® = ”g on T'P - Dirichlet part
ou® (5)

= h on T'Y - Neumann part
On

u® =0 on OO\TI.

To take into account the magnitude of those two conditions, we have placed £ in front
of the Dirichlet condition. As the problem is linear it makes no sense to put some power
of £ in front of both boundary values, so we have picked the Dirichlet one, but it would
be the same if we have picked the Neumann one.

The standard weak formulation approach demands to assume that g € Hz (I'?) and
h € L?(T'Y). It gives the existence of the weak solution in H!({) (see for instance [14] or
[16]). It is an easy exercise. However, there is a regularity issue with the solution since
the standard Elliptic regularity does not apply [16].

We do not use the usual weak formulation of the problem, but the very-weak one:

Find u® € L?(Q), such that for all

¢eH:{weH1(Q);AweL2(Q), ¢ =0on T\TY and gﬁ:o(mry}

CAg— B 5¢> _
[ o €<g’6n . /th¢>, (6)

where (-] - )pp stands for duality between H=Y2(T'P) and H'/?('P). We notice here

that ¢ € H'(Q) is insufficient to define the trace of the normal derivative on the boundary,
but if (in addition) A¢ € L*(Q), then the trace % is defined but in the weaker sense,
and belongs to H~'/2(T'), the dual of the standard trace space H'/?(I") . The reader can
consult, for instance [17]. For the very-weak formulation of the elliptic problems, see for
instance, [6] and for the generalization to the Navier-Stokes system [7].

Usually, the very-weak formulation is used due to the lack of regularity. We use it
here to facilitate the asymptotic analysis on the boundary. Indeed, the advantage of this
formulation is that (unlike in the weak formulation) the Dirichlet boundary condition
here appears explicitly in the formulation (see e.g. [9]).

As described above, our goal is to study the asymptotic behaviour of the solution
as € — 0. It turns out that the effective condition is always of the Dirichlet type. The
effective Dirichlet value on the boundary depends on .

For 8 < 1 it equals g. For § = 1, it is a linear combination of g and h, while for § > 1,
it is proportional to h.
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3. Asymptotic analysis
3.1. A priori estimates

1
Proposition 1. Suppose that g € H% (') and h € L*(T"). Let u® be the solution to
the problem (5). Then, there exists a constant C' > 0, independent from ¢, such that

4L ey < O a3 gy + Bl ©
"LLE‘LZ(Q) S C(Eﬁ ‘g'H%(F) +€|h"L2(F))‘ (8)
Proof. The H!(Q) estimate is straightforward but not optimal. The L?(Q) estimate is

sharp and we give the proof in detail. The idea is to take the test function as the solution
to the transposed problem

—A¢p=u"in Q
qb:oOnr?,g—ﬁ:oOnrgV (9)
¢ =0 on OO\T.

It has a unique weak solution ¢ € H'(£2) such that

11 () < C ] p2q) - (10)

Furthermore, it is easy to see that

|¢‘H*1/2(F) <C |UE|L2(Q) . (11)

However, since that is a mixed problem, there is a regularity issue with such a test function
(see e.g. [16] or [17]).

We recall that ¢ € HY(Q) and A¢ = —u® € HY(Q). Thus, the traces of those two
functions on T are well defined and (denoting ¢ and its trace on T’ ¢|F by the same
symbol)

peH*(), Ape H3(T).

Let & € C1(Q) be such that k > 0 on ¥ and £ = 1 on T, while x = 0 on 9Q\X. We start

with
/|vx’¢|2§/’f|vx’¢|2
I b
with
(99 00
vm,gﬁi <8m1’ 81‘2)
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On the other hand

0
/ Vol = [ o ulvol) = [ 25 vl 2 [ wvov(52)
_ 2 99 0 \*
(%3 Vo[ —2/ 20— 2/v kYoo + Z,f(m)

9¢ \?
< / () +Clolu o (801520 + ol

5¢>2 2
< [ gl =) +Clu|572/0,-
7/2 (3333 [z oy

06
ol = 9o+ (22)

Since

we get

/Flvmf < /Z*””IVMI2 < e

so that V¢ € L2(T) i.e. ¢ € HY(T'). Furthermore, ¢ = 0 on I'?. The Poincaré inequality
on perforated domain I' (see e.g. [15]) implies that

‘¢|L2(Fé\’) <Ce ‘vd)‘Lz(l") < Ce |uE|L2(Q) . (12)

Using ¢ as the test function in (5), and applying (12), gives

/Q|u5|2=—/QuEA¢:/Vu€V¢)—E /FDggi (13)

:—sﬂ/ ¢+ hqﬁﬁeﬁ
81’1 Fé\’

18l L2y 1Bl 2y < C(ef 912y T €l L2 ry) 105 L2 () -

|9|H1/2(F)

Dig-1/2(rp)

3.2. Convergence
In case 8 < 0, the convergence and its proof are simple. Although the technique that

we will apply in case 3 > 0 works here, we prefer to start with a simpler version.

Proposition 2. Suppose that g € HO%O(F) and h € L*(T'). Let u® be the solution to
the problem (5). If 3 <0 then

g

—5 — v weakly in HY(Q), (14)
€

where v € H'(Q) is the unique solution to the Dirichlet problem
Av=0inQ, v=gonT, v=0o0ndQ\T. (15)

https://doi.org/10.1017/50013091522000487 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091522000487

Dirichlet vs Neumann 1069

Proof. Due to the estimate (7) the sequence g—; is bounded in H!(Q) Therefore, it
has a subsequence converging to some v € H'({), weakly in H'(Q), strongly in L?(Q),
and (due to the compactness of the trace operator tr : H*(Q) — L?(I")), the trace of g—;
converges to the trace of v strongly in L?(T). Let the test function be 1y € H?(2) N Hg ().
Starting from the very-weak formulation of the problem

oY
e _ B
/qu_e /1“595 , (16)

- / Emp—>/m¢ (17)
/ gan hDI/ (18)
/Fggﬂgﬁ_’hw/r“an' (19)

o [0y [, 00
/QvAw—h{/Fgan—H’y |/Fvan. (20)

That is exactly the very-weak formulation of the problem

and using

We now have

Av =0in ), U:"yD’g—l—hN’vonf,v:Oon@Q\F. (21)

Since [yP| 4 |[y"| =1 that is equivalent to (15). The Dirichlet problem (15) has a unique
solution v € H'(Q) so that the whole sequence u® converges to v and not only the
subsequence. O

For other values of 3, we have the following theorem:

Theorem 1. Suppose that g € HO%O(I‘) and h € L*(T). Let u® be the solution to the
problem (5). Then:

e For <1

u® .o
e weakly in L*(Q),

where v € H'(Q) is the unique weak solution of the problem
Av=0inQ, v=0o0ndN\ILv=gonT. (22)

o For=1

uE
— — v weakly in L*(Q),
€
where v € L?(Q) is the unique very-weak solution of the problem

Av=0inQ, v=00ndQ\l, v=g+MhonT, (23)
and M > 0 is defined from the auxiliary boundary-layer problem (26) with (31).
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e For >1

€

Loy weakly in L*(Q),
€
where v € L?(Q) is the unique very-weak solution of the problem

Av=0inQ, v=00ndO\Il, v=MhonT. (24)
Ifh e H()%o(r) then the solution v € H'(Q) is weak in all cases.

Proof. Let a = min{fg, 1}.

The estimate (8) implies that there exist a subsequence of u®, denoted by the same
symbol, and a function v € L?(€) such that
5% u® — v weakly in L?(9). (25)
Our goal is to identify that limit. We have no convergence for the gradient nor for the
trace on the boundary. Thus the only tool we have is the good choice of the test function.
As in the previous case, we start with ¢ € H2(Q) N H ().

Then we need the boundary-layer corrector defined from the problem posed in an
infinite strip

Z =Y x (—00,0).

X

We denote the fast variable by y = = and then M is the solution to the problem

AyM =0in Z
oM
M=0on~”,— =—1on N
T By ! (26)
M, is 1 — periodic in y’ = (y1,92)
V,M € L*(Z).

That auxiliary boundary-layer-type problem has a unique solution
M e DY (Z)={K € H..(Z);V,K € [*(Z), K =0on~",
K is 1 — periodic in y'},
endowed with the norm
|K|D1(Z) = |VK|L2(Z)-

The existence proof is an easy exercise, as it is a linear elliptic equation. The variational
form of the problem reads

/ V,MV,K = f/ K, VKeDY(2).
4 N

Furthermore, there exists a constant M., such that M exponentially stabilizes to M.,
far from the upper boundary y3 = 0. More precisely
sl (M(y) — M) € L*(2).

The details (up to a slight modification due to the mixed boundary condition) can be
found in [5] or [13].
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Integrating Equation (26) with respect to y’, we get

a2 / / M (y1,y2,y3)dyrdy2 =0 = / / M (y1,y2,y3) dyr dya = Coys + Ch.
3

As VM decays at infinity, we conclude that Cy = 0 so that, for any y3 <0,

1 .1 Y s
/ / M(y1,y2,y3) dyr dy = Cy , / / ——(Y1,92,y3) dy1 dya = 0. (27)
0o Jo o Jo 0y3

We now construct the test function. Let ¢ be a smooth function, such that ¢y =0 on I’
and let

oy

Ve(00) = ¥(o0) + e M(y) 5

(x',0).

What is important for us is that on the boundary, we have

Y =0on TP (28)
and
31115 ’ 8’1/) ! aiM ! aw N
83}3 (X 70) axg( 70) + 8y3 (y 70) axg (X 0) - 0 on F (29)
Furthermore
OM 0%y o
A, = A A M MA, "
Ve =AY Z 0y; Ox;0x3 te ox; (x',0)
OM 0%y
=Av+ Z dy; Ox;0x3 +00).
We notice that
2
(9M 0“1 <COVE
- 01,013
L2(Q)

due to the fact that V,M € L*(Z).
Then we use 1. as the test function in the very-weak formulation (6)

u’ —« 9 € —«
/Q;qugzaﬁ ADg%+s h .. (30)

ry
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Obviously
_a/UEAwE—?/UA’(/J
Q Q
/ e _/ e L oM oM oy
pgg On N F?Q on 8y3 8393
oM oY
D
+ R -
_>(|7 ’ 393) rgaxg
et [ = [ e (Z0) S e0)
N ry O3
—>M/ 3333 x',0)
with
M = / M(y',0) dy’ = Cy (31)
,YN
(C1 defined in (27)) and
oM oM , , ,
— = 0) dy'.
915 > 0 = —(y',0) dy

Due to (27), we know that

oM , 0
— i ,O d /_/ /70 d / o /’0 d /
Vayg(y ) WDas(y ) D (¥',0) dy
oM
» 98 ——(¥',0) bRl
so that
oM N
ayB —|’Y |
and

D W D N| _
v |+5y =PI+ =1

Thus, we finally obtain the limit problem in the very-weak form, depending on whether
0 is larger, smaller or equal to 1.
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Furthermore, using M as the test function in (26) gives

/|VM| /M . (32)

/ A = / I (33)
/ VA — / o4 / o, (34)

where M > 0 (see (32)) is defined from the auxﬂlary boundary-layer problem (26) with

(31).
/ vAY = T / - (35)

Finally, for g > 1
So, in all three cases, we get the Dirichlet problem for the Laplace equation
Av=01in Q

For B < 1, we get

For g =1

and the Dirichlet condition
v =0 on IQ\T".

The difference is in the Dirichlet condition on I" that equals
gfor g <1
v=<g+MhforB=1} onT.
M h for 8> 1
|

Remark 1. We could summarize all cases by saying that the effective boundary
condition asymptotically has the form

u=¢eg4+eMhonT.
In case g = 0, studied by Filo and Luckhaus in [3] and [4], we get
u=¢eMh.
More precisely, the limit of u® is trivial
u® — 0 in L*(Q)
but

€

RN weakly in L*(Q),
€

where v is the solution to the problem (24). This does not correspond to the result of Filo
and Luckhaus because they have a non-zero right-hand side and initial condition leading
to the non-trivial limit of w°.
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Remark 2. We have assumed the chess-board structure to simplify the presentation.
In fact, the same result can be obtained for any other periodic distribution of the Dirichlet
and the Neumann condition. We could take the unit cell ) = (0, 1)2, then pick an open

subset v C Y with smooth boundary and vV = y\TD. Then follow the same steps and
get the same result.
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