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Abstract

We consider a two-dimensional singularly perturbed transmission problem with two
different diffusion coefficients, in a domain with smooth (analytic) boundary. The so-
lution will contain boundary layers only in the part of the domain where the diffusion
coefficient is high and interface layers along the interface. Utilizing existing and newly
derived regularity results for the exact solution, we design a robust hp finite element
method for its approximation. Under the assumption of analytic input data, we show
that the method converges at an exponential rate, provided the mesh and polynomial de-
gree distribution are chosen appropriately. Numerical results illustrating our theoretical
findings are also included.
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1 Introduction

The approximation of singularly perturbed problems has retained the attention of many
authors in recent years. Let us mention [f, 8, [0, [1], (3, [[4] and the references quoted there.
However, in all references quoted no analysis is carried out for differential operators with
piecewise constant or piecewise smooth coefficients. On the other hand, in many real life
applications, the differential operators have such piecewise coefficients that may have a very
large discrepancy. In that case, the solution of the problem will contain boundary layers near
the exterior boundary (as usual) but will also contain interface layers along the interface where
the coefficients have a large jump. We refer to [[] for the description of this phenomenon in one
and two dimensions and to [[J] for several numerical methods for the robust approximation
of such problems in one-dimension.

The goal of the present paper is to extend certain results from [[J to two-dimensions. In
particular, we consider a singularly perturbed transmission problem in a domain with analytic
boundary. Under the assumption of the data also being analytic, we provide an asymptotic
expansion for the solution (in the style of [d]) that provides the necessary information for the
design of a robust finite element method that converges at an exponential rate as the degree
p of the approximating polynomials is increased. The expansion of the solution includes
an outer (smooth) part, an inner (boundary layer) part, an interface layer and a (smooth)
remainder.  The regularity of each compoment is studied and known results from [§] allow
us to treat the outer and inner parts, as well as the remainder (defined on one part of the
domain). The results obtained for the regularity of the interface layer (and the remainder
defined on the other part of the domain) are new and in line with those reported in [ for
the one-dimensional analog of our model problem. Our work closely follows what was done
in [ff] but also includes the additional analysis for the interface layer.

The paper is organized as follows: In Section ] we present the singularly perturbed problem
and describe the typical phenomena. Section J is devoted to the expansion of the solution of
our model problem into the parts mentioned above (i.e. outer, inner, interface and remainder).
The regularity of each component is also described in that section. Section [ gives the
main approximation result and in Section ff we show the results of numerical computations
illustrating our theoretical findings. We end with some conclusions in Section [

Throughout the paper the spaces H*(£2), with s > 0, are the standard Sobolev spaces on

the domain  C R? with norm || - |50 and semi-norm | - |so. The space Hj(Q) is defined,
as usual, by H}(Q) := {v e HY(Q) : v|,q = 0}. LP(Q), p > 1, are the usual Lebesgue spaces
with norm || - ||o.o (We drop the index p for p = 2). Finally, the notation A < B means

the existence of a positive constant C', which is independent of the quantities A and B under
consideration and of the parameter ¢, such that A < CB.



2 The model problem

Let Q. and Q_ be smooth domains in R?, with respective boundaries 99, and 0f)_, such
that 02, N OQ)_ = ¥; an example is shown in Figure 1 below. We assume that 0f2 is an
analytic curve, i.e. Q)L and ¥ are analytic curves. Moreover, we assume that 0€,\X, as well
as 2 are connected. We will write (2 = Q2 UQ_, and for any function u defined on 2 we will
denote by u, (resp. u_) the restriction of u to €, (resp. 2_) and we will write u = (uy,u_).

Figure 1: Example of the domains Q, and €2_.

We consider the following singularly perturbed transmission problem: Find u® = (uj, u )
such that

(1) —AuS +us = fpin Q,
(2) —AuZ +ut = f inQ_,
(3) ul, = 0on 00, \%,
(4) u® = 0ondN_\X,
(5) ul —uZ = 0on X,
ous,  Ouf

2 + - 3

(6) ov ov hon 2,

where A denotes the Laplacian operator, ¢ € (0,1] is a given parameter, fi, h are given
smooth functions and v denotes the outward normal vector along ¥ oriented outside €2, . The
formal limit problem of ([])—(f), as ¢ — 0, is

u?r = [+ in Qy,
—Au’ +u = f_inQ_,
ul) = 0on 0N\,
u’ = 0ondN_\%,
u9r —u® = 0on Y,
—8;—3 = hon X.



Since, in general, fi does not satisfy the boundary conditions f; = u9 on 9Q;\¥ and
f+ =u® on 3, we expect that the solution v will contain boundary layers along 99, \X and

an interface layer along 3.

We assume that the data of our problem is analytic and satisfies

(7) IV fielloor < Cravpp' Vp=0,1,2,..,

for some positive constants Cy,, 7, , Cp,7,, where Vs denotes the tangential derivative along
Y. The following theorem gives bounds on the derivatives of the solution to ([)-(f) that are
explicit in terms of the order of differentiation as well as the singular perturbation parameter
E.

Theorem 1 Let u® = (u5,u®) be the solution to ([@)—(f) with the data satysfying (1), B)-
Then there are constants C', K > 0 depending only of the data such that

(9) € HDO‘uiHO’Q+ + HDauiHo,n, < CeK max{|a| ,5_1}‘04 Va=1,2, ...

Proof. This follows from the local estimates

elud |2, n0; + (Ul l2B,yn0 < C(glef+”0,Bgomﬂ+

na- + [|BllBy, ns + ellud 1,5

roner vl nas),

g

+| f<lo,5:

g

for all sufficiently small balls B,, C B, centred at zy € X (proved by a local change of
variables and some reflexions to reduce the transmission problem into a Dirichlet problem
and a Neumann one in half-balls) and the use of Morrey-Nirenberg techniques (see Theorem
2.1 in [[] or Theorems 5.2.2 and 5.3.8 in [{]). ®

It should be noted that () gives sufficient information for the approximation to u® in the
so-called asymptotic case, i.e. when the degree p of the approximating polynomials satisfies
p > O(e71). For the pre-asymptotic case, i.e. when p < O(e7!), we will need the regularity
results provided in the next section.

3 Expansion of the solution

The solution of ([l)~(B) may be decomposed as

(10) ut = w + XBLUEBL + XILuiL + 7,



where w® denotes the outer (smooth) part, u%; denotes the boundary layer along 0Q,\3,
uj; denotes the interface layer along > and r* denotes the remainder. The functions x g, X711
denote smooth cut-off functions (see equations ([[7), ([§) ahead) in order to account for the
fact that the aforementioned components do not have support in the entire domain €.

In order to define the inner (boundary layer) expansion we introduce boundary fitted
coordinates as follows: Let (X (6),Y(6)),0 € [0, L] be an analytic L—periodic parametrization
of 002, \X (by arc length), such that the normal vector (—=Y”(#), X'(#)) always points into the
domain Q.. Let x4 (0) denote the curvature of 92, \3 and denote by T, the one-dimensional
torus of length L. By the analyticity of 0€2 we have that the functions X, Y and « are analytic.
We also let p, > 0 be a fixed constant satisfying

1
(11) 0<pg < ——.
”MHLOO([O,L))
Then the mapping v : [0, p,] x T, — Q. given by
(12) U (p,0) = (X(0) — pY'(0),Y(0) + pX'(0))

is real analytic on [0, po] x Tr. The function ¢» maps the rectangle (0, p,) x [0, L) onto a
half-tubular neighborhood QY of 90, \%, which may be described as

(13) QSL:{z—pnz:z€09+\2,0<p<po},

with z = 2(0) = (X (0),Y(0)) and n, the outward unit normal at z € 9\ .

The interface layer will also be defined in a neighborhood of the interface ¥. Quite
analogously, let (Xx(0),Y%(0)),0 € [0, Ly] be an analytic Ly—periodic parametrization of X
(as above), let kyx () denote the curvature of ¥ and denote by Ty, the one-dimensional torus
of length Ly. With py, > 0 a fixed constant satisfying

1
(14) O<ppe— L
”HEHL“’([O,LZ))
we define, analogously to ([[3),
(15) N={z—png:2€X,0<p<ps},

with z = 2(0) = (Xx(0), Y=(0)) and ny, the outward unit normal at z € .

The smooth cut-off functions x g, X, appearing in ([[() are defined as follows: Let py, ps
be given satisfying

(16) 0<pr <py, 0<py <py



and let xp;, ;7 be defined on O/ via

1 for 0 <dist(z,00,:\X) < p,
(17) Xpr(T) = { 0 for dist(xz, 00, \X) > (p; +py)/2 "’
1 for 0 <dist(z,X) < p,
(18) X (r) = { 0 for dist(z,X) > (py + px)/2

The above will be utilized in sections B.3 and B.3 ahead.

3.1 Construction and regularity of the outer part

We begin by constructing the outer part w® in ([[(J). To this end, we expand the solution

ut = (ui, u ) as a formal series in powers of ¢,
(19) u = uy +euf +e*uy + ...

and insert it in the differential equations ([)—(f), equating like powers of €. This allows us to
get expressions for the functions uji, j=0,1,2,.... In particular, for u;r we obtain

(20) UBL = f—l—v u;j = A(2j+2)f+7 u;—j—l =0,7=12,..

where A® denotes the iterated Laplacian. For u, we obtain

(21) —Auy +ug = f-inQ_,
(22) uy, = 0ondN_\X,
Ougy

For j > 1 we find u,; ; = 0 and

(24) — Auy; +uy; = 0in O,

(25) Uy; = 0on N\,
O oug;

2 = ¢ 2.

(26) ov o

Note that u,; is not explicitly known but is solution of a Dirichlet-Neumann problem in €2_.
Due to the analyticity assumption, u,; is analytic as well (see equation (B4) ahead).

Using the above, we can define the outer expansion as

M
(27) w* = wi, = E 52Ju2ij,
Jj=0



where M is the order of the expansion (i.e. the number of terms that we will include) and
will ultimately be taken to be proportional to 1/¢ (cf. [{, [1]). It is not difficult to see that

(28) (—EQA'UJ]D + w]\+4) _ f+ — €2M+2A(M+1)f+
and
(29) (—Awy, +wy;) — f- =0.

Moreover, we have the following theorem.

Theorem 2 Let wy, be defined by (€1). Then there exist positive constants K, and C de-
pending only on the data of the problem, such that if e M 1s sufficiently small then

(30) 1D wii g, S Kol Vo e N,
(31) wirll o S CMRL.

Proof. From Theorem 2.2 of [§] we have that
a, + < golely o 2M 2
D]l o, S EaMaf! (1+ (2Meky)™ ) Va € N,

soif 2Me Ky < 1 we get (BQ) . In order to establish (BI]), we first consider u, , which satisfies
the Dirichlet-Neumann problem (B1)-(B3). Since the data of this problem are analytic, we
have that u, is also analytic [J], and moreover

g |0 < CFFRIY k€ No.

Next, we consider u,;, j = 0,1, ..., defined by (24)—(2f), with again the data being analytic.
Casting (B4)-(BG) into a variational formulation, allows us to write

B oul. ., Oug. _
il o, = [ 52 5 | =52 Mol
5 0,5
which, using (PQ), gives
B Oug;_ 9 (A% f,) ,
32) o e I = N e
0,2 )

From [B] we have that there exists C' € Rt such that

1, "1
(33) 1l ‘u%‘k,n, <t ZE

(=1

8u§j
ov

+ Huszl,Q, ,
)

1+

NI



and we note that (see eq. (BG)),

12 o2 0 9
% - L%J—Z = Hia (E71:) < HAij-FHj-HQ
v e+3.% v 41y W lergs "
s X / LONTARTEE DN SNV
lo|<l+1 ¢ lo|<e+1

Hence, (B3) becomes (with the aid of () and (BI))

1
i [ wilie < O Z > DAY Fill g, + 1A% Fill s

= 74 “lal<t+1

N

cr! Z S A (o] + 2)) 44 (2)!

= 74 “lal<e+1

N

k
<ﬁ“§:ﬁ%ﬂue+%ﬂ

k
CFHLE2 (2 ,Z,szj <€ + 2])

=1
CFFH 2L+ )" 4
O (2)) Y
for a suitable C,~, > 0. This shows that u,; are analytic andVj=0,1,..
(34) < CFEN(25)9Y | ke N.

AN

AR

’u2j ’kQ

Thus, from the definition of w,, we have

M M
Wil S D ugly g S CITRD €Y (2)Y

J=0 J=0
M M
< PRy €Y 2M)Y AV S YRy (2eMyy)”
j=0 Jj=0
5 CkJrlk!,

provided 2eM~y, < 1 (so that the above sum can be estimated by a converging geometric
series). Estimate (B1)) follows. W

Remark 1 The above theorem gives bounds on the smooth (outer) part of the solution to
()-{@) under the assumption that eM is sufficiently small. In the complementary case, the
asymptotic expansion loses its meaning.



3.2 Construction and regularity of the boundary layers along 02\ X

Boundary layers are introduced in order to account for the fact that the function wj, does not
satisfy the boundary condition on 9, \X (cf. (B])). These are precisely the ones constructed
and analyzed in [§, so we will only outline the procedure and quote the relevant results from
[B]. The boundary layer correction u%; of wj, is defined as the solution of

(35) Lougm, = 0in Qy,
(36) up, = —wji on 90 \Y,

where L. is defined as
(37) Lou = —e*Au+u.

With x4 () the curvature of 0Q,\X we set

1
O'+(p, 9) _ 1 _ H+(0)p7

and we have (see, e.g. [l])

AU(p, 9) = aiu - KJr(@)O-Jr(pa e)apu + Ji<p7 9)8€2u + pﬁ;(@)O’i(p, 9)8€u
Introducing the stretched variable p = p/e, the operator L. becomes
(38) L. = =05 +1d + ek (0)o 1 (ep,0)0; — 0% (p, 0) — °pr!, ()07 (€D, 0)Dp.

Expanding the above in power series of €, we can formally write
(39) L.=) ¢L,
i=0

where the operators L; have the form (see equations (2.12)-(2.14) in [§])
(40) Lo=—5+1d, L= —p' a0, — ' Pay 205 — P a5 0y, i > 1,
and the coefficients aé» are given by

(@) o=~ e OF L = () [0 0 = D o o), e,

(42) al =ab=al=0fori<0.



We next make the formal ansatz

iy = e Ui(p.0)
=0
and insert it into (BY). This yields
(43) ZeiZLjfji—j = O,
=0 j=0

allowing us to find the following problem for the functions (7, (p,0),i=0,1,2,...:

(44) ~ U+ Ui=F=F+F 4+ F,
i—2
(45) Z/J CL13~U2 1—k F2 ZﬁkaéﬁgU@;H, F3 Zpkﬂ 3@ i—3—ks

where empty sums are assumed to be zero. (See, also, equations (2.15)—(2.16) in [§). The
above are supplemented with boundary conditions

~

U, — 0asp— oo,

0] s = ] A i i€ Nis even,
0 it 7€ Nis odd.
The boundary layer (inner) expansion in ([[(]) is then defined as
2M 41 2M+1
(46) up, = up(p,0) = Y EU(p,0) = Y £Us(p/z,0),
j=0 J=0

and by construction, it satisfies the boundary condition

IM+1
M i TAG
[“BL]aQ\z == Z e Al )f]ag\z'

i=0

By Theorem 2.2 of [§ we have that for every o € [0,1) and all p, m € N,
N+ 1VEG 2M+HL

(47) ‘8”8 ugy (p,0)] < (1 + (341;)2) mI K" PePemar/e,

—«

for 0 € Ty, p € [0, py], with K3, K5 > 0 independent of £, p and m. Moreover, by Lemma 2.12
of [§], there exist constants K, © > 0 independent of ¢ such that

(48)  |Leudd, (p,0)] S KM (M +2) + |pl) 22 /= ¥ (p,6) € B, (0) x S(O),
where Bs(z) denotes the (open) disc in the complex plane of radius § centered at z, and
(49) S(O)={0eC:Im(f) < O}.

10



3.3 Construction and regularity of the interface layer on X

For a function w = (w4, w_) we denote the jump [[w]]y, on ¥ as

(50) [wW]g == (Wp)lg = (W-)lg-

We define the function v;(p, ) := (v, v]) as the solution of the following problem:

;

—2Avf +vf =0in Qy
—Av; +v; =0in Q_

(51) [orls = = ¥ [ug]]s
=0
(255 = 5], = -2 (2% - %2)
=0

With p = p/e as before, we write

%
\

7 (p,0) = v/ (p.9),
and problem (BI) becomes

( (=32 +1d) 0 +er i (0)a(ep, )00 — 20°(ep, )0 —
—e*pr!, (0)03(ep, 0) 9y} =0 in Q4
—Av; +v; =01in Q-
(52) (07 —vr) e = =D [lusylls
=0
oot ovy . Ouy duy
(F-%) =2 (5 -,
\ 7=0

Now, we write
(53) of =D Ve =3
=0 =0
and insert it in (B2) equating like powers of €, to get (utilizing again the expansion (B9))
T+ I+ = 3 - .

—RVI+ VI =F + F}+ F)inR Vj>0

AV +V=0inQ_Vj>0

(I/QJJF—VQ;> :—(u;rj—u;j) onXVj>0

;

(54) (‘/2]+1 ‘/Q;Jrl) —OOHEVJ >O ’
8V _ Oug
ap = a,g on »

81— _ 80+ B B :
(a_pv2j —a—ﬁV >— (aquj a—pu;j 2) onXVj>1
(631/2]+1 a%V)—OonEVj>O

11



with Fjl, Ff, F} F3 given by (@) but with U replaced by V*. So for j = 0, we have
CAV; 4V =0in O
(55) ~Gr =% ony
Vo =0o0n 0Q_\%

—021/0 —i—VJr—Om]RJr
VO =V, — (uo—uo) ony ’

—AV + Vi =0in Q_
(57) a%Vf = (%VO* onY
Vi =0o0n 00 _\X

(58) { —RV V=V Ry

‘A/f’ =V onX
In general, for j > 0 odd we have

—AVyi + V2g+1 =0in Q_
(59) > VY2;+1 ‘/2_7 on X )
V2j+1 —Oon 0N_\X

(60) { 62‘@“ + Vgﬂ - FJ+1 T F22]+1 + Py in Ry

+
V2]+1 = Vo on %
and for j > 0 even we have

—AVy + Vo =0in Q_
1) (8575 = #W0) = (0 = Fuga) o %

Vo, =0 0n 00 \X

(62) { 82v2j+vgj F21J+F22j+F§’jinR+,'

Vit =V — (5 — ;) on 3

The regularity of the functions V™, 17j+ is given by Theorem [] below. For its proof, we
will need the following lemma.

12



Lemma 3 Let U; (p,0),j =0,1,2, ..., be the solutions to

U=G;(6) onX
where Fj (p,0) = F; (p,0) + F7 (p,0) + F} (p,0) is given by ([{4)-(#d) and G; satisfy
(64) G5 (0)] < Caved?

for some positive constants Cg, v depending only on the data. Then, there exist positive
constants ©, Cy, vy, depending only on the data, such that

(65) U (7.0)] < Cury (L4 4+ e PV (5,6) € Ry x S(6),

where S(0) is given by [9). Moreover, for any o € [0,1) there exists K € R, depending
only on the data, such that

(66) U;(0,0)] S K757 (1 —a) ™ e,
and

(67)  |R0U; (p/e,0)| S e P (p+1)% g1 (2/0) 4,57 (1 —a) T e #/ ¥ p,q € Ny,

Proof.  This is essentially a combination of Lemmas 2.9 and 2.11 in [§]. Estimate (p3)
follows directly from Lemma 2.11 in [§], while (pd) follows from (§) and Lemma 2.8 in [§].

Finally, (£7) follows from Cauchy’s integral formula, in exactly the same way as in the proof
of (2.24) in [§]. m

Theorem 4 Let V™ satisfy (£9), (1) and 17]-+ satisfy (6Q), ([63) . Then there exist constants
C,v, K, >0 depending only on the data, such that

(68) V7] q S KICH 7,

while for 0 € Tr.,p € [0, ps],a € [0, 1),

(69) )"}]ﬁt(p/& 9)‘ < K (1 - a)fj ez,
and
(70) ROV (p/e, 9)) < el (p 1 1)V g1 (2/0) K97 (1 — o) e~oP/e,

forp,q € Ny and 0 € S(O©) given by [9).

13



Proof. The proof is by induction on j. First we note that estimates (£9), ([Q) follow from
Lemma JJ, provided we show that (p4) is satisfied, i.e. on ¥ the functions ‘7]* are bounded by
Cj7~7 for suitable constants C',y > 0. This will be verified during our induction argument; in
fact it will be the only thing we will show for VjJr, with the understanding that an application
of Lemma [J gives the desired result.

For j = 0 we see from the variational formulation of (BJ) that HVJHl S HuaHl 0

hence by (B4) and [

L 2R &yt L Y
ELUO k0 = (1 || 0y bis 0 o
"1
s S bl il |

/=1

k
=1

S CkJrl.

Next, for ‘70+ we see from (Bg) that 170+(p, 0) = Go(0) e ?/¢ for some function Gy () that
depends on Vy ,ug,uy. By the above, (BU) and (B4), we have that in the case j = 0, the
boundary data for ‘7]'+ is bounded by Cj747 for suitable constants C,~y > 0, hence by Lemma
the bounds (p9), ([0) hold for 170+.

Now, from the variational formulation of (F7) and the fact that Vit (p,0) = Go(0)e=?, we
have (%I/()ﬂﬁ, 0) = —Go(f)e™? and then (%VOJF(O, 0) = —Gy(0), hence

/ (VV[-VV+V1‘V)dx:—/GOdeVVEHj(Q_),

_ b
where
(71) HY(Q) = {u € H () : ulyg s = o} .
Thus,
Villa. = ol = ||, = V5 = =)l
< HVO_HO,E + HuaLHo,z + HUJHO,Z <CieR".

14



From [ and the above result, we get

avo

+ v

o

1, -
g}vl }k,ﬂ, < s Zgl
o+

||G0||z+ D + Cl}

b
< C’““{Zg, Vi Tyl Ha;ﬁ”%“ﬂéx)“’l}
b

g CkJrl Zﬂ E—l—l C€+1+C}

N

< Ck—i—l

which leads to

(72) Vi |pq S CMRL

In an analogous way as V" (5, 0) = Gy (0) e ?, we find that V¥ (7, 0) = ~2a%(0)e P+Gy (0) e 7,
for some function Gy (#) that depends on Vi, hence in view of ([[J) we see that the boundary
data for V|T satisfy the appropriate bound. As a result, (f9)—([0) hold for V| as well.

So, we assume that (6§)—([[0) hold for j and we will establish them for j + 1.

The case of odd j: If j is odd, then j + 1 is even and we would like to establish bounds
for V,, and V! (with 2s = j + 1), which satisfy (FT]), (F2)) respectively. First, for V,, we see
from the variational formulation of (f1)) that

9
dp

0
+ || Uz,
0, H@p 2o

H ‘/23 ‘/QJsr 1 Ugs

Y

0,2

“|a

o <557

0,5
hence by (B0), (B4), a trace theorem and the induction hypothesis, we have
Vs

Hl,Q— SK*P (25 — 1) 4 Oy (25)) + C’f+73cfr(2$)! < C(2s)1y?

for suitable constants C,~ > 0 independent of s. Therefore, from [ we obtain for k& > 2
k—2 \
1 1 0 = 0
gVala < OO o H—Vg_l + H ) +[Vas
Vil i (% 2 oa) Tl
Vi

8_/)“23—2
k—2
(73) < Clc—i—l Zl ’A
~ ‘ 1l -
=0

9
dp

4

u28

43,3 o+,

TAR'S> + HUQ_SHHQ,Q, + }}u;s—2”g+2’ﬂ+) + (28)!725} '

15



Now, uj, » = AP f, (see eq. (B0)), hence using ([]) we have

k

S 1 (0% S
HUZ—QHHLSM - “A<2)f+}}z+1,Q+SZE Z HD A(Q)JHHOO,Q+

=1 " |a|<l+1
k

ZE > AP (ol + 2s)! <Zz2 72 (04 2s)!

(=1 " |a|<t+1

k
< k’2 (28)|Z k+2s 14 + 2s (28) (1 i )k+25 2s

(=1
< (2957,

A\

for suitable 7 > 0 independent of . Also, by (69) we get

V| = Ve = s = )l

< Vaillino +lluealline, +lluzlleye

Equation (P0) gives u4, , = 0, and by (B(), (B4) and the induction hypothesis, we obtain

i+ 0+1 2s—1_2s—1
|Vt 5 S EHDIC @5 — 1y,

L+

Thus, ([[J) becomes

_"/25

k
1 ~2s
o, S c’f+1zﬁ ((C+DICHY (25 — 1) 1y2 7 4+ CHF (04 1)1(25) 928 + (25)7F) +
(=1

+C’k+1(23)!725
< CPt2s)aT

~Y

for suitable constants 1,7, > 0 independent of e. This establishes ([g); to establish (F9)-
(M) we will simply check that the boundary data in (fJ) satisfies the appropriate bound (so
that we may apply Lemma []). Since

V - ‘/23 - (UZS UQ_S) on 27

we see that for 6 € [0, Ly], (cf. (£2))

Vit (0.0)|

IN

[Vas (0.0)] + [u3, (0,0)] + [us, (0,6)]
5(25)25725,

AN
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which is the bound that allows us to apply Lemma B and conclude that for ‘A/;; (p,0), the
estimates (pY), ([J) hold as desired.

The case of even j: If j is even, then j + 1 is odd and we would like to establish bounds
for V. 4 and V5, | (with 2s+1 = j+1), which satisfy (F9), (B0) respectively. First, for V.,
we see from the variational formulation of (B9) that

‘7;2 N C+(25)2S’728 < C+(25 + 1)28+1’728+1,

0,2

Variallo 5|

and, in a similar fashion as above, we obtain

1 - k—21 -
A b L e L

k—2
D! ~
g Ck:Jrl {E <€+ ) CZ+1<28)25723 +C+<28+ 1)25+1,}/2s+1}

7+
Vas

¢!
=0

< C§+1<28+1>2s+17§s+1’

~Y

for suitable constants Cy, v, > 0 independent of £. Finally, from the above result we see that

the boundary data of (B0) satisfies the appropriate bound, hence by Lemma [, 172”; .1 satisfies
(69) and ([Q) as desired. ®

In view of the previous theorem, we define the (truncated) interface layer expansion(s) as

(74) ugy = ('/U\I':Mv UI_,M)
where
2M+1 2M+1
(™ e YT v S
j=0 j=0

The following corollary follows from Theorem [.

Corollary 5 There exist constants C,v,0, K > 0 depending only on the data, such that
under the assumption (2M + 1)max{y, K} < 1, the functions U}, vy, defined by (73)
satisfy

07l S CFFRL

2 q
20150, (0.0)] < =P (p + 1)) (—) |

©
for p,q € No,p € [0, ps;] and 0 € S(O) given by ([{3).
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Proof. By () and Theorem [] we have

oM+1 2M+1 2M+1 )
[Oratlpo € 20 Vi luq. € D0 THOM S HOME ST (c(2M + 1)) S HOH!
=0 =0 7=0
and
oM +1 2M+1 ) q
‘apﬁquM(p, 9)‘ < Z el apaqv+ p, ‘ Z ele™ eP p+ 1)1/2q| (@) K7 ji
=0
9 q2M+1 A
< e Pel(p + 1)V (6) Z (eK(2M + 1))
§=0
2 q
< P (p+1) ! (6) '
[ |

Finally in this section, we wish to see what the contribution of the interface layers is, to
the remainder of the expansion. For the interface layers in 2_ we easily see that

(76) = A (vrag) + (vrar) = 0.
Now, by construction of the functions ‘A/;]r we have (with the aid of (B7) and (£3))

2M+1

L (07) = Z ZL@ JV+

i=2M+2  j=0
2M+1 oo 2M+1 oo

1— 1— 2— —2—
— _E E 5 ~i—1—j ] ]&V+ E E E ~i— jaj j89V+
7=0 =2M+2 7=0 =2M+43
2M+1 oo
9 i3 S
_ E § glpl JCL% Jaex/jﬂr'
7=0 i=2M+4

By Lemma 2.12 of [§], we have the bound
(1) Lty (0, 0)] S K242 (2(2M +2) + o))/ ¥ (p,0) € B, (0) x S(O),

for some K,© > 0 independent of €. (As before, Bs(z) denotes the open disc in the complex
plane of radius ¢ centered at z, and S(©) is given by ([£).)

Remark 2 Corollary [J shows that the interface layer functions in €0, behave just like the
boundary layers, while the interface layers in Q_ are smooth. This will be taken into consid-
eration in the design of the approrimation scheme in Section |} ahead.
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3.4 Remainder estimates
We now consider the remainder r* = (ri, re ) in the decomposition ([[(]), which is given by

e __ € 5 5 ~
(78) Ty =Uy — Wy — XprUpr — X1LVr,mo

(79) rl=ul —w - X1LVr

and by construction, satisfies the equivalent (but homogeneous) boundary conditions as u®
on 0f2. To see this note that on 9Q2_\> we have

(1) oo = (0 = 0% = X120700) |y =0,
by @), () and (RF). On 992,\% we have
(") e = (05 =G = Xprubr = Xi07ar) Ly, = 0
by (@), (BQ) and ([). Finally on % we have
(rs = 72|y = (uf =l —ws +wi + Xgrvra — XrL0far) | = 0
by @), (B9) and
(52 ors 8r5>
v ov

by @), (B3), (BG) and (F4). Moreover, we have the following.

B 2
ov ov ov te ov + ov c ov

_ (52 Oui Oui  Ows 0wl  Oupy 8@;F7M>
>

Theorem 6 Let 1 = (r,r<) be given by ([71§)-(79) and let L.rs = —eAr + 15 and

Lyr® = —Ar® +1r°. Then there exist constants K1, Ky > 0 independent of €, such that

(80) L g0, S (E(2M +2)K,)**
and
(81) 1L ||y S (€(2M +2)K,) 2.

Proof. We first consider (B(]) and we have

Ls’f’i = L. (Ui - wi — XBLUBL — XIL@\;F,M)
(82) = L. (Ui - wi) — L (XpruBr) — Le (XIL@\;F,M) .
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From (R§) we notice that
(83) L5 (Ui . wi—) _ €2M+2A(M+1)f+,

and also
Le (XprupL) = e’ (Axpr) upL — 252VXBL -Vupy, + XprLeupy,

where the function xp; equals 1 for 0 < p < p, and 0 for p > (p; + p,)/2. Hence by (1),
He2 (AxgL) u‘j’BLHQQ+ < g (1 + (e(2M + 1)K)2M+1) eorle

and
|2V xes - Vuisullyg, S e (14 (@M + )R eorre,

for some appropriate constant K > 0. Therefore, by (f§) and the previous two inequalities,
we obtain

(84) ILe (Xprusr) loa, S ((2M +2)K)*2.

In a completely analogous way, we may obtain bounds for L. (X IL@;F,M), viz.

(85) 1L Cerstta g, S (220 +2)K) 20+

Y

for some appropriate constant K > 0. Combining (B)-(BY) we have

N

20 £+ (@M 2K 4 (M 4 2R)

L.re H
[Lert o,

2M+2

N

EMH2 M2 (90 4 9) 4 (e(2M + 2)K)™M 4 (5(2M + 2)f<>
< (e(2M +2) KPR
for a suitable K7 > 0 independent of . This establishes (B0).
Turning our attention to (BI]), we have
Lirt = Ly (v —w® — XILUI_,M)
(86) = Ll (’U/{i - wi) - Ll (XILUZM) )
We have from (Bf) (with the aid of (9))
Lire = -1, (XILUI_,M) )
hence by ([(Q),
R T 1
= [[(Axzn) vrar = 20z - Vor + XaLivplly
H(AXIL> U;,MHOJL + HQVXIL ' vviMHo,m :

IN
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Since the function x;, equals 1 for 0 < p < py, and 0 for p > (py+ py)/2 (cf. (L)), we further
get (using (F3))

2M+1 2M+1

12 loa. S 2 (1 loa. + 19V loe.) S 32 &7
=0

j=

o

2M+1
S D (@M + 1Y S (eKa(2M +2))*
=0

for a suitable K3 > 0 independent of e. Thus (B]]) is established and this completes the proof.
|

Remark 3 Theorem [§ shows that for e M sufficiently small, the remainder in ([[() is expo-
nentially small, hence it need not be approximated. This information will be utilized in the
next section when we will construct the approximation to u.

4 Approximation results

We begin this section with the variational formulation of ([l)—(f), which reads: Find u® =
(us,u=) € Hy () such that

(87) B. (v*,v) = F(v) Vv = (v,v7) € Hy (Q),

where

(88) B. (uf,v) g {*V (u7) - V (v5 +u+v+}+/ {V(u) V() +uo},
(89) F(v) = : frvs + g fv€+/zhv.

It is straight forward to show that the bilinear form (B§) is coercive and continuous on H; (),
hence the variational problem (B7) admits a unique solution thanks to the Lax-Milgram
lemma. The discrete version of (B7) reads: Find u§y, = (uf,u") € Vy C H} () such that

(90) B. (uyy,v) = F(v) Vv = (v,v°) € Vy C Hy (),
and by Céa’s Lemma we have

€ __ € < i e _
(91) ||U uNHa — UIEI%/fN ||U ,U||57
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where the energy norm ||-||. is defined as
2
(92) [ull2 = Be (u, ).

We now describe the subspace V. For simplicity, we will focus on quadrilateral elements,
even though triangular elements are also possible (see [ for this and other choices of a suit-
able mesh). Since the behavior of the solution u® depends on the value of & (cf. Theorem [I),
we distinguish between the cases kpe > 1/2 and kpe < 1/2 (with k € R a fixed constant) as
follows: If kpe > 1/2 then the mesh does not need any special design, as in this case the poly-
nomial degree p of the approximating functions is high enough to ensure good approximability.
Hence, in this case the mesh A only needs to be regular in the sence of [} (or satisfy conditions
M1-M3 in [[]). In the case kpe < 1/2 the mesh will include elements of size O(pe) along 0
in order for the boundary and interface layer effects to be captured — these are referred to
as needle elements in [[]. We now describe one such possible construction: Let 5 be given
by ([3), and divide 0Q,\X into subintervals (6;,6;41),7 =1,...,m — 1,0 € 0Q,. Then draw
the inward normal at 6; of length p, (see eq. ([])) and connect each point (p,,6;) = (po,6;)
using the curve p = p, (=constant). Further, divide each

into (Q?r’l) (Q(J)F’Q)j , where

j7
0,1 1
(%), = 1(p.0):0; <0 <0;51,0< p< Sporipe ¢,

(Qig)j - (Qi)j\(gil)j'

In the above definitions, x € R is a fixed constant, p is the degree of the approximating
polynomials and we recall that we assume kpe < 1/2. This will define a mesh

0,1 02y ™
A(J)r = {(Q+ )j ’ (QJr )j}jl
over 0. We may define a completely analogous mes over see eq. , as
Q% W defi letel 1 h A% o
0,1 0,2y 1"
A= {(QE )k’ (QE )k}kzl’

with (Q%l)k , (Q%Q)k defined in an analogous way as (Q?r’l)j , (Q&Q)j. Next, let {(Q}r)z}le
be some subdivision of Q} that is compatible with A% and A%, and define the mesh

(94) A, = {(Q%l)k’ (9%2)k, (Q&l)j 7 (Q%?)j : (Qi)z,k =1,.,n,7=1...mi=1, ...,E},

over €2,. The mesh A_ over €)_ is simply be chosen to be compatible with A, | and regular,
in the sense of [B]. The mesh over the entire domain  is then taken to be

(95) A=A, UA_,
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and we assume that the number of elements in A is bounded independently of €. The above
mesh satisfies the definition of a regular admissible boundary layer mesh (Definition 3.2 in [[q)),
which implies the following: With S := [0, 1] x [0, 1] the usual reference square, we associate
with each quadrilateral Qf € A a differentiable, bijective element mapping

MF:S =0,
which, in this case, satisfies V ¢
HDaMiiHLOO(S) <AlelallVa e N2,
The space Vi is then defined as
(96) Vy = {u € H' () : ulgs = 6,0 (M*) ™" for ¢, € Q,,(S)} NHL(Q),

where (),(S5) denotes the space of all polynomials of degree p in each variable defined on the

reference square S. Note that
N =dimVy =0 (pz) :

Now, for p > 1 we define on the space of continuous function C' ([0, 1]), the operator m,
by interpolation in the p 4+ 1 Gauss-Lobatto points, and on S we introduce the interpolation
operator II,, as the tensor product of the two one-dimensional operators m; and 7. Then, by

Lemma 3.8 in [, we have that for any u € C* (S) with | D%, ¢ <7/ |a|! ¥V a € N2, there
exists a constant o > 0 depending only on ~, such that

(97) = Tpull ) + 1V (= )| ) S €.

Moreover, there holds (see, e.g., Lemma 3.7 in [[]),

o { Ml S (14092 s

||apru||Loo(s) , ||8pru||Loo(s) S Pl +1np)? ||u||L°°(S)
We now prove our main approximation result.

Theorem 7 Let u® € H} (), uS, € Vi be the solutions of (88) and (90), respectively, with
Vi defined by (194) on the mesh A given by (93). Further, assume that 092 is analytic and the
functions fi are analytic on Q4 while the function h is analytic on 3. Then, for k sufficiently
small, we have

luf = uiell. S N?e ™,

for some constant b > 0 independent of € and p.
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Proof. We consider the cases kpe > 1/2 (asymptotic case) and kpe < 1/2 (pre-asymptotic
case) separately.

Case 1: kpe > 1/2 (asymptotic case)
By Theorem [[] there exist constants C, K > 0 depending only on the data such that

€ HDO‘uiHO’Q+ + HDO‘u’iHO’SL < CeK™ max{|0z| ,5_1}‘04 Va=1,2,...
Now, by Lemma 3.10 of [[f] we have that for each element map M;",

ID% (us. 0 ME) [, S 7E" arfie!=,
for some constants v, > 0 independent of € and i. Hence, by (P7) and Lemma 3.6 of []] we
have

H (ui © Mz‘i) — 1, (ui © Mii) HLoo(S) + HV ((ui © Mii) —1I, (ui © Mz‘i)) HLOO(S) S e e,

Y

Since 2kp > 1/e, we have —op + 1/ < —op + 2kp and, under the assumption that k < 0/2,

us o MF) — 11, (u5 o M e P
=+ i P \ "% i

)

)HLOO(S) + [V ((ud 0 M) = 0, (ul 0 MF)) HLoo(s) S

for some constant b > 0. By (PI)) and (03) we get the desired result.
Case 2: kpe < 1/2 (pre-asymptotic case)

In this case we utilize the expansion and regularity results of Section [] which state that
the solution u® = (u‘j, u® ) can be written as

5 o + M -~ 15
uy = Wy + XprUpr + XiLVipm T

ul = wy X+

with each term defined and analyzed in subsections B.1}-B.4 We begin be selecting M in such
a way that e M is sufficiently small for all the regularity results of subsections B.1}-B-4 to hold
true. (The lack of concreteness on our part is due to the careful constant selection made in
[, i.e. such a choice for M is possible by [[). The proof relies on the following observations:

1. The terms w]\ij, vy, are analytic in their respective domains, hence (P7) may be applied.

2. The construction of the mesh allows us to approximate u, and 0, ,, at an exponential

rate.

3. The choice of M renders the term ||7¢||. o negligible (exponentially small), hence the
remainder need not be approximated.
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Let us first consider item 1 above. For the term v}, we have, by Corollary [, that for

each element map M,
HDO‘ (U;M o Ml._) HO,S < clel la!,

hence by (7),

[ (vrar 0 M;7) =10, (075 0 M) IV (Wi o Mi7) =10, (v g 0 M) || gy S €77

s
The same works for the other two terms (the details are ommitted).

Next let us comment on item 2; since the steps are very similar for both u%, and ﬁ}L s We
will only consider the latter. Without loss of generality we assume that x;; is 1 in Q% and
0 otherwise. Hence we only need to approximate UI y Within Q2. To this end, we note that
the mesh in QY consists of two types of elements (Cf (P2)):

1
(Q%l)j = {<p7 9) : ej < 0 < 9j+170 < 1Y < §p0"ipg} and (9%2)] = (Q(-)i—)]\ (QE]I—J)] .

For (Q%l)j , with associated mapping M JQ 1 we have from Proposition 3.11 in Il

D ( Vot oM01 || < ePKlol ol Vo € N2,

L(S)
where ¢ was defined by ([3). Therefore, by (P7)

H(ﬁ;Molp_loM;]’l)—H (UIMolp o]\J01 HLOO(S

-1 0,1 - 01 Kp,—b
[V (@ 0¥ o M) =TI, () 090" 0 M HLOO(S S e,
from which the desired result follows provided v < b. Now, let us consider the approximation
of ﬁM over the elements (Q%z)j, with associated mapping M ]Q ' From (7)) we have

o 1/)_1 o M]Q’l) HLOO(S) < Cpetem P,

o 67 o M0 g S o™
Therefore, from (D) we get
IXrefar o™ o M| Loy S (1+1Inp)*e™

and
~ -1 0,1 ~1,2 2 b
HV (XILUI,MOw o M; )HLoo(S) Sep (I+np)e™,
from which the desired result follows once we use (P3).

Turning to item 3, we have from the variational formulation (B7)—(B9), that the remainder
re = (Ti, re ) satisfies

Ba(re,v):/ Larivdx+/ Lirfvdz, Yve Hy(Q).
Q4
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Hence by Cauchy-Schwarz’s inequality we get
Be(r®,r%) < ||Leri 5, + 1 L17E 50,
and by Theorem [ we obtain

[7]le = [B(r",r)"* S (e(2M + 2K S e,

~Y Y

for some suitable constant b > 0, depending only on the data. This completes the proof. W

5 Numerical results

In this section we will illustrate our theoretical findings for the model problem ([])-(f), in the
case when f, = f_ = 1,h = 0 and the domain ) consists of the two subdomains €, and
)_, delimited by the three concentric circles with radii 1, 2 and 3. In other words, €2, is the
domain inside the two concentric circles of radii 1 and 2, while €2_ is the domain inside the
two concentric circles of radii 2 and 3, as shown in figure 2.

Q_

Figure 2: Domains 2, and Q_ used for the computations.

We expect to have a boundary layer along 02, \X (the circle of radius 1) and an interface
layer along 35 (the circle of radius 2). The mesh, shown in figure 3, accounts for the presence of
the layers by including thin elements of size pe along 02, \3 and ¥ — the value of the constant
k appearing in the definition of the mesh in the previous section was taken to be 1 (a value
known to produce almost the same results as those obtained with the “optimal ” value of x,
see, e.g., [[4]). An exact solution is available for this problem, hence our computations are
reliable.

The computations were performed with the commercial package StressCheck (E.S.R.D.,
St. Louis, MO) which is a p-version FEM software package allowing the polynomial degree to
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(1+pe)
(2-pe)

Figure 3: Design of the mesh (on a quarter of the domain).

1.000+000
9.000e-001
8.000e-001
7.000e-001
6.000e-001
5.000e-001
4.000e-001
3.000e-001
2.000e-001
1.000e-001
-6.185-020

Figure 4: Approximate solution for p = 8,¢ = 0.01.

vary from p =1 to p = 8 (on a fixed mesh). Figure 4 below shows the approximate solution
for p =8, = 0.01, and figure 5 shows the convergence (in the energy norm) as p is increased
— the exponential convergence is readily visible.

6 Conclusions

We have studied the finite element approximation of a singularly perturbed transmission
problem posed on a (smooth) domain with analytic boundary. Upon obtaining appropriate
regularity results, via asymptotic expansions, we were able to design and analyze an hp finite
element method for the robust approximation of the solution to the singularly perturbed
transmission problem. We showed that under the assumption of analytic data, our method
converges at an exponential rate, independently of the singular perturbation parameter. This
is in line with our one-dimensional results [[J], as well as with two-dimensional results for non-
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Figure 5: Convergence of the approximate solution: loglog plot(left); semilog plot (right).

transmission problems [[]]. The approximation of singularly perturbed transmission problems
on non-smooth domains is the focus of our current research efforts.
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