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We study the asymptotic behavior at small diffusivity of the solutions, 4%, to a convection-diffusion equation in a rectangular domain
Q. The diftusive equation is supplemented with a Dirichlet boundary condition, which is smooth along the edges and continuous
at the corners. To resolve the discrepancy, on 0, between u° and the corresponding limit solution, 1°, we propose asymptotic
expansions of u° at any arbitrary, but fixed, order. In order to manage some singular effects near the four corners of (3, the so-called
elliptic and ordinary corner correctors are added in the asymptotic expansions as well as the parabolic and classical boundary layer
functions. Then, performing the energy estimates on the difference of u and the proposed expansions, the validity of our asymptotic

expansions is established in suitable Sobolev spaces.

1. Introduction

We consider a singularly perturbed convection-diffusion
equation in a rectangular domain Q = (0, 1) x (0, 1):

Luf:=-eAu—0u° = f inQ,

@

u*=g on 0Q.

Here ¢ is a small but strictly positive diffusivity parameter,
and f = f(x,y) is a given smooth data with IID“fIILz(Q) <
K, independent of ¢, for some «’s as needed in the analysis
below. The function g = g(x, y) is assumed to be continuous
on 0Q) and smooth on each edge of 0Q). Namely, defining the
restriction of g to the edges of 0Q) as follows:

=9 g =90),

Ao =9:), gl =94,

we assume that
g, (0) = g5 (0), g, (1) = g4 (0),
9.(0) =g5(1), g, (1) =g,(1), (3)

g; is smooth for 1 <i < 4.

If these compatibility conditions were not satisfied, some
additional considerations would be necessary, which we do
not address here.

In what follows, we study the asymptotic behavior of the
solutions to (1) at small diffusivity e.

In a very nice related earlier work, [1], the asymptotic
behavior of the solutions of a convection-diffusion equation
similar to (1) was discussed. More precisely, in a rectangular
domain Q = (0, Iy) x (0,1,), the authors considered

—e' At - baxusl +al = f inQ,
, (4)
u* =G on 00,



where b > 0, ¢ > 0 are constants and f is a given smooth
function in Q. The function g, satisfying the analogue version
of (3) in Q, is assumed to be continuous and piecewise
smooth on dQ). By constructing, in [1], asymptotic expansions

of uf’ with respect to a small diffusivity &', the boundary layers
of (4) were analyzed in a systematic way. The validity of their
asymptotic expansions was established using the maximum
principle.

Using a simple change of variables which maps Q to

Q, and setting u® = ufe™ with a suitable A, one can

transform (4) to (1) where the two diffusivity parameters
e and €', respectively, in (1) and (4) are compatible; that
is, ¢/¢' is of order one. Hence, via this transformation, our
analysis of (1) in this paper is applicable to (4) as well. Our
motivations for conducting the present study appear below. In
particular we significantly simplify the proofs of [1] and make
the study suitable for more general equations or systems,
in particular, those which do not satisfy the maximum
principle.

In the boundary layer analysis associated with the
convection-diffusion equation (1) (or (4)), one of the most
important and difficult points is to resolve any possible
singularity near the four corners of the rectangular domain Q.
Towards this end, we simplify and improve the method used
in [1]. More precisely, concerning the asymptotic expansion
of uf, we introduce the so-called elliptic boundary layer
corrector, appearing in Section 3.2, near the inflow boundary
at x = 1 only, while in [1], it was used near both the
inflow and outflow boundaries at x = 1 and x = 0.
This simplification in the construction of the asymptotic
expansions is mainly based on an observation that the corner
singularities at (0,0) and (0,1) (where the flows go out)
can be handled by the ordinary corner corrector, appearing
in Section 3.4 (which is much easier to analyze than the
elliptic corrector). Using the energy estimates rather than
the maximum principle as in [1], we prove the validity
of our proposed asymptotic expansions in suitable Sobolev
spaces. Here we make use of the Hardy inequality (see,
e.g., [2]) in the estimates. As we said above, our energy
estimation approach can be easily extended to some higher
order equations or systems which do not admit a maximum
principle.

This paper is organized as follows. In Section 2, we
introduce a formal expansion of u° as the sum of the outer and
inner expansions. The outer expansion (outside of the bound-
ary layers), which is easy to obtain, appears in Section 2. Then,
in Section 3, by performing the boundary layer analysis in a
systematic way, we construct the inner expansion (inside the
boundary layers). In Section 4, we state and prove the main
convergence result, Theorem 9, concerning the difference
between u® and the proposed asymptotic expansion at a given
order. In addition, in the appendix, we prove Lemma 1 that
contains some delicate pointwise estimates on the parabolic
boundary layer correctors introduced in Section 3.1. The
study of the elliptic corrector and its approximation also
appears in the appendix.

Throughout this paper, we use the notation conventions
below.
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Notation 1. k¥ := «(f,g,Q,n) is a constant depending on
the data, but independent of € here n > 0 is the fixed (but
arbitrary) order of the asymptotic expansion, as it appears in

(6).

Notation 2. An e.s.t.isafunction (or a constant) whose norm
in all Sobolev spaces H* (and thus spaces C°) is exponentially
small with, for each s, a bound of the form ¢,e %/, ¢, ¢,,y >
0, ¢;, y depending possibly on s.

Notation 3. For a fixed ¢ > 0, we define the energy norm of
H'(Q),

I-lle == Ve Il + 120y (5)

2. Asymptotic Expansions

To study the asymptotic behavior of u*, solution of (1), we
propose an asymptotic expansion u° of the following type:

usziej(uj+®j). (6)
=0

Here, at each order of ¢/, j > 0, u/ corresponds to the outer
expansion (outside of the boundary layer) of . To balance
the discrepancy on the boundary 0Q of u* and of the u/, j > 0,
we introduce the correctors ®’, j > 0, which will contribute
mainly inside of the boundary layer: @/ will be itself the sum
of several boundary layer functions as we will see below. The
asymptotic expansion (6) is made at order n > 0. As we will
see below, the expansion itself depends on #, but n, which is
set at the beginning of the study, can be chosen arbitrary large.

To determine the asymptotic expansion (6), we start with
the outer expansion for uf, u® = Z?:o ¢/u/. Inserting this

expansion into (1), we formally find the equations for the u/:

-0’ = f,
: : @)
o =AW, 1<j<n
We supplement these equations with the following inflow
boundary conditions (see (1)-(3)):
w'=g,(y) atx=1,
8)

W =0 atx=1, 1<j<n

While (7) are “natural’, the choice of the boundary conditions
in (8) is not obvious; it will be eventually justified by
the convergence theorem below. Then, by integrating the
equations in x, we find the smooth outer solutions #/ in the
following form:

1
W= Sy .0, ©)

. 1 .
u = J A (xp,y)dx, 1<j<n (10)

X
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Under this construction of the outer expansion, we notice
thatu® = Z?:o /1 satisfies the boundary condition (1), along
the edge x = 1 only, and not on the three other sides of
0Q,y = 0,y = 1,and x = 0 (in general). Hence, we
expect boundary layers to occur near those edges, and the so-
called correctors (corresponding to the ©/) will be necessary
to account for these discrepancies.

In Section 3, performing the boundary layer analysis, we
define, for each 0 < j < n, the corrector ®’ appearing in
(11) below. Then, in Section 4, using (6), (9), (10), and (11), we
prove our main result which is stated as Theorem 9.

3. Construction of the Correctors:
Boundary Layers Analysis

We want the boundary value of u° to match that of its approx-
imation. In general, the boundary values of the diffusive
solution u° and the outer expansion Z?:o ¢/u/ match only at
x = 1, but not on the other sides of 0Q), y = 0, y = 1, and
x = 0. Hence, we expect that some boundary layers will occur
near those three edges. To resolve this inconsistency, we will
define a number of boundary layer functions on the sides and
corners of 0Q), following an analysis reminiscent of the theory
of the Prandtl boundary layer in [3-6].

For the moment, comparing u° with a finite sum
Z?:o e/ul, we infer from the definition of the v/ in (7)-(10)
that the values of these functions coincide on the segment
x = 1. In general, they will not coincide anywhere else on
0Q). First, to correct the inconsistency on the sides y = 0,1,
we will define the so-called parabolic correctors ¢/ = @ +
). Then, to correct the inconsistency at x = 0, we will
introduce the (classical) corrector 6. However, this will not
be enough because additional inconsistencies appear at the
corners of (), and, as we shall see below, it will be necessary to
introduce additional correctors &/, {/, and 17j to handle these
inconsistencies.

In summary, in the subsections below, we will define the
©’ in the form,

O=¢ +¥+0+U+1/, 0<j<n (1)

where the role and location of each corrector are explained,
respectively, in Box 1 and Figure 1. The stretched variables of
the corrector functions, which will be introduced and used
in the following subsections, are indicated in the following
equation:

; j . 4 1—
¢f=¢f<x>%>x ¢i,=¢i(x,(\/zy)),
§{=55<M%> fi=€i<(1_x),(l_y)>,

& & &
o'=0'(Zy),
8)’

3
(:p(f l) (izcj<f M)
) 1 ’\/g > u u 8’ e >
ded(5) en(5)
(12)

3.1. Parabolic Boundary Layers (PBL). At the bottom (or top)
boundary, that is, at y = 0 (or y = 1), to balance the
discrepancy of u® and the outer expansion Z?:o e, (see
the u/ as defined in (9) and (10)), we construct below the
parabolic boundary layer correctors ¢/, 0 < j < n.

We formally insert the asymptotic expansion u® =
Z;’l:O ¢/¢/ into (1). Using the arguments similar to those of
the Prandtl theory, we see that the thickness of the boundary
layer near y = 0 or y = 1 should be of order ¢"/?. Then, by
collecting the terms at the same order of ¢/, 0 < j < n, we find
the equations of the parabolic boundary layer correctors:

—sai(pj ~0,¢' =02 inQ, 0<j<n, (13)

where we set ¢ ' = 0.
Along the boundaries y = 0, y = 1, and x = 1, comparing
(1), and the boundary values of the functions in (9) and (10),

we find the boundary conditions of ¢/, 0 < j < n, which read.

¢'=0 atx=1,0<j<n,

¢’ = g5 (x) —u’(x,0) aty=0,
¢ = (x,0) aty=0,1<j<n, (14)
P’ =gs(x)-u’(x,1) aty=1,

¢ =-u(x,1) aty=11<j<n

We will show below how to actually construct ¢/. For the
moment, comparing the functions »° and 27:0 g - ¢))
for some n > 0, we see that the boundary values of these
functions coincide at x = 1 and y = 0,1. However this
has been achieved at the price of introducing some new
inconsistencies. Indeed we notice, in (14), that, for each j > 0,
the boundary conditionsat y = 0and y = 1 are not consistent
with that at x = 1. That is, in general, for any i > 1,

91’ (1,0)-digs (1) #0,  d.u’(1,1) - d.g, (1) #0,

ol (1,0 #0, ol (1,1) #0, j>1.

(15)

Due to this inconsistency of the boundary data, if we define
(pj ,0 < j < mn,as asolution of (13) with (14), some derivatives
of ¢/, 0 < j < nget singular at the two corners (1, k), k = 0, 1.
Therefore, to define smooth (smoother) correctors (pj ,0<j<
n, we will modify the boundary conditions (14) as introduced
in (23).
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0 is the ordinary boundary layer corrector near x = 0,

¢ = (p{ + ¢/ is the parabolic boundary layer corrector near y = 0 and y = 1,
J = & 4+ ¥ is the elliptic corrector which resolves the compatibility issues, in the construction of ¢/, at the corners (1, 0) and (1, 1),
1 TS p p y %

=4 : +{J is the ordinary corner layer corrector which manages the effect of ¢’ along x = 0,
' =n] +n/ is the supplementary corrector that manages the effects of ¢/ and ¢/ along the edges y = 0O and y = 1.

Box 1: The different correctors.

y
1 — 7
______ L e e = ]
1
1
|
Y | W
|
|
1
L - e e ]
i i
Gom ! 9/ &
0 1 fé

FIGURE 1: Location of the outer solution ’ and the boundary layer
correctors.

3.1.1. On Modification of Boundary Conditions for Smooth
Correctorsat y = 0,1. Equation (13) with initial and bound-
ary conditions (14) is a parabolic problem (heat equation),
in which —x is the (positive) time like variable so that the
boundary conditions at x = 1 are the analogue of the
initial conditions for an evolution problem, and the possible
inconsistencies in (15) correspond to the (analogue of ) the
compatibility conditions between the initial and boundary
values for a parabolic equation; see [7-9] and the references
therein. Due to the lack of consistency at the corners (1, 0) and
(1, 1), the correctors constructed as in (13) and (14) might get
singular derivatives at those corners. We will overcome this
difficulty by considering some corner functions at x = 1 and
y = 0,1, similar to what is done in [10, 11] or [12] for the
compatibility issue in parabolic problems; see [13] as well.

Defining §(x) as a smooth cut-off function, independent
of &, such that

0 for0<x< l,
5(x) = ; 2 (16)
1 forx>—,
4
we set
Y(x) =7 (08 (x), k=01, (17)
where
2n+1
x—1
Z( ) [angJrk 1) a (Lk)]:
i=1 il
(18)
2n+1-2j i
—j x—-1) 4 .
P (x)=- Z %axu](l,k), 1<j<n.

i=1

Note that the }7,8 ,k = 0,1, depend on #, but this dependency
is not made explicit to make the notations (slightly) simpler.
Note also (comparing to (15)) that, at x = 1, for each k = 0, 1,

7(1)=0, 0<j<n,
O pe (1) =g (1) =0’ (LK), 1<i<2n+1,
F (1) = -0l (Lk), l1<j<n l<i<2n+1-j.
(19)
We introduce the stretched variables,
> o 1= (20)

y = %’ y - \/g
Then, using .(13), (14), (17), and (20), we define the parabolic
corrector, ¢’, 0 < j < n, as

o' =9l +ol, =9 (x7) + 9, (%), (2D

where golj and (p{; (lower and upper parts of ¢/, resp.) are

defined as the solutions of the 1D heat equations below.
For0<j<mn,

B¢ -0, = e/ for(7.x) eR" x(0,1),

=hé(x) aty =0,
(plj — 0 asy-— oo,
(plj:O at x =1, @2)
03¢ 0.9, = avgl " for (3.x) € R x(0,1),
=K (x) aty=0,
(pi — 0 as y— oo,
¢l =0 atx=1.
Here the hi(x), 0<j<nk=0,1,are defined by
By (%) 1= g3 () = u” (x,0) = ¥4 (%),
hé (x) := —u/ (x,0) —yg (x), 1<j<n,
(23)

R (x) == gy (x) =1’ (x, 1) — 9} (%),
K (x) =

—uj(x,l)—yf(x), 1<j<n
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Note that the smooth boundary conditions ] (x), 0 < j < n,
k = 0,1, along y or ¥ = 0 are compatible with the other 0
boundary (initial) conditions at x = 1 in the sense that, for
each0 < j<n,

oK (1)=0, k=01, 0<i<2n+1-2j. (24)

~ From [14-16] or [1], we recall the explicit expressions of
gol] = (pl](xj),O <j<n,

o 2 J“ ( yf) 0( 72>
=1|— exp| —=— |h, | x+ =— | dy,, (25
K \/; s S\ T2 Jf\F ) e 9
: Ero yf) ( 72)
/== exp| -2 |W)| x+ = |d
% \/7_[ e XP( > 0 2y2 Y1

1
T L _G-n)
2valde b ovE 4x,
— 2
_exp<_(y+y1) )}
4x,
X 62<plj71 (x + x, y;) dy,dx,.

X

(26)

The expressions of ¢/ = ¢/(x,7),0 < j < n, are identical

to (25) and (26) with h), ), and , respectively, replaced by
K0, ) and 7.

3.1.2. Estimates on the Parabolic Boundary Layers. We now

state some pointwise estimates for the ¢/ and @lL,0<j<n,
which are proved in the appendix.

Lemmal. Foreach0 < j <nands > 0, one has the following
pointwise estimates:

|ysaia;“<p{| < 1k exp <—cl> ,

Ve @7)
0<i+m<2n+2-2j,
. . _ 1—)/
oLl | < w2 exp(—c ),
70,9l 7 o8

0<i+m<2n+2-2j,

for a generic constant ¢ > 0 independent of x, y, and .

From Lemma 1, it is easy to deduce the following L?
estimates.

Lemma 2. Foreach 0 < j < nands > 0, one has, for 0 <
i+m<2n+2-2j,

(s—m)/2+1/2p

Y39 iy + 17009 1 o e (29)

Using (21) and (22), we find the equations for ¢/ = (plj +),
0<j<m

—88}2,<pj ~0,¢' =329 inQ,

o' =m0+ gl|  aty=o,
- (30)
¢ =1 (x)+ (le|y=1 at y =1,
(pj =0 atx=1.
Thanks to Lemma 1, we notice that
(pi|y=0 =est, (plj o1 = es.t, (31)

where e.s.t. denotes an exponentially small term with respect
to the (small) parameter ¢ as defined in Notation 2.

3.2. Elliptic Boundary Layers (EBL). In Section 3.1, to con-
struct the consistent parabolic boundary layer correctors ¢/,
0 < j < n, we considered the modified boundary conditions

(23), including y,ﬁ, instead of the natural boundary conditions

(14). Here, on the two sides y = 0 and y = 1 of (), to cancel y,{
which is exactly the difference of (14) and (23), we introducg

elliptic boundary layer correctors £/, 0 < j < n, which, like Y

or 7/, depend on the order 1 of the asymptotic expansion in
(6).
Using (17), we define

F=t+8, o<j<n, (32)

where Elj and Ei are the solutions of the elliptic systems below.
For0<j<mn,

—e 00 - e -9, =0 inQ,
§{=yg(x) at y =0,

Elj=0 atx=0,1, or y =1,

' ' ' (33)
—¢ 0, —e 03¢, -0, =0 inQ,

Ei=y{(x) at y =1,
=0 atx=0,1, or y=0.

The systems (33) being elliptic equations, their well-

posedness are easy to verify, and hence, we omit the proof

here. '
The equations satisfied by the elliptic correctors & = &/ +

Ei read as follows.
For0<j<mn,

_saiff — gaf/gj _ axgj —0 inQ,
T=yl(x) aty=k k=01, (34)

=0 atx=0,1



In the error analysis below in Section 4, we will see that
no extra terms related to the &1 appear; see (65) below. This
is because the &/, as appearing in (34), satisfies the same
equation as for u*, supplemented with the (exact) boundary
conditions that we need. From this observation, as it will
be justified in Section 4, we notice that our main result in
Theorem 9 does not require any estimate on the &/,

As an extra information which might be useful elsewhere,
but not in this paper, by performing the energy estimate on
(34), we find that

"Ej”s <xe 0< j<n. (35)

In the appendix, we introduce an explicit approximate & of
£. Then, thanks to the estimates on &, one can obtain some
pointwise estimates on & as well; see Appendix B. S

At this stage, the functions u* and Z;’:O g + ¢ +¥&)
match along the sides x = 1 and y = 0,1 (with singular
derivatives of high orders for the ¢’). More precisely, from
(1), (8), (30), (31), and (34), we see that

'g1+i£j(uj+(pj) at x =0,
j=0
" o 0 at x =1,
- ]Zogf (v +¢/ +&) = 4 ie% — est. at y =0,
Jj=0
isjq)lj =es.t. at y = 1.
L j=0
] (36)

We will now deal with the side x = 0 and construct the
ordinary boundary layer 6/ and the ordinary corner layer
functions (correctors) {’.

3.3. Ordinary Boundary Layers (OBL). To handle the dis-
crepancy of u® and 27:0 ¢/ at x = 0, which is a part of
u® — 27:0 dw + (pj + &) appearing in (36), the so-called
ordinary boundary layer corrector 6/ is introduced in this
section. We insert a formal expansion u® = Z‘]ﬁo £/6/ into
the diffusive equation (1). Then, using the stretched variable
X = x/¢, we find the equations of 6’:

—£020" - 0,0 = s‘laj91‘2 inQ, 0<j<n, (37)

where we set 6" = 67 = 0. ‘

The main role of the 6 is, at each order of ¢/, to cancel the
error u® — Z;.LO &/u’ at x = 0. Hence, we supplement (37) with
the boundary conditions

90=g1(y)—u0(0,y) at x = 0,
Gj:—uj(o,y) atx=0, 1<j<n, (38)
¢/ —0 asx—oo0, 0<j<n.
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The explicit expressions of 6/, 0 < j < n, are inductively
shown to be of the form

0j=Pk<)—;,y)exp<_?x>, j=2k2k+1,  (39)

where P*(x/e, y) is a polynomial in x/e of degree k whose
coefficients, independent of ¢, are linear combinations of the

o*ul (0, ¥)/0y°,0 < s < j,and P o, y) = —u/(0, ¥).
According to (39), we deduce the following lemmas.

Lemma 3. Foreach0 < j < n, one has the pointwise estimates:

. . _ x .
xsa;a;"efj < ke exp (—c;) ,  s,i,m>0, (40)
for a constant c independent of x, y, and e.

Lemma 4. For each 0 < j < n, one has

"xsaia;"@j < ke AP

I, o s,im>=0. (41

Thanks to Lemma 3, we notice that the effect of 6/ near
the boundary x = 1 is exponentially small:

0’ (1,y) = es.t,
From (36), (38), and (42), we infer that

0<j<n (42)

us—isj(uj+goj+fj+6j)

=0
(1 . .
ZSJQDJ at x =0,
=0

n

Zsjej =es.t at x =1,
Ze’ ((p{4 + 61) = ZSJGJ +test. aty=0,
=0 =0
isj ((plj + Gj) = isjej +est aty=1L1
=0 7=

(43)

3.4. Ordinary Corner Layers (OCL). To account for the value
Yo €'¢’ at x = 0, which is exactly the difference of u° and
Z;'l:O e + goj +& +07) at x = 0 (see (43)), we introduce the

ordinary corner layer correctors {/, 0 < j < n, in the form
¢=+0, (44)

where the Clj (or Ci) are the correctors near the corner (0, 0)
(or (0, 1)) as constructed below.

To define Cl] (or Ci), we insert a formal expansion u° =
Z(;Zo e/¢J into (1). Then, using the stretched variables x = x/e
and ¥ = y/+/e near (0,0) and using X and y = (1 — y)/+/e
near (1, 1), we collect the terms of order ¢/, 0 < j<n Asa
result, we find the equations for l] (or ¢ i):

—saj(,{—ax(,{:ai ;Z_l inQ,0<j<n k=uorl
(45)
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Here, we set C,;l =0fork=1Lu.

At each order of ¢/, 0 < j < n, to cancel the error ¢/
near the corner (0, 0) or (0, 1), we supplement (45) with the
boundary conditions

CI{:—(pI{(O,y) atx=0,0<j<n k=Lu,
' (46)
{{—0 asx—o00, 0<j<n k=Lu.

The explicit solutions (lj of (45) and (46),0 < j < n, are
inductively found to be of the following form:

({zP’(f,%)exp(%), (47)

where P/ (x/e, y/~/€) is a polynomial in x/e of degree j whose
coeflicients, independent of ¢, are linear combinations of the
quantities £°0%¢; (0, y/+/€)/0y*, 0 < s < j. In the same

manner, the explicit forms of the {/, 0 < j < n can be found
as well.
Using Lemma 1 and (47), we obtain the lemmas below.

Lemma 5. For each 0 < j < nand k,s > 0, one has the
pointwise estimates:

|xky$a;a;”c{| < kM) oy (—c (g + % )) ,

0<i+m<2n+2-2j,
. . o 1-
'xkysa;a;"(ﬂ < i M oy (—c <§ + \/Ey>> ,

0<i+m<2n+2-2j,
(48)

for a generic constant ¢ > 0 independent of x, y, and e.
Lemma 6. For each 0 < j < nand k,s > 0, one has, for
0<i+m<2n+2-2j,
K i omai K i
53378 ) * Iy 207

< Ksk—i+((s—m)/2)+(3/2P).

v

(49)

~ Thanks to (46) and Lemma 5, we estimate the values of
{’,0 < j<mn,alongthesidesx=1,y=0,and y = 1:

e.s.t. at x =1,
(l] (x,0) +est. aty=0, (50)
Ci (x,0) +es.t. aty=1.

=

7
Now from (43), (46), and (50), we observe that
ue—isj(uj+cpj+§j+6j+cj)
=0
(0 at x =0,
Zsj (Gj + Cj) =es.t. at x =1,
=0
= Zsj ((pi +6 +Cj) = Zsj (Gj +(l]) +est aty=0,
=0 =0
Zsj ((pl] +0 + Cj) = Zsj (Gj + Ci) +est aty=1
= =0
j j -

3.5. Supplementary Correctors. Now, our task is to handle, at
each order 0 < j < n, the effects of 8/ and ¢’ along the top
and bottom boundaries y = 0, 1. To this end, using (51), we

construct the supplementary correctors #’ in the form

nj:q{+ﬂi, 0<j<n, (52)
where
ﬂl:—(l—y)(6j+(;) (x,y:()),
' (53)
m=-y(0'+¢) (ny=1)

From Lemmas 3 and 5, it is easy to verify the lemmas
below.

Lemma?7. Foreach0 < j < nands > 0, one has the pointwise
estimates:

|x38;a;"17j' < ke exp (—cf) , 0<i+m<2n+2-2j,
(54)
for a constant ¢ independent of x, y, and e.
Lemma 8. Foreach0 < j <nands >0, one has

< ss—i+(1/p)’

x'0,0) 0<i+m<2n+2-2j.

(55)

’7j ”LP(Q)

Using (3), (14), (17), (22), (23), (38), and (46), we find that,
near the corner (0, 0),

(6 +) (0,0) = g, (0) - u (0,0) - @/ (0,0)

=9 (0) - uO (0,0) - (gg, (0) - MO (0, 0)) =0.
(56)

More generally, one can verify that

6] C] (030)—0) 61+{] (0,1)—0, 0<j<1/1‘
1 u



Using (42), (50), and (57), we infer from (52) and (53) that,
for0<j<mn,

0 at x =0,
_ Jest at x =1, (58)
T= —(0{+C{) at y =0,
—(0]+(i) at y=1.
Now, we finally obtain from (51) and (58) that
n . . . . . . .
us—Zs](u]+(p’+E’+97+(]+r]])
=0
0 at x =0,
Zsj (Gj + Cj + r]j) =es.t. at x =1,
=0
Zsj ((p{‘ +6/ + ¢+ nj)
=0
= < u i i i i
= Zs’ (0] + + 11]) test.=est aty=0,
=0
Zsj ((plj +0 + +11j)
=0
= Zsj (Gj +¢ 4 11j) +est. =est aty=1
=0
(59)

The es.t. on the right hand side of (59),;, are caused,
respectively, by (07 + {7 + #/) at x = 1, (¢} + /) at y = 0,
and (¢ + /) aty = 1.

4. Asymptotic Error Analysis: The Main Result
We define

5o <u8_isf (uu@f))

j=0

a0 (60)

= (the right-hand side of (59)),

where ©/ = ¢/ + & + 07 + {7 + #/ as defined in (11).
We construct an extension p of p in the form

p(xy)=r+(1=-x)(p-1)],o+x(P-7)|,
T I N
where
r(6y) = =) (1= ) plocyg + % (1= ¥) Plocy o
+ (1= %) yPlicg yor + VPl
(62)
Then one can verify that p|3, = pand

p isan es.t. in Q. (63)
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We set

w,, = u° - isj (uj + @j) - p. (64)
=0

Then, using (1), (7), (1), (30), (34), (37), (45), (53), and (60),
the equation of w,, reads

Low,, =& (A" + 05" + 3,0" + g})
+¢" (8)2,9"_1 + 88)2,(” + E;’) +est. inQ, (65)
w,, =0 on 0Q,
g =01 —y)afﬁ”(x,y=0)+y 8}2,9” (x,y=1),
B, = (1-9) (20" +e3) (xy=0)  (66)
+y (8;6"_1 + 88}2,(3) (x,y=1).
We multiply (65) by e*w,, and integrate over Q. Then,

using Lemmas 1, 3, and 5 and the Hardy inequality (see, e.g.,
[2]), we find that

2 1-¢ 2
slwsanl + T|wsn|L2

< K8n+1

J (Au" + %" + 8;6" + 8 ) w,,dx dyl

’ (67)
2 an—1 2on | =n Wey,

Lx(aye +0,0" + :2) (7>dxdy‘

+ e

1 e
< ke 4 lem'iz + 5|wm|;1.

Thanks to the elliptic regularity theory and (67), we also
find that

||w£ﬂ“H2(Q) = K"AwsnnLZ(Q)

< K€_1||astn + lower order termS" LX) (68)

< ke,

Finally, from (63), (64), (67), and (68), we obtain the
convergence result on the difference of u® and the proposed
asymptotic expansions that we summarize in Theorem 9.

Theorem 9. For each fixed n > 0, as the diffusivity parameter
€ vanishes, the difference between the solution u® of (1) and
its asymptotic expansion (6) converges to zero in the following
sense:

n
u® - Z ¢ (u] + G)’) < k™, (69)
j=0 .
n . . .
u® — Z g +0)) < ke /P, (70)
j=0 H2(Q)
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Remark 10. Due to the continuity of g as appearing in (3), £°
can be omitted in (11) for j = 0 at order €°. Then one can verify
that

'|u£—(u0+<p° +00+(,”°+110)||E < xe’lt, (71)

which gives a convergence estimate that a factor of &'/* i

worse than what is stated in (69) for n = 0.
Appendix

A. Proof of Lemma 1

To prove (27), for ¥ = y/+fe, since y'exp(-cy) <
" exp(—c,), forall , 0 < ¢, < ¢, it suffices to prove that

|ajca;"q>{| < K exp (—c \/1)_/—_x>’

0<i+m<2n+2-2j, i,m=>=0.

(A1)

Note that (28) would follow similarly. Since h(x) = hé(x) =
—u(x,1) - yg (x) for j > 1and g;(x) - 1%(x,0) — yg (x) for
j = 0; thanks to (3), we note that aihj(l) =0for0 <k <
2n+1-2j.

Now, to prove (A.1), we use an induction on j.

(1) We begin with j = 0.

From (25), since a’;ho(l) = 0for0 < k < 2n+1,
differentiating ¢; in x we find that

—2
3 _\/ J ( )a’h°( + 2 )d
1] s T\ 2 oy )

o 2
SKJ exp(——l)dy, 0<i<2n+2.
y/N2(1-x) !
(A.2)

Using exp(—yf/Z) < kexp(—cy,), for all y; > 0, for some

¢ > 0, (Al) for m = 0 is proved. Since —@%7 - . = 0, for
m = 2(k + 1), k >0, from (A.2) we easily find that
a k+1)¢0 |al+k+1 ' < Kexp (—C 7 ) ,
- Vi=x/ (A3

0<i+k+1<2n+2;

thus (A3) holdsforO<i+m=i+2(k+1)<k+1+2n+2,
and this implies that (A.1) holds for m = 2(k+1),k > 0, j = 0.

9
Since a”lho(l) =0, 0 <i+1 < 2n+1, we now notice that
oo $2\
at _ \/ J. ex (__1>az+1h0
0359/ | = Y

2 —
Yy \Y
X+ dy
( 2y>y% 1

[ )’2
SK_J €ex] ——1>d -y 1),
Y b p( 2 )

0<i+1<2n+2.

(A.4)

Integrating by parts in the last integral, we deduce that
oo

=2
Y
V1 - —
SK( xexp( 4(1—x)>
© 2
— N
+ ex d
yL/ 2(1-x) p( > )/1)

<x (e (e 2 )+ ep (e ) (A5)

< (since t exp (—ct) < kexp (—ct),

Yt > 0, for some 0 < ¢, < ¢)

Hence, for m = 2k + 1, k > 0, using _‘PZOW — ¢p. = 0 again, we
note from (A.5) that

>, 0<i+1<2n+2.

Lo of| = ool swep (e )

0<i+k+1<2n+2

thus (A.6) holdsforO <i+m=i+2k+1<k+2n+2,and
this proves (A.1) form = 2k + 1,k > 0, j = 0. Hence, (A.1) is
proved for j = 0.

(2) We now assume that (A.1) holds at any order less than
or equal to j — 1, and we want to prove it at the order

j.

At order j > 1, we perform the analysis as follows.

We first note that the homogeneous solution of ¢/, that is
the first integral of (26) for ¢/, can be similarly estimated. We
just replace hg(x) by hé(x) in the above analysis.

Since 9¥h/(1) = 0 for 0 < k < 2n+1-2j, the first integral
is then estimated as in (A.l) for j = 0. We just replace the
above 21 + 2 by 2n + 2 — 2j. We now estimate the particular

solution of (plj , that is, the second integral of (26) denoted by
I. For simplicity in the analysis below, we write that

_ 2 - 2
]zexp(_()’;x)’l) )_exp<_()’:x)’1) ) (A7)
1 1
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Using the induction assumption at order j— 1, from (A.1) for
j— 1, wenote that for 0 < 2 +i < 2n+ 2 — 2(j — 1), that is,
0<i<2n+2-2j,

2ol (17, 1) = 0, (A8)

X

>l (x +xp, )| < ke (—CL)
| X q)l ( 1 y1)| Xp m

N )
<xkexp|-—c .
P ( V1-x
Thanks to (A.8), differentiating I, the second integral of (26),
we find that

. 1 1-x oo ] i i1
o= —=9."9/ ) dydx;,
* 2VEJ; J; N ¢ (x+xp,y1)dydx,

(A9)

0<i<2n+2-2j
(A.10)

Since0 < x; <1-x < L, []] < Zexp(—(y—yl)z/élxl) <
2exp(—(7—y1)2/4(1 —x)), from (A.9) we find that for 0 < i <
2n+2-2j,

oIl <« de
0 VX1

o @‘yl)z N
XL exp(——4(1_x) )exp(—c 1_x>dy1
< (setting B=2cV1- x)

o0 (n _7+ﬁ)2
<K L exp <——4(1 ~ )

1-x

B _ B
_2(1—x)y+4(1—x))dyl

y «© (J’l‘?"'ﬁ)z
SKCXp(—C _l—x)L exp<——4(1_x) )dyl

< xexp(—c\/ly_>.
-Xx

(A.11)

This proves (A1) form =0, j > 1.

For m = 2(k + 1), k > 0, thanks to the induction
assumption on j — 1, from (A.1) we note that for 0 < i+ s +
242(k-s)<2n+2-2(j-1),

i kes) j-1 y
a;+s+za;( s)q)lf | < K exp (—c m), (A.12)
from (A.11) we also note that
okl < K exp (—c J >,
o Vi-x (A.13)

for0<i+k+1<2n+2-2j.
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Since ~I;; — I, = q)l];:, we thus find that

k
a;a;(kﬂ)l' < |a;+k+11| n Z a;+s+za;(k_5)([)i’_l|
s=0

(A.14)

=)
< Kex —C 5
P< 1-x

for0<i+2(k+1)<2n+2-2j.

This proves (A.l) form = 2(k+ 1),k >0, j > 1.
Since 05 exp(—(y— y,)*/4x,) = =0, exp(—(¥— y,)*/4x,),
differentiating (A.10) in y we observe that

[0.351]

1-x [} F—
SK J LJ a? ]‘aazcﬂ‘l’zjil (% +xp, 1) dy,dx;

0 VX1 Jo

=K

1-x 1 0 _ P
Jo \/_x_1 Jo aylf'a?: 9"1] 1(’C‘*xl»)’l)d)ﬁd?ﬁ

< (integrating by parts in y,)

Jl_x L exp _y_Z 02l (x + x,,0) dx,
o VX dx, )

<K

+K

>

1-x 1 © ; .
L \/_x—l L .ot aylgo; Y(x+ xp0 3y dy,dx,
(A.15)

where | = exp(-(y - y1)2/4x1) + exp(—(y + y1)2/4x1) <
2exp(—(y - y1)2/4(1 — x)). Here, we note that ay] = —ay ].
Thanks to the induction assumption on j — 1, from (A.1) we
thus note that for 0 < 2 +i+ 1 < 2n+2 - 2(j — 1), that is,
0<i<2n+1-2j,

i -1 Yy
8}2: ayl(Pl] (x+x1,y1)' S;wxp(—c\/ll__x), (A.16)
andfor0 < 2+i < 2n+2-2(j—1),thatis,0 <i < 2n+2-2j,
|a§+"ayl (plj_l (x+ x1,0)| <k (A.17)

As in (A.11) we similarly find that for 0 <i < 2n+ 1 - 2j,

i y
0,.05I| < kex <—c > A18
01351 < wexp e = (A1)
Hence, for m = 2k + 1, k > 0, using the induction assumption
at order j — 1, from (A.1) we note that for 0 < i+s+2+2(k -

s)-1<2n+2-2(j-1),

i+s k—s)-1 _j-1 7
o't +28;( ) 1‘/’1] | < Kexp <—c m) , (A.19)
from (A.18) we also note that
ool < K exp <—c J > ,
ey VI-x (A.20)

for0<i+k<2n+1-2j.
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Using —I3; — I, = (plj ! again we thus find that

XX
i \2k+1
0,351}
k-1

< |l a51| +

s=0

ai+s+2 2(k-s)-1_j-1
X 52 1

Sxexp<—c\/ly_
-x

), for 0 <i+2k+1<2n+2-2j.
(A.21)

This proves (A1) form = 2k + 1,k > 0, j > 1. Hence, the
lemma is proved.

B. Study of the Elliptic Corner
Correctors &’ =& + &/

For each 0 < j < n, using the stretched variables

Y=2, (B.1)

. .7 i .
one can define an approximation &; of Elj as a solution of the
system,

7 + =
~0%&; — Oy&; +20x&; =0,

E=0 atX=0,

| (B.2)
E=yl(1-2eX) atY =0,
+ 2 2
§ —0 atX +Y" — 00, Y >0.
The explicit expression of Ej is given as (see [1])
Zj _Y J'OO [Kl (s1) K (52)]
oo ) S Sy (B.3)

X yg (1 —2es)exp (—(s—X))ds,

where K; is the modified Bessel function of the second kind

of the first order, and
s;= V(X —s) + Y2, s, = V(X +5) + Y2

Using an appropriate barrier function and the maximum
principle (see [1]), one can verify that

’E{ (X, Y)‘ <rexp(~c(VXTr 2 - X)),

(B.4)

(B.5)

. - i
for a constant ¢ independent of . An approximation &, of &/
can be constructed in the same manner.

Using (33) and (B.5), we notice that &- (zl] + Ei) = es.t.
at y = 0, 1. We deduce from (17), (18), and (B.2), that y,ﬁ(l) =

0, and hence & — (Elj + fi) = 0 at x = 1. Moreover, using

1

Lemma B.1 below, we see that &/ — (EZJ +Ei) = 0atx = 0. Then,
using these observations, thanks to the maximum principle,
we find that

¢~ (8+2)

which implies that the elliptic corrector &, 0 < j < n,

satisfies the pointwise estimates similar to (B.5) as for its

=est, 0<j<n, (B.6)

approximation Z] = Elj + Ei

Lemma B.1. There exists a positive constant k, independent of
&, such that

Ej(X,Y)|sxmin{U(X),U(Y)}, 0O<j<n (B7)

where
1 if0<Z<a,
U(Z)=11-4Z-a)* ifa<Z<b, (B.8)
0 ifZ>b,

anda =3/8s,b=a+ (1/2).

To prove Lemma B.1, we will recall below the weak
maximum principle (see, e.g., [17]).
We consider an operator L of the form,

s

Il
—

Lu = iDi (aiiju) +

i,j=1 i

(Di (biu) + ciDiu) +du, (B.9)

where the coefficients a”, ', ¢, and d are assumed to be
measurable functions in a domain Q,, ¢ R™, and D; denotes
0/0x;,1<i<m.

We assume that L is strictly elliptic in €,,, that is, there
exists A > 0, such that

Y alEgE 2 Mg, vEeR”,

ij=1

(B.10)

and that L has bounded coefficients, that is, for some
constants A and v > 0, we have
m

i |aij|2 < A% /\722 (|bi'2 + 'ci'z) + A7) <

i,j=1 i=

—_

(B.11)

We also assume that

J (dv - ZbiDiv> <0, W20, ve% (Q,). (B12)
Q i=1

‘m

We say that a weakly differentiable function u satisfies
Lu = 0, (=0 or <0), in the weak sense, if

J < i aiijuDiv + i (biuDiv - ciDiuv) - duv) =0,
Qn \ ij=1 i=1

(£0o0r=>0),
(B.13)
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for all nonnegative functions v € ‘gi(ﬂm), provided that
a’Dju+b'uand ¢'Diu+du, 1 <i<m,arelocally integrable.
Now we state the following maximum principle.

Lemma B.2. Under the conditions (B.10), (B.11), and (B.12), if
ueH 1(Qm) satisfies Lu > 0, or Lu < 0, in the weak sense,
then one has, respectively,

supu <supu' or infu>infu .
3Q,,

v su it (B.14)

Thanks to Lemma B.2, we can now prove Lemma B.1.

Proof of Lemma B.1. Given g, > 0, thanks to (B.2),, we may
choose aregion Q, = {(X,Y) € [0,00) X [0,00) | X?+Y?<
R*} with R sufficiently large so that IEJI < g, on the circle
X?+Y?=R% X,Y > 0. We then define the barrier function

U=U(X,Y)=CU(X)+¢g, (X,Y)e][0,00)x [0,00),

(B.15)

where U(X) is given in (B.8). Here, C is a positive constant

and it will be determined below. Note that U(X,Y) € H' Q).
Going back to the elliptic problem (B.2) and writing the
elliptic operator L as

18 =E + 8, - 2E,, (B.16)

we find that the operator L satisfies (B.10), (B.11), and (B.12).
We also find that for v € %i(QO), v =0,

J (UXVX + vay + ZUXV)
Q

(B.17)

R
= j j C (Uyvy +2Uxv)dX dY > 0.
0

Indeed, if 0 < X <aor X > b (a,basin (B.8)), since Uy =0,
we only have to consider the case a < R < b. For this R, since
U € H*(Q,), we note that IOR(UXVX+2UXv)dX = IOR(—UXX+
2Ux)vdX = LR(—UXX + 2Ux)vdX = 0 for all non-negative
v e BLQ).

Since L(i?) = 0, we thus find that L({U + z]) < 0 in the
weak sense.

Thanks to the cut-off function §(x), choosing C =
7 (x)|, we find that

maX,e(1/2,1]
U (X,0) = CU (X) + & = [/ ()| xp10,11 (%)
= |7 (1 - 26X)| xp0,1/407 (0 = [P (X)]
-[¢' cxo0).
. (B.18)
T(0,Y)=Cte 0= lf’ (O,Y)’,

U(X,Y)>¢ > le (X, Y)I

on 9Q, with X’ +Y* = R%, X,Y > 0.

International Journal of Differential Equations

Thus, we note that U + EJ > 0 on 0€);. Using Lemma B.2 we
conclude that, for (X,Y) € Q,,

(U + §J> (X,Y) > igof (U + E]> > 5‘5{(6 + Z’j)i =0.
(B.19)

Hence, we have

(B.20)

¥ (x, Y)| <U(X,Y) = CU(X) +¢,.

Letting R — 00, we deduce that Igj(X, Y)| < CU(X). Sim-

ilarly, we can conclude that IEJ(X, Y)| < CU(Y). This proves
the lemma. OJ
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