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ON SPECTRAL APPROXIMATIONS IN ELLIPTICAL
GEOMETRIES USING MATHIEU FUNCTIONS

JIE SHEN AND LI-LIAN WANG

ABSTRACT. We consider in this paper approximation properties and applica-
tions of Mathieu functions. A first set of optimal error estimates are derived
for the approximation of periodic functions by using angular Mathieu func-
tions. These approximation results are applied to study the Mathieu-Legendre
approximation to the modified Helmholtz equation and Helmholtz equation.
Hlustrative numerical results consistent with the theoretical analysis are also
presented.

1. INTRODUCTION

The Mathieu functions were first introduced by Mathieu in the nineteenth cen-
tury, when he determined the vibrational modes of a stretched membrane with an el-
liptic boundary [27]. Since then, these functions have been extensively used in many
areas of physics and engineering (cf., for instance, [25] 23] [19] 4 21, Bl [32] 8, [17]),
and many efforts have also been devoted to analytic, numerical and various other
aspects of Mathieu functions (cf., for instance, [26] 6] 3,36]). A considerable amount
of mathematical results of Mathieu functions are contained in the books [28] 29} [I].
However, most of these results are concerned with classical properties such as identi-
ties, recursions and asymptotics. To the best of our knowledge, there are essentially
no results on their approximation properties (in Sobolev spaces) which are neces-
sary for the analysis of spectral methods using Mathieu functions. A main objective
of this paper is to derive a first set of optimal approximation results for the Math-
ieu functions. These approximation results will be the basic ingredients for the
numerical analysis of Mathieu approximations to partial differential equations.

Given a PDE in an elliptic or elliptic cylindrical geometry, a spectral method
can be developed using two different approaches. In the first approach, we express
the equation in the elliptic coordinates and then apply a Fourier approximation in
the periodic direction combined with a polynomial approximation in nonperiodic
direction(s), see, e.g., [0, [80]. However, unlike in the polar and spherical geometries,
all Fourier components are usually coupled together by the nonconstant coefficients
in the transformed equation (only the Poisson equation in elliptical geometries
can be decoupled (see [24]) where a mixed Fourier and finite difference solver was
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proposed for this very particular case). The second approach is to use a Mathieu
expansion in the periodic direction which leads to a dimension reduction, as in the
polar and spherical geometries. In this paper, we will explore the second approach,
derive optimal approximation results for the Mathieu expansions and apply them
to study the Mathieu spectral method for the modified Helmholtz equation and the
Helmholtz equation.

The rest of the paper is organized as follows. We first review some properties
of the Mathieu functions in Section 2. The approximations by Mathieu functions
in Sobolev spaces are studied in Sections 3 and 4. The applications of Mathieu
approximations in spectral methods for two model Helmholtz-type equations are
presented in Sections 5 and 6. Section 7 is devoted to some numerical results and
discussions.

We now introduce some notation to be used throughout this paper. Let €2 be
a bounded, open domain in R? d = 1,2,3, and let @w be a generic real weight
function defined in Q. We denote by L2 (2) a Hilbert space of real- or complex-
valued functions with inner product and norm

(u,0)e = / wvwd  ulle = (wu)f?,
Q

where ¥ is the complex conjugate of v. The weighted Sobolev spaces HZ () (s =
0,1,2,---) can be defined as usual with inner products, norms and semi-norms
denoted by (-,*)s,w, | - |ls,w and |- |, respectively. For real s > 0, HZ () is
defined by space interpolation as in [2]. The subscript @ will be omitted from the
notation in cases of @ = 1. In particular, we have L2 () = HZ2(2). We will use
| -1l or || - llo to denote the usual L?-norm, and use || - [0, or | - [|z2 () to denote

the w-weighted L?-norm. We will use d* to denote the ordinary derivative
whenever no confusion may arise.

We will also use Sobolev spaces involving periodic functions. Namely, for m > 0,
we denote by H}"(0,27) the subspace of H™(0,2) consisting of functions whose
derivatives of order up to m — 1 are 2wr—periodic.

For any nonnegative integer IV, let Py be the set of all algebraic polynomials
of degree < N. We denote by C' a generic positive constant independent of any
function, domain size and discretization parameters. We use the expression A < B
to mean that there exists a generic positive constant C such that A < C'B.

dk
dxk

2. MATHIEU FUNCTIONS
We recall that under the elliptic transform:
(2.1) x =ccoshpcosf, y=csinhpsind

(where 2¢ is the focal distance), the two-dimensional Helmholtz equation in Carte-
sian coordinates

(2.2) AU+ kKU =0
becomes
2 2
(2.3) . L P L 0 V} +EV =0,
< (cosh(2p) — cos(20)) [op* 062

where V(u,0) = U(x,y). The Mathieu functions arise from applying the separation
of variables approach in solving (2.3]). More precisely, setting V (i, ) = R(u)®(0),
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we find that ®(0) satisfies the (angular) Mathieu equation

d*®
(2.4) §TE) + (a — 2qcos20)P =
and R(u) satisfies the radial (or modified) Mathieu equation
(2.5) dQ—Rf(an cosh2u)R =0
: 0 q uR =0,

where a is the separation constant, and the parameter ¢ = c2k? /4. We note that the
radial Mathieu equation (23] can be transformed to the Mathieu equation (24,
and vice versa, via the mapping 6 = 4iu (where i = /—1).

The Mathieu equation (24]) supplemented with a periodic boundary condition
admits two families of linearly independent periodic solutions (eigenfunctions),
namely the even and the odd Mathieu functions of order m:

(26) q)m(a;Q) :Cem(e;q) or Sem—i—l(a;Q)a m = Oa]-a"' )

with the corresponding eigenvalues classified into two categories: even and odd,
denoted by a,,(q) and b,,(q) for ce,, and se,,, respectively. The notation ce and se,
an abbreviation of “cosine-elliptic” and “sine-elliptic”, were first introduced in [7].
Notice that the Mathieu equation ([24]) becomes a harmonic equation when ¢ = 0,
so the Mathieu functions reduce to the trigonometric functions, namely

(2.7) cem(0;0) = cos(mb), sen(0;0) =sin(mb), an(0) =b,,(0) = m2.

The set of Mathieu functions {ce,,, se;n41 5°_, forms a complete orthogonal system
in L2(0,27), and they are normalized so that

27 27 if —
@8) [ cenlbicen@at = [ senGiapentiio {7 LT
0 0 0, if m#mn
and
27
(2.9) / cem (05 q)sen(0;q)do = 0.
0

The parity, periodicity and normalization of the Mathieu functions are exactly the
same as their trigonometric counterparts cos and sin, namely, ce,, is even and se,, is
odd, and they have period m when m is even, or period 27 when m is odd. Thanks
to the periodicity and parity, the Mathieu functions can be expanded in the Fourier
series

(2.10) cen(0;q) ZA( )00536‘ sen (05 q) ZB( )5111]9

where the coefficients {Agn),B§")} satisfy some five-term recursive relations (see
Appendix A). This motivates most of the algorithms for computing Mathieu func-
tions and their eigenvalues; see, e.g., [28] [1], 26l [36] [5, [3]. A package of Fortran and
Matlab programs for manipulating Mathieu functions is also available (cf. [33]).
For the Helmholtz equation (2.2), the wave number k > 0 so the parameter
q = c®k?/4 in the Mathieu equation is positive. However, for imaginary k in
22), g in Z4)—(235]) becomes negative and equation (2.2 becomes elliptic. Hence,
the Mathieu functions with ¢ > 0 are mostly used in applications involving wave
equations, while the Mathieu functions with ¢ < 0 are useful in solving elliptic and
parabolic equations [32] [8, [18]. We see that with a change of variable § — 7/2 — 6,
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the Mathieu equation (Z4)) is transformed into an equation of the same type with
q < 0. Thus, the Mathieu functions with ¢ < 0 can be defined as follows (see, e.g.,
28, 29, 0]):
CeZm(G; 7(1) - (71)m062m(7r/2 —0; Q)a an(*Q) = a2m(Q)a
ceom+1(0; —q) = (—=1)"'se2mi1(m/2 = 65q),  azm+1(—q) = bam+1(q),
seam+1(0; —q) = (=1)"ceam1(7/2 = 0;q), bam+1(—q) = azm+1(q),
seami2(0; —q) = (=1)"se2m12(7/2 = 0;q),  bam+2(—q) = bam+2(q)-
While there have been quite a few papers/books devoted to analytic, numerical
and various other aspects of Mathieu functions (cf., for instance, [26] (6] [3, B36]), there
are essentially no results on the approximation of periodic functions using Mathieu

functions (in Sobolev spaces). Such results are necessary for spectral methods for
elliptic geometries.

(2.11)

3. MATHIEU APPROXIMATIONS WITH ¢ > 0

In this section, we consider approximation of periodic functions by Mathieu
functions, and establish basic approximation results for Mathieu expansions. For
clarity, we first consider the Mathieu functions with ¢ > 0, and the case with ¢ < 0
will be presented in the proceeding section.

To simplify the presentation, we shall use a uniform notation introduced in [29)
to denote the odd and even Mathieu functions:

(3.1) mean, (0;q) = cenm(0;9), mean11(6;9) =sem+1(0;q), m=0,1,---

and
By (24), the eigenpairs {(\,,, me,,)} satisfy the Sturm-Liouville equation:
(3.3) A, me,, = Ay, mey,, m=0,1,---,

where the operator
(3.4) Agv = (=03 + 4qcos® )v.

Let I := (0,2m). One verifies that the Sturm-Liouville operator A, is compact,
symmetric, strictly positive and self-adjoint in the sense that

(Aqu,v) = (v, Aqu) = (u, Agv), Yu,v € Hg([),

(3.5) ) ) ) .
(Aqv,v) = [|9ev|I” + 4q||v|l5,, >0, Vv e Hi(I) with v #0,

where w = cos? §. Hence, we infer from the standard Sturm-Liouville theory (see,
e.g., [I1]) that:

e The eigenvalues are all real, positive and distinct, i.e.,
(3.6) 0<Xo(g) <Ailg) <+ <Amlg) <---.

e The eigenfunctions, {me,,}5°_,, form a complete orthogonal system in
L?(I), and they are normalized so that

1 27

(37) ; mey, (9, Q)men(a; Q)da = 5mnv
0

where 0,,, is the Kronecker delta.
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e The Mathieu function me,, has exactly m zeros, which are real, distinct
and located in [0, 27].

The following estimate for the eigenvalues is useful in the sequel.
Lemma 3.1. For any q > 0, we have that
(3.8) m? < An(q) <m?+4q, m=0,1,---.
Proof. Differentiating the equation (B3.3]) with respect to ¢ leads to

ome,,

(A, — )\m)Tq — (M,(q) — 4cos? O)me,, = 0.

Multiplying the above equation by me,, and integrating the resulting equation over
(0,27), we deduce from the self-adjoint property of the operator A, — A, that

2m 27
0= / [(Aq - )\m)amﬂ} me,, df — / (X (q) — 4cos? O)me?, do
0 dq 0

2 2
= / [(Aq — )\m)mem} Omer, df — / (M, (q) — 4cos® O)me?, df.
0 dq 0
Therefore, by ([B.3]), the first term vanishes, and thanks to the orthogonality (B,

4 2m
(3.9) Ao(q) = —/ cos? 0 me?, (6; q) db.
0

T
Since 0 < cos? @ < 1, the above identity implies that

0< N (@g)<4 = 0<Au(q) — Mn(0) < 4q.
Since A, (0) = m?, the desired result ([B.8) follows. O

3.1. Inverse inequalities. We first point out that the Mathieu functions are or-
thogonal in H; (I) equipped with the inner product

(3.10) aq(u,v) = (Jpu, Ogv) + 4q(u,v)y, w = cos? 6.

Indeed, by integration by parts, (8.3]) and (3.1),

(3.11) aq(mep,, mey,) = (Aqmen,, me,) = Ay, (meyn, mey) = A G-

For any integer M > 0, we define the (M + 1)-dimensional space

(3.12) X1, = span{ me, : 0<m< M}

Thanks to the orthogonality ([BI1]), we are able to prove the following inequalities.

Lemma 3.2. For any ¢, € X3, we have

(3.13) laq (9, 9) < Aullgllllv] < (M + 4g) oIl ],
and the following inverse inequality holds
(3.14) 18501 < (M +ck)'loll, 1>1,

where ck = \/4q.
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Proof. For any ¢,v € X{,, we write
M M
¢ = Z(ﬁm me,,, ¢:Z¢n me,.
m=0 n=0
By the orthogonality (B87), we have
M M
1817 =7 > [dml* MWl =7 [l
m=0 n=0

Using the orthogonality ([BI1l), the Cauchy-Schwarz inequality and Lemma B
yields

M M ) ) M o
|aq(¢7'¢}>‘ = Z Z (bmwnaq(mem; men) = Z 7r)‘m¢m'(/}m
m=0n=0 m=0

Iy 1/2 o 1/2
<, O (<3 f) (=3 b

< Aulolllloll < (M2 + 4g)l o]
Thus, by the definition (BI0),

aq(¢,0) = [1060* + 4all0l3 . < (M* + k)],

which implies (BI4]) with { = 1. The desired result with [ > 1 can be derived by
induction. d

Remark 3.1. Compared with the Fourier basis, the factor O(M) in the inverse
inequality is optimal.

3.2. Error estimations of the L?-projection. For any v € L?(I), we write

(3.15) v(0) = Y dmmen (6;q),
m=0
where
1 2m
(3.16) Um = Om(q) = ;/ v(0) me,,(6;q) df, m >0.
0
Consider the orthogonal projection 7%, : L?(I) — X{, such that
(3.17) (ﬂ'?va — ’U,’UM) =0, VYuu € X},
or equivalently,
M
(3.18) (78,0)(0) = > Dpmmey, (0:q).
m=0

To measure the projection error, we first introduce a Hilbert space associated
with the Sturm-Liouville operator defined in (34). Since A, is a compact, sym-

metric and (strictly) positive self-adjoint operator, the fractional power Aé/ % is well
defined, and there holds (see, e.g., Chapter II of [35]):

(3.19) AL 2] = aq(v,v),
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where a,(-,-) is the inner product of H}(I) given in (3I0). Hence, for any integer
s > 0, we define the Hilbert space

(3.20) ﬁ;uy:{veﬂﬁn;|ww = [l A/ 2|2 = @MﬂvAW2)<m}.

()
For real s > 0, the space H -»(I) and its norm are defined by space interpolation as
in [2].
Formally, one verifies by using (83), (B7) and (BI1)) that for any integer n > 0,
(3.21)
IAGol? =7 Y A oml®, IAG T 20))? = ag (Ao, Agv) =7 Y Aot o .
m=0 m=0

Therefore, as with the Fourier expansion, the norm of the space I:T;p(f ) with real
s > 0 can be characterized in the frequency space

(3.22) lollg, o1y = 14520l = (= Z Alil?)

We have the following fundamental approximation result.

Theorem 3.1. For any v € Flgp(l) with s > 0,
s/2
(3.23) Intro = ol < \filoliz, (-
Proof. We only need to prove this result with integer s > 0. The general case can

then be derived by space interpolation.
We first assume that s = 2n. By (BI6) and B.3]),

1 1

2
O = ;/0 v(0) me,,(6;q)dd = -

/% v(0) (A} me,, ) df
0

1 27 1 —
T / (A2v)(0) mep, (0; q)do = E(Agv)m,

(3.24)

where {(Apv) 1} are the coefficients of the Mathieu expansion of A7v. Therefore,

|rv— o2 =7 i o2 = 7 i A2 (Ano) |
M m m q m

(3.25) m=M+1 m=M+1

” n, 12 GO
< max {)\ 2 }||A vl? AMH”U”Hb Iy’

which implies (3:23) with s = 2n.
We now prove [B23) with s = 2n + 1. By (821 and (3.6,

||7rM/U — ’UH2 =T Z "Um‘ < max {>\ 2n— 1} Z )\27;—‘,—1\/0
(3.26) A 2

<N g (A, Agu) X7 llol, o
This completes the proof. (I

The norm in the upper bound of the estimate ([B.:23)) is expressed in the fre-
quency space, and implicitly depends on the parameter q. To extract more explicit
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information from (B23]), we shall explore the explicit dependence of the approxi-
mation errors on the parameter ¢ = ¢®k%/4, and express the norm in terms of the
derivatives of v. It is worthwhile to point out that setting ¢ = 0 in Theorem B.Il we
recover the classical Fourier approximation results. So, without loss of generality,
we assume that the wave number

(3.27) k>ko>0 = q>qo=cki/4>0.

It can be shown by induction that for any nonnegative integer n,

n n—1
(328) Ao =(=1"9"v+ Y p;(6:0)05" o+ Y (0: 095" M,

j=1 j=1
where p;(6; ¢) and p;(0; ) are polynomials of 4¢ of degree j (without constant term,
ie., p;j(6;0) = p;(0;0) = 0) with coefficients being polynomials of sin 26 or cos 26.
We conclude that A7 is a continuous mapping from H2"(I) to L*(I), since
n—1
n n j 2n—2j 2n—25—1 n
(3:29)  Azoll < ool + C[ > o (105" ol + 183" oll) + a1l

j=1
Similarly, using (319) and (B28)—-B29)) leads to

1/2
A 2720 = (ag(Agv, Agv) T < 80 Ago)ll + 2v/all A7 oo

(3.30) n-1 _ .
< N33 ol + ¢ 30 @2 (105" ol + 195 oll) + "2 o]
=1

where we recall from (B.I0) that w = cos?f. As a consequence, we have the em-
bedding relation H,(I) C Hg,(I), and

s—2
ol ) = 14520l < Jols + C Y~ q“ 2 0l; S (L4 @) lolls, 5> 2,
(3.31) i =

HUHﬁSpU) < |U|s + 2\/&”'0
Notice that the powers of ¢ for derivatives of different order are different; such an

explicit estimate is necessary when the wave number k > 1 (see Remark B.2]).
The following estimate is a direct consequence of Theorem Bl and (B3T]).

|0)‘,.,7 S = 1,2.

Corollary 3.1. For any v € Hy(I) with s > 0,

s5—2
(332)  lwdw =l < M7 (Jols+ X gl + g o
j=0

|0,w>~

Remark 3.2. As an example, let v(z) = ¢** with k> 1, and ¢ = c®k? /4. A direct
calculation leads to
s—2
o +C g2l + ¢ 2 vllow = O(¢*?);
=0

therefore, we have

o ol = 0(57),
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which will converge if ﬁ < 1. Notice that if we use the rough upper bound (1+¢)%/?
in (B31)), the condition for convergence will be kﬂz < 1.

A more general approximation result is stated below.

Theorem 3.2. For any v € ﬁ;p(l), we have that for 0 <r <,
r—s)/2 r—s)/2
(3833)  lmho vl o < Ayl = vl o) < MY Il o)
Proof. By B:22), we have
o= ol =7 D Nalol < max (N7} D0 wA [0
m=M+1 m=M+1
(3.34) ~
= )‘;\/;iluﬂ;]\/lv - U”gus (I) S /\g\/l_-il Z ﬂ-)‘fn‘@m|2 = A?\Zj1||v||g“s (-
ap m=0 ap

This ends the proof. (I

As an important consequence of the above theorem, we have the following esti-
mates in the usual Sobolev space H(I) with r > 1.

Theorem 3.3. For any v € ﬁ;p(l),

(335 Irdv—oh <A (14 2Vl ) il o 521
and

(3.36) 790 — ]y < Ay S0P (1 4 2Vt ol oy 5 =2
In general, if k < M and 1 <r <s,

(3.37) [mhv = ol S Ml -

Proof. By [B.28), we have that
n—1

(3.38) [vlzn < IAG0] +C| D @ (Jelon2; + lolan—25-1) +a" o],

=1

<

and similarly,

n—1

(3:39) [vlznst < 14520+ C[ D2 @2 (Jolanoss + [olan—ssa ) + /2 o]l

j=1
Thus, we have that

r—2
(3.40) ol < llvllz, 1) + CY gy, r>2,
=0

and for r = 1,2,
ol < 4G 20ll + (49) 2 llvllow < vllzs oy + 2vallvll,

(3.41)
[0z < [l Agvll +2v/allollow < vl (1) +2vallvll-
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Hence, using Theorems B.1] and leads to

[whpw = vl < Inhw = vl o + 2Vl — o

1—s)/2 —1/2
< )‘S\/IJrl)/ (1 + 2\/6)‘MJ{1)||U”H;([)7 s>1

and
I = ols < N (L 2V ) ol o 822
which yield B35) and B34]).
We now prove [B.31) by induction. Assuming that (3.37) holds for j < r, we
derive from ([B40) and Theorems [3.1] and B2 that for k < M,

r—2
|miv = vl S 730 — ’UHﬁ&D([) + Zq(r_j)/2|77?wv —l;
§=0
/2
r—s)/2 —3)/2 i _
S (W24 a0 Yol 1y S M7 ol
§=0
This ends the proof. 0

Remark 3.3. As in Corollary B.Il the estimates with explicit dependence on the
parameter ¢ can be derived by using (331)). Similar to the Fourier approximations,
the estimate for L2-projection in high-order Sobolev spaces is optimal.

We now estimate the projection error in L*°-norm.

Theorem 3.4. For any v € ﬁ%,([), with s > 1,

1-25)/4 —1/2\1/?
(342)  lnfo—olli= S A (1 2V D) el o)
Proof. We recall the Sobolev embedding inequality (see, e.g., Appendix A.12 of
() 1
1 3 1 1
lolle < (5= +2) IwlE o),
so the desired result follows directly from Theorems 3] and [3:3 O

4. MATHIEU APPROXIMATIONS WITH ¢ < 0

In this section, we extend the analysis of Mathieu approximations to the case
with parameter g < 0. Such results play an essential role in the analysis of spectral
methods for elliptic and parabolic PDEs in elliptic geometries.

For clarity, let ¢ = —p with p > 0, and let {ce,, se,,} be the Mathieu functions
defined in Section 2. In view of the symmetry (211]), we define

m

Meoyn (05 p) = (=1)ce, (/2 - 6; p),
Megpy1(8;p) = (=) % sep 1 (m/2 - 6; p),

for m = 0,1,---, where [a] denotes the largest integer < a. Let {\,,(-)} be the
eigenvalues defined in ([B:2). One verifies that the pair {(A;,, Me,,)} satisfies the
Sturm-Liouville problem

(4.2) A, Me,, = A\, Me,,,
where the Sturm-Liouville operator is defined as
(4.3) Ayv = (— 05 +4psin®0)v.

(4.1)
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As the operator A, defined in [34]), A, is also compact, strictly positive, symmetric
and self-adjoint.
The following properties can be derived from the Sturm-Liouville theory or the

symmetric property (2I1)):
e The set of Mathieu functions {Me,,(6;p)} forms a complete orthogonal
system in L?(I), and
1 21
(4.4) - Me,, (6; p)Me,, (0; p)d = 0.
m™Jo
Moreover, they are orthogonal in H; (I) with the inner product
(4.5) a,(u,v) = (Opu, Opv) + 4p(u,v)s, with & = sin? 6,

namely,

27 27
(46) ap(Mey,, Me,,) = OgMe,,09Me,,df + 4p Me,,Me,, cos® 8d6
. 0 0
= (ApMem,Men) = T A Omn.-

e The eigenvalues {\,,} are real, distinct and arranged in ascending order

(cf. (3.))
(4.7) 0< Xo(p) < Ai(p) <+ < Amlp) < -+,

and by [B3.8),

(4.8) m? < Am(p) <m?+4p, m=0,1,---.

Define the finite dimensional space
(4.9) X’J’\} = span{Mem : OgmgM}.
The following inequalities can be proved in the same fashion as for Lemma
Lemma 4.1. We have
(410)  [ap(6,0)| < Murllollll < (M2 + 4p)lislll, Ve, € XY,
and the following inverse inequality holds:
(4.11) 1050l < XiFlloll.  voeXp, 11

We now consider the L2-orthogonal projection 7%, : L2(I) — X*, defined by
(4.12) (7l —v,o0m) =0, You € )?]’f/[

We introduce the Hilbert space H (1) with the norm ||v| 7. (ry> Which is defined

by replacing A4 and aq(-,-) in BI9)-@20) by A, and a,(-,-), respectively. Since
the Sturm-Liouville operator A, is compact, strictly positive, symmetric and self-

adjoint, similar to (3.22)), the norm of the space ﬁ;p(l) can be expressed in the
frequency space

s 1/2 9
1 ™
. V|| 5 =7 Um with v, = — v em(0;p .
4.13 e (D) Ag O] ith © 0)Mey,, (6; p)df
o ™ Jo
m=0
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In most applications, we may assume that the parameter p is a finite constant
independent of M. One verifies from a direct calculation (refer to (B.28)—-(B.30))

that the embedding relation ﬁgp(f) C Hy(I) and

(4.14) Iz, oy < Cllvlls, 520,

where C' is a positive constant independent of v (but depending on p). In the case
of p > 1, a more precise estimate with an explicit dependence of p can be carried
out in the same fashion as in (3.31)).

Following the same argument as in the proofs of Theorems[B.IH3.4l we can derive
the following approximation results.

Theorem 4.1. For any v € ﬁ;p(l), we have that

~ r—s)/2
(4.15) It = vl ¢ < AR Iolg, @, 0<r<s.
In particular, for any v € Hy(I),
(4.16) [0 — vl SM5vlls, 0<r<s
and
(4.17) (72,0 — v]|pe < MY2 5 |0)ls, s> 1.

In the preceding part, we presented Mathieu approximation results in Sobolev
spaces, which are the main ingredients for the analysis of spectral approximation
to PDEs in elliptical geometries, as illustrated in the succeeding two sections.

5. APPLICATION TO THE MODIFIED HELMHOLTZ EQUATION

We first consider the modified Helmholtz equation in an ellipse:
(5.1) — AU +pU =F, in U(z,y) =0, on 09,

where 8 > 0, F' is a given function and
22 y?
5.2 Q=4 (x, : + <1
(52) {( 2 2cosh®1  ¢2sinh?1 }
with ¢ being the semi-focal distance.
Using the elliptic transform (2) and setting u(u,d) = U(z,y), we have that
10u._, 10u_

=1y

(53) VU(x,y) = E@eu + E%eg h
and
1 /0%u  9%u 14
where
(5.5) h=h(u,0)= c(cosh2 i — cos? 9)1/2 . (cosh 2y — cos 26) 1/2,

V2
and the Jacobian from (z,y) to (u,0) is h?, i.e., dvdy = h®dudf. Hence, under the
elliptic coordinates, equation (B.I)) takes the form

. o Ru fu=f, (n0) € Q= (0,1) x [0,27),

u(1,0) =0, 6€]0,2m); w is 2w-periodic in 6,
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where f(u,0) = F(x,y).

We note that curves of constant p are all ellipses and the curves of constant 0
are hyperbolas with foci x = +c¢ along the z-axis. The transform (2] is singular
at 4 = 0 when the ellipse is reduced to the line segment y = 0 and |z| < [l
Therefore, additional condition(s) should be imposed for the solution of (&) to be
consistent with that of (5I). We now derive the necessary condition(s) through
weak formulations.

The weak formulation of (5.1)) is to find U € H} () such that

(5.7) / VUVVdzdy + 3 / UVdxdy = / FVdxdy, YV € H}(Q).
Q Q Q

By the Lax-Milgram Lemma, if § > 0, this problem admits a unique solution
U € H}(Q), provided that F € L*(Q).
Let us define

(5.8) X := {u € 12,(Q) : Vu € L*(Q), u(1,0) = 0,u(u, 0+ 27) = u(u,@)}.

Using (5.3)), we find that, under the elliptic coordinates, the weak formulation (5.7))
becomes: find u € X such that

(5.9)  B(u,v) = / VuVududf + 3 / woh?dpdf = / fuhdudf, Yove X.
Q Q Q

On the other hand, in order for (5.6]) to be consistent with (5.9)), the condition

ou
1 — = 2
(5.10) o (0,0) =0, V0e]l0,2m)

should be supplemented to (G.0)).

5.1. Dimension reduction. We now expand the solution in a series of Mathieu

functions in #-direction:
o0

(5.11) (u, 2F) =" (it fin) M (6; p)

m=0
with p = ¢?(/4. Since the Mathieu function Me,, satisfies the Mathieu equation
([£2), substituting the expansion (G.11]) into (5.6 and (GEI0) leads to a sequence of
one-dimensional problems in the p-direction:

~ 11

— 0" + (A 4 4pcosh? P, = fm, YueA=(0,1),
@ (0) =i (1) =0, m=0,1,---.

m

(5.12)

Its weak formulation is:
Find @, € oH'(A) ={¢ : ¢ € H'(A), ¢(1) = 0} such that

(5.13) ) )

Bm(ﬁm,ﬁm) = (fma,ﬁm), VOTn EOI{ (A)a m:(),]-v"' 5
where
(5.14) B (s O) = (A, 00)) + A (T s D) + 4p (T, O )y

with the weight function y = cosh? . For each m > 0, the problem is uniquely
solvable thanks to the fact A,,,, p > 0 and the Lax-Milgram lemma.

IThe singularity here is different from that of the polar coordinates, because p = 0 corresponds
to the whole interval [—c, ¢] rather than a single point.
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Moreover, we have the following a priori estimate whose proof is given in Ap-
pendix C.

Lemma 5.1. For each m > 0, if f,, € L%(A), then we have
(5.15) [@mll3 + Al 1T + Xl 1 S 11 Fnl>-

5.2. Mixed Mathieu-Legendre spectral-Galerkin methods. We now describe
our spectral approximation to (5.6) with (5I0). Given a cutoff integer M > 0, we
define the Mathieu spectral approximation to the solution of ([&.3]) by

M
(5.16) Uarn (1:0) = ) @y (1)Men, (65 p),

m=0

where {4 }M_ are the solutions of the following Legendre spectral-Galerkin ap-
proximation to (EI3):

Find 4}y € oPy = {¢ € Py : ¢(1) = 0} such that
B’rrl(a%v@n]\i):(fmv@%% v{}yIXeOPNa m:0717"' 7M7

where the bilinear form B,,(-,-) is defined in (&14)).

(5.17)

5.3. Error estimations. We first recall some relevant approximation results by
Legendre polynomials (with a change of variable from (—1,1) to A := (0,1)). Con-
sider the orthogonal projection oI} : ¢ H!(A) — o Py such that

(5.18) (8H(0H}V’U — ), @ﬂw) + (OH}VU — 0, UN) =0, Yoy € oPy.
As in [16], we introduce the weighted space to describe the approximation errors:
(5.19) B'(A) := {u €IX(A) : (p— ) T Fve I2(N), 1<k< 7“}

with the norm and semi-norm

T 1 .
lollz-oy = (I0I2+D° 1= T ak0l*), Jolpray = [l (e—p) T 00
k=1

r>1.

)

In particular, we have BY(A) = L2(A).
The following lemma can be derived from the existing Legendre polynomial ap-
proximation; see, e.g., [13] [16].

Lemma 5.2. For any v € oH'(A) N B"(A),
(5.20) lollyv = vlly S NT[|(n = p*) D 200], 0<o<1<r

We first estimate the error between i, (the solution of (5.I3)) and @) (the
solution of (5.I7)). For notational convenience, denote é,, = i, — @} and &)\ =
ol @y, — a2, Clearly, we have that oIyt — Gy = &5 — &, 1= él).

Lemma 5.3. For each m > 0, if @i, € oH*(A) N B"(A) with v > 1, then we have

(5.21) VB (i — 0 — ) S (A2 + NN 5
and

(5.22) i — | S A+ N)NTCH i, ).
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Proof. By (5.13) and (5.I7), we have that for any 95 € ¢ Py,
(5.23) Bi(m,?X) =0 = B (eN,0N) = B, (&N, o)),

m7m m?m

Taking 92 = éX in the above identity, we derive from (5.14)), (518) and the Cauchy-
Schwarz inequality that

Bu(émsém) = Am — 1) (. &) +4p(En. e,

< Amllemlllienll + IIéﬁ\IIIéNII +apllemlloallenllon

A A ) , ~
< THENII2 5 lemll® + 3 Sel T+ 2lleml® + 20llemls  + 20013

A - . -
—5’ (Ems em) + S llEmll® + 2pllen 5 + 2lemll?,
where we used the embedding inequality (B for the following derivation:
. . N1~ 1. .

(5:24)  flemll <2lemh = lenllenl < 2dlemllém < glémlt + 2lén]®.
Therefore, we derive from Lemma that for r > 1,
Bi(emsém) < Amllemll® + 4llenll” + dpllen 3
(525) Ao +1)N™ 2r _ (r— 1)/287"A H2

S Am+1) (e — %) L

Since by the triangle inequality,
(5.26) Bin(ms€m) < Bun(en, €m) + B (€. €m),

we obtain the desired result by using (5:28) and Lemma 52
We now estimate (5.22) by a duality argument. Given g € L?(A), we consider
the dual problem of (5.I3): Find w € o H'(A) such that

(5.27) Bon(w,v) = (g,v), Vv e oH(A).

By an argument similar to that for Lemma [5.I this problem admits a unique
solution with the regularity

(5.28) [wll + Amllwl} + A% llwl* < llgl*.

Taking v = é,, in [27), we deduce from (E23]), the Cauchy-Schwarz inequality
and (B.21) that

|(97ém)|2 = |Bm(wvém)|2 = |Bm(w — OH}vwvém”Q
< Bm(w - OH}Vwa w — OH}Vw) Bm(éma ém)

5.29
520 S AL+ NYAN =20 — 2120 i B
SN2+ NN g 112 i, 3
Consequently,
~ aém 2 ~
(5.30) leml = sup 10:Em)l < (A2 4 N) N i, | gy

geL2,g#£0 gll

This ends the proof. (I
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We now estimate the global errors between v (the solution of ([B9)) and u,,,
(the numerical solution defined in (EI6)—(E17)). For this purpose, we introduce
the Sobolev space

(5.31) Hp*(Q):=L*(I; B"(A)) N Hy '(I;oH' (M) N H3(I; L*(A)), r,s>1,

with the norm

1
[} 2
(5.32) |u||H;=s<Q>=<wZ[mm@w+Ain1||am||i,1<m+Ain|am|%2<m}> 7

m=0

where {4,,} are the coefficients of the Mathieu expansion of w.
With the above preparations, we now estimate the global error.

Theorem 5.1. Let u be the solution of (B9) and u,,, its approzimation given by
GI6)-BEID). Then, for u € Hy*(Q) with r,s > 1, we have

(533 V(= uy )z S (M7 + (M + NN ull (o)
and
(5:30)  fu— e lrze) S (M7 + (M2 + NN lul (o).
Proof. Recall that é,, = @, — @2 . Hence, by (5.11) and (5.16)),
M 00
(5.35) U=ty =Y EmMep + Y dmMey,.
m=0 m=M+1

Using (£9), @2)—(@8) and a direct calculation leads to
B(U T Uy U UMN) = ”6(7! - UMN)||2L2(Q) + 6”” - UMN”ZL?LZ(Q)
M
= > [Fleiliza +4pmlemlaa + IemlFaqaan(Menm, Mey)|
m=0
(5.36) >

+ (Pl 32 a) + 40wl ) + Im 32 a) 5 (Mem, Men)]
+1

[
S

m
o0

Bo(bm:bm) +7 > By, i),

0 m=M+1

where h? is defined in (5.35), and the weight function y = cosh® 4. By Lemma [5.3]
and (514),

I
M=

3
]

M M
. 1/2 _op N _op

Z B (ém,ém) S ()\1\//1 +N)?N—? Z |tm 237'(/\) < (M + N)*N—? ”uH%—I;’S(Q)'

m=0 m=0

On the other hand, we have from (£8) and (5.I4) that

o0 o
D Bulln, @) <Ayt D A Bl i)
m=M+1 m=M+1
o0

M2 S (O a3 ) + Nl 32())-
m=M+1

(5.37)
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Therefore, we deduce from the above estimates and (.31))-(E32) that
IV (u =y 2 (@) + VBIu = tyrlliz, @) S (MY + (M + N)N ) |ull gy (0)-
This yields (&.33).

We now prove (5.34). By (E):’;ED the orthogonality ([@4]) and (522)),

||U—UMN||L2(Q) _WZ ||€mHL2(A +7 Z HUmHL2(A)

m=M-+1
5.38
(5.38) < (M2 4 N2)2N-2C+0) Z i) + A2 Z X225,
m=M++1
—2s 2 2\2 AT—2(2471) 2
S (M7 4+ (07 4 NN ufe .
This ends the proof. O

We now present some numerical results. As a first example, we consider (5.9)
with 8 = ¢ =1 and the exact solution

U(z,y) = cos(zy) = v(u,0) = cos(sinh(2u) sin(26)/4).

For this analytical solution, Theorem [5.11 holds for all r, s > 0 hence an exponential
convergence is expected. We plot the L2-errors against various M = N on the left
side of Figure Bl An exponential convergence rate of order O(e~“Y) is clearly
observed.

For the second example, we consider (B.9) with the exact solution v(u,6) =
1Y sin(26). Tt can be easily checked that for v > % but noninteger, we have v €
HZ%W*&S(Q) for any ¢, s > 0. Hence, Theorem 1l indicates an L? convergence rate
of N727%¢ with M = N for any ¢ > 0. We plot the L2-errors vs. various M = N
in log-log scale for v = 2.5,2.8,3.5 on the right side of Figure 511 We observe
algebraic decays with slopes of roughly 2 —2~. We note that the difference between
the observed rates and the rates predicted in Theorem [5.]] can be attributed to the
fact that the forcing function f is replaced by its Mathieu-Legendre interpolation in
the computation and that this interpolation error is not accounted for in Theorem

125
slope=-3

28
slope=-3.6

El
2
\agm(Lz—Em:r)

M=N

FIGURE 5.1. Left: L2-errors in semi-log scale for the first example.
Right: L2-errors in log-log scale for the second example.
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6. APPLICATION TO THE HELMHOLTZ EQUATION

Given r > 0, we denote

2 2

(6.1) Dr:{(x,y): G — <1},

2 2
c2cosh®r  c¢2sinh“r

where ¢ > 0 is the semi-focal distance. For b > a > 0, we denote Q,; = Dy\D,,
i.e., the open domain between the two co-focal ellipses. We consider the following
Helmholtz equation

6.2 —AV -V =G, in Qup V =0,
’ oD

together with a Robin boundary condition at 9D, expressed in elliptic coordinates
(see [14]):

0 1
(6.3) @ (ick sinh y — = tanh ,u)v =0, on 9Dy,

ou 2
where v(pu,0) = V(x,y). We note that this boundary condition is a first-order
approximation to the exact Dirichlet-to-Neumann boundary condition (cf. [14]).
Without loss of generality, we consider only the homogeneous boundary conditions
since nonhomogeneous boundary conditions can be easily handled by boundary
lifting.

Under the elliptic coordinates (Z]), the equation ([6.2)—(6.3]) becomes
1 (821) 0?v

o2 W) ~kv=g, Y(u0)€ (a,b)x[0,2m),

. 1
(6-4) v(a,0) =0, (S—Z — (ick sinh p — 3 tanh ) v) (b,0) =0, VO e€]0,2m),
v is 2w-periodic in 6,

where g(y1,0) = G(a, ).

6.1. Dimension reduction. We expand the solution and given data in a series of
Mathieu functions in the -direction

(6.5) (v, h%g) Z O, Gm ) menm (65 q)
m=0

with ¢ = ¢2k2 /4. For simplicity, hereafter, we denote k = ck. The equation (6.4) is
reduced to

— 0" 4 (Am — k? cosh® ), = G, Vi€ A= (a,b),

(6.6) R y R
bm(a) =0, 0,,(b) = T ,0m(b) =0, m=0,1,---,
where
- 1
(6.7) T;,, »= iksinhb — 5 tanh b.

We note that the functions (v, g) and (9, §m) are complex-valued. With a slight
abuse of notation, we shall still use H® and L?, etc. to denote spaces of complex-
valued functions.
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Let (u,v) := [, wvdp. Then, a weak formulation of ([G.6)) is: Find &,, € °H'(A) :=
{v € H'(A) : v(a) = 0} such that
N N N YA ~ - 2/ n ~
Bm(’l}m,wm) T (Um7wm) +)\m(vm7wm) k (vmvwm)x

~T

(6.8)
k,b ’lA)m(b)UA)m(b) = (gm; wm)a vUA)m S OHl (A),

where y = cosh? .

Theorem 6.1. Given m > 0 and g, € L*(A), problem ([68) admits a unique
solution by, € H*(A) N H(A).

Proof. Observe that Im(TfC’b) = ksinhb > 0, so we deduce from the Fredholm
alternative theorem (see, for instance, [22, 31 [34]) that if §,, € L?(A), the problem

([68) has a unique solution @, € °H*(A). Then by a standard regularity argument,
we have

[omll2 S ca, b, k)| gmll,

where ¢(a, b, l;:) is a positive constant depending on a, b and k. ([

We now derive a sharp a prior estimate with explicit dependence on k.

Lemma 6.1. Given m >0 and §,, € L*(A) N Li_l(A), we have

(6.9) 1ol + 5 1Pmllo.x < Cop il gmllo,g-1 + (b —a+1)l|gmll,

where
X(p) = (1 —a+ 1)sinh(2p),
cosh(2b) tanh? b 1

Coi=V20b—a+1)|— + = + .

abk ( bt " dizemns) TR
Proof. In order to derive the desired a priori estimate, we take three different test
functions in ([@8), namely, ¥,,, (@ — a)?,, and v,,. The following weight functions
will be used in the sequel:

(6.10)

X(1) = cosh? u, (p) = (1 — a) sinh(2p),
X(p) = sinh(2), X(p) = (1 — a+ 1) sinh(2p).
Step 1. Taking W, = 0, in (@8] leads to

b
©11) il + Allonl = Bl ~ T plon®F = [ gmTmdn
a
whose real and imaginary parts read
. A 1 . S FA
(6.12) 195117 + Al [0 | + 5 tanh b6 (0)[* = K[[omlIG, + Re(gm, dm)
and
(6.13) —iksinh b |G, (B)|? = TG, B )

Theorem asserts that the solution 0y, of (6.8]) also solves the original problem
6.8). Therefore, we have that for any @, € H'(A),

b b
©10) [ (=t O R ot i, e = [ G
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Step 2. In order to bound the term IA€2||17m||(2)7X in ([6.12), we take 1w, = 2(u — a)d.,
in (6I4) and integrate by parts.
Using the identities

b b
—mm/imm—wﬁﬁu=4%/ku—@dwm2
= ||’{}m||2 - (b - a)|ﬁ;n(b)|27

b b
2Re/ (pt — )0, 0L, dp = Re/ (1 — a)d O, |

= (b= a)|0m (0)]* = [[omll?,

(6.15)

b b
- 2Re/ (1t — )b, 0!, cosh? p dp = —Re/ (1 — a) cosh? pu d| oy, |

= —(b— a) cosh® 0|0, (0)[* + (|9 13, + 1913 5

and collecting all the real parts, we find
o717+ B2 om 5 5 + B [9m 15 5 + An (b — @) [ (B)
(6.16) = (b= )|}, ()* + Al|om|1* + E*(b — @) cosh® bla, (b)
+ 2Re(Jm, (1 — a)by,,).

Step 3. We now take w,, = 20/, in ([6.I4). Using the identities

b b
—%#%WFMWMMW m#%mwmw,
(6.17) ° @
- 2Re/ (cosh? 1) 0, 07 dpn = — cosh? bl (b)]? + [0m 15 55

a

and collecting all the real parts, we get

(6.18)

B2 0ml13, + A0 (0)* + |07, (@)[* = [87,,(B)[* + &? cosh® blin (B)|* + 2Re(Gm, 8),)-
A combination of (6.I1]), (6.I6) and (6.I8) leads to

(6.19)

) 1
2[[850 1 + 2 [[m 16,5 + 185 (@) + A (b = @+ 1) [0m (B)|* + 5 tanh bfom ()]

< (b—a+ 1|0, (b)]* + k% cosh? b(b — a + 1)|6y, (b) 2
+ [Re(gm, Om)| + 2Re(Gm, (b — a + )iy, )],

where ¥ = (1 — a + 1)sinh(2u). Using the boundary condition at r = b in (6.6)
yields

" 1
00, (0)[* = [T, , [*[6m (D)|* = (k?sinh® b + 1 tanh? b) [0y, (b)[>.
By (6I3) and the Cauchy-Schwarz inequality,
k2 cosh(2b) (b — a + 1|, (b) > = k———

(6.20) 22
< S loml s +20-a+1)

(b —a+ 1)‘Im(gm, ﬁm)‘

1313 51
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and
2
1 tanh? b(b—a+1)|o,(b)> = M(b —a+ 1) I (g, 0m)|
k2 9 tanh® b ~

< —omllf 5+ (0—a+1)

- 19 -1

8k4 sinh® b
On the other hand, using the Cauchy-Schwarz inequality yields

. k% 1
(622) |Re(gmavm)| < Z”UmH(Z)’j( + =
and
(6.23) 2[Re(Gim, (1 — a + 1)op,)| < [[o7,[1” + (b — a +1)%[|gm*.

Notice that cosh? b + sinh? b = cosh(2b), so the desired result follows from (G.I9)-
©23). O

6.2. Spectral-Galerkin approximations. Given a cut-off integer M > 0, we
define the Mathieu-Legendre approximation to the solution v of (G4]) by

(6.24) Uy n (1450 Z vy, () men, (6; q),

where {vN}M_ " are the solutions of the problem: Find v)} € Py = {¢ € Py :
¢(a) = 0} such that

m7 m

— k2 (Um,w%)x — ’Z}C’bvm(b)w%(b) = (Gm,wh), Vwl € Py.

’UN N 7) w. ’LUN
(6.25) B (Vg W) = (00, Outw) + A (v, i)

As for (6.8]), it is clear from the Fredholm Alternative Theorem that (6:25) admits
a unique solution. The following result is needed for the error analysis.

Lemma 6.2. If §,, € L?(_l(A), we have

k =~ s
(6.26) 10uvmll + llomllos S Cop illgm oz,

where x = (u — a)sinh(2u) and

cosh(2b) tanh? b
sinh b 4k2 sinh b

(621)  C,\p = V30— a) (b—a)simh(2b)| + %
Proof. Since the first two test functions w = o2, (p — a)d, v € °Py, but for
the third one 9,0 ¢ %Py, the proof of Lemma [61l needs to be slightly modified to
derive ([6.26). For completeness, we sketch the derivation below.

Note that (6I2)-@I3) hold with v)¥ in place of ?,,. We now take w) =
2(p — )0, v} in [6.25), and find that

(628)  2Re(90,du((1 — )300) = (b— @)D ) + 9,0 1>
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We also see that the second and third identities in (6I5) hold with vX in place of
Om. Thus, the real part of (6.25) with w) = 2(u — a)d,vY becomes
10, 17 + K lop I3, + B llom 15 5
+ (b= )|0uvg (B)* + A (b — a) oy (b)[*
= Aanllomt|I* + K2 (b — @) cosh® blop] (0) | + 2Re(Gin, (1 — a)9viy)
+2(b— a)Re (T, v ()0, 0N (b))
Hence, a combination of (612) (replacing 9, by v)}) and (6.29) leads to

(6.29)

2(8,om |17 + B |lvp 155 + %tanh blon (b)1?
+ (b= )| (B)* + A (b — a) oy (b)]
= k% (b — a) cosh? blupy (b)|* + 2Re(gim, (1 — a)vy) + Re(Gms vpy)
+2(b — a)Re(T; vm ()90 (1))

(6.30)

Using the Cauchy-Schwarz inequality yields
2(b = a)[Re(7; v (B)9,0 ()]

b—a
(6.31) < 0,0 (0)] + (b= a) | T, | o, (b) 2
_ R 1
- - 210,08 )2 + (b — a) (k2 sinh” b+ 7 tanh’ b)@,ﬁi(b)\?.
Similarly, by (613) and the Cauchy-Schwarz inequality,
. - cosh(2
% cosh(2b) (b — a) v (b)]? = kw(b — )| Im(Gm, V)|
(6.32) ] smlzll)
) K nue cosh”(2b)
<z 4+ 2b—a) 22 Gl s
<3 v llo 5 +2(b—a) D gm 15 5
and
1 h?
L eanb? b(b — a) o ()2 = 200 ) im (g, o)
(6.33) X 4k sinh b

k2 ) tanh® b

< —||v v + b - 2/\7 g 2 o—1-
< g lomllog + (0= a) cm o llgmllo 5
On the other hand, using the Cauchy-Schwarz inequality again yields

. k? 1.
(6.34) IRe(Gm, vp)| < levﬁllg,g + ﬁ”gmng,i*l
and

b
2ARe(Gm, (1 — a)8,0Y)] < 18,0 12 + / (1 — )2\ 2y
b

.2
< N2 _ 3 L
< [ Opvm | "'/a (4 = a)” sinh(2p) (u — a) sinh(2p) o

< NOuom 1 + (b = a)? sinh(20) || gmlI5 -
Finally, a combination of (630)—(G.35) leads to the desired result. O

(6.35)
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6.3. Error estimations. As in the previous section, we define the space ET(A) :
PN k=1
(6.36) B"(A) = {v €L*(A) ¢ [(n—a)b—p)] * dfveLX(A), 1<k< r},

with the norm and semi-norm

Bt 1
1]l () = <||’U||2+ZH —a)b- )] ofl?)”,

olge ) = [0 = )b = )] 7 0]

Let w(p) = (u — a)(b — p). The following approximation result will be used in
the error analysis (see Appendix [Dl for the proof).

Lemma 6.3. There exists a mapping & : H'(A) — Py satisfying

(6.37) ayw(a) = w(a), myw(b) = w(b)
and
(6.38) (8M(W]1Vw — w),@MwN) =0, Ywy € Py.

Moreover, for any w € §T(A) with r > 1,
(6.39) [(myw —w)'| + Nl(myw — w)lloo-1 S N7 |w] g, p)-

With the aid of the a priori estimates and the above approximation result, we
derive the following error estimates.

Theorem 6.2. Let 9, and v) be the solutions of [6.8) and [G.25), respectively.
If b, € °HY(A) N B™(A) with r Z 1, we have

(6.40) Hau(ﬁm - UrJX)H + ]%”@m - v%“&x S Dm N)]}NI_TH@mHET(A)v
where X = (u — a)sinh(2u), and

D, yi = |1+ (b—a)*?sinh"/?(20)kN"

(6.41) W2
b a) P, COSE ey
+ G0 =)' " (sinh(26))172 )N

with 6’@ vi being given by (E2T).

Proof. Let e = vlY — 7L9,, and & = b, — T5 0. By (6.6) and ([6.25), we have
that B, (0, — v, wl) = 0, for all wY € %Py. Hence, using the fact €Y (b) = 0 and

m? m

[637)) leads to

(6.42) By (eN, wl) = B (0 — ThOmy wN) = A (€N, wl) — k(N cosh? p, wh).

m m? m

Note that [42) can be viewed as [6.25) with G = Amé — k2(cosh? 2)éN . Thus,
by ([6.20),

k 22s
(6.43) 9uemll + 5 lemllos < it AmllEnllo g1 + KN o)
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where we denote x* = % = (cosh? )Y~ !. Hence, by Lemma [63]
~ (b - V1)1/2 N N
||er]>]7. lo.g—1 = W||7Tzlvvm — Oml0,-1

S (=) PN 0m g a)s

(b—13)"/2 cosh? 1y

eV = 1a s -
(6.44) e llo.x (sinh(2v))1/2 |7 N O — Dim |0,
_\1/2 2
< (b —a)'/# cosh bN’T|f)m| .
(sinh(20))1/2 Br(A)
[eX o = (v3—a)(b— vs)l/? sinh1/2(2y3)||71—]1\7@m — Omlo,co-1

< (b—a)*?sin'2(20) N[0 5o )
where {v;}7_, are three constants in (a,b).
Next, by the triangle inequality, [639) and (6.43)—(6-44),
10, (9 — vl + Ell 0w — v llo, < NOuemll + Ellenllo.x + 0.2 + kllEn llo.x
< [1 + (b— )32 sinh/2(2b) kN

cosh? b
(sinh(2b))1/2
This ends the proof. O

+Cp 0= )2 (A + BN N o e,

Remark 6.1. To illustrate how the error 9,,, — v behaves with respect to N, k and b
with fixed @ > 0 and m > 0, we consider a typical oscillatory function o,,(u) = e'**
to be the solution of (6.8]). Then, for any r > 0,

|0 |2 A /b| 0 |2(( —a)(b— ))T '
Um| %, 8va w—a L du
(6.45) W

<k /ab (- a)(b— ) 'dp < k:(kb - “)ZH.

Notice that D, 7 < 1+ (b—a)3/? cosh bk?N~!. Therefore, Theorem 6.2 indicates
that for this typical solution, we have that for any » > 1,

. . . _ b—a /k(b—a)\r1
103 O =0+l 5 =0 | S (14 (b=a)*/2 cosh bk N k[ =2 (o)
k(b—a)

Hence, the error will decay exponentially as soon as 55— < 1. Therefore, we can

significantly reduce the computational cost by choosing b closer to a.

We now present some numerical results. We solved (6.25]) with the function g,
such that the exact solution is ¥y, = exp(iku). We refer to [I2] for more details on
the actual implementation of (G.25]). In Figure[6.] we plot numerical results which
depict the convergence behaviors of our numerical scheme with (b —a)/2 = 1. On
the left, we fix £ = 100 and plot the L2-errors with respect to N. We observe that
the error decays exponentially fast as soon as N > k. Next, we denote o = k(;);,a)
and plot on the right of Figure .1l the L?-errors with three different a. We observe
that in all three cases, the error converges exponentially.




MATHIEU APPROXIMATIONS 839

u(x)=sin(ko)“exp(ikx)

107

60 70 80 90 100 110 120 130 140 150 100 150 200 250 300 350 400 450 500 550
N k

FIGURE 6.1. Left: L2-error with respect to N for k = 100. Right:
L2-errors with three different o where o = %.

We now estimate the error of the Legendre-Mathieu spectral approximation. Let
Q=AXx1I=(a,b)x(0,27), and introduce the space
(6.46) HI*(Q):= L*(I;B"(A) N H3™Y(I;°HY (M) N H3(I; L2(A)), 7,5 > 1,
with the norm

1
2

%T»(A) + Azq_lna;»@m”%?(/\) + )\fn”@mHZL?(A)D ;

o

(6.47) HU”f—[\;*S(Q) = (Z “ﬁm

m=0

where {0,,} are the coefficients of the Mathieu expansion of v.

Theorem 6.3. Let v be the solution of ([€4), and let v,,, be the approximate
solution given by 6.24) [©.25). Then, for v € Hy*(Q) with r,s > 1, we have

7 —r —s/2
(648) ||U - UMN”L?-((Q) /S (l)]\/[yN,]}l€ lNl + )‘M-{-l)HUHﬁ;S(Q)v
_ 1—s)/2
(6.49) 104 = Vo) l22(@) S (Parw iV + A5 2) [l )

and

1/2 arl—r 1-s)/2
(6:50)  1198(v = vy) 2@y S (b= @)Dy g A" N+ 2557 ) 0 77 )

where X = (u— a)sinh(2u), D, v i is given in @A), and A, is the eigenvalue of
the Mathieu equation (cf. B3)).

Proof. We derive from the orthogonality of the Mathieu functions and (G.40]) that

M 0o
l[v— UN1N||2L§(Q) =Y wllom - U%”%%(A) + Y ”T”f)mHi%(A)
m=0 m=M+1
M 0o
~ N — TN
(6.51) < Z 7| O — Um”i’;:((/\) + A Z 7T)\fnHUmHi’;:((A)
m=0 m=M+1

(oo}
2 —s ERTES 2
Brny T A Z )‘mHUmHL;(A)-

M
7.—2 12 2—2r ~
SETDy viN 2 : |Om
m=0 m=M++1
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Similarly, using ([6.40) leads to

M
”au(v - UMN)H%%Q) S DJQ\/[,NJ;NQ_QT Z |'&m %7»(1\)
m=0

)
+)‘}\/;—|s-1 Z )‘L:r?l”auﬁmH%?(A)'
m=M-+1

We now prove (6.50). One verifies, by using the Hardy inequality (B.3]), that for
amy w € "H'(4),
[wllz2ay < 2(b— a)[[wl|L2(a).-

Hence, by (6.40),

(6.52) [[om—vm llL2(a) S (b=a)l| (O —vi)llz2(a) S (0=a)D,, 5 ;N "o

m,N .k Br(A)”
By BI0)-@BII), E5) and [©24), we have from ([G52]) that
Hag(v - UMN)HQ + ]%2”('0 - UMN) C059H2
M %S
= Z T A [0 — UﬁHzm(A) + Z 7T)\m||”5m\|%2(A)
m=0 m=M+1
M 0o
2 2 2-2s A2 1—s .2
S (b—a) )\MDM’N,,;N ° Z |Um|Ar(A) + At Z )‘fn|vm|L2(A)~
m=0 m=M-+1
This ends the proof. O

7. CONCLUDING REMARKS

The Mathieu functions are classical special functions which are important tools
for solving certain partial differential equations in elliptic domains. In particular,
they enable us to reduce the Helmholtz or the modified Helmholtz equation in a two-
dimensional elliptic domain to a sequence of one-dimensional equations that are easy
to solve numerically. However, to the best of our knowledge, there was no rigorous
approximation result available for Mathieu expansions. This paper established a
first set of such approximation results which will serve as basic ingredients for the
numerical analysis of Mathieu approximations to PDEs.

More precisely, we developed optimal approximation results for the angular
Mathieu functions. These approximation results are very similar to those for the
Fourier expansions. Namely, the orthogonal projection based on Mathieu expan-
sions of a periodic function converges in the same way as that based on Fourier
expansions.

As examples of applications, we applied the approximation results developed in
this paper to establish optimal error estimates for the Mathieu-Legendre approxi-
mation to the modified Helmholtz equation and the Helmholtz equation. We also
presented illustrative numerical results which are consistent with our theoretical
analysis.

APPENDIX A. RECURRENCE RELATIONS

The coefficients {Ag-n), BJ(.")} in the expansion (2.10) satisfy the following recur-
sive relations:



MATHIEU APPROXIMATIONS 841

e Even functions of period 7 (i.e., cean, and n = 2m):
(A1) (an — AT = q(A, + AT =0, j =3,
and
(A2)  ap Al —gALY =0, (an— 44 —q(AFY + AP) = 0
e Even functions of period 27 (i.e., ceg;nr1 and n = 2m + 1):
(A.3) (an — 1AM — (A1 + AY) =

along with (AJ) for j > 3.
e Odd functions of period 7 (i.e., sea,, and n = 2m):

(A.4) (bn — 5B — q(B, + BYY) =0, j >3,
and
(A.5) (b — 4)B™ — ¢B™ = 0.
e Odd functions of period 27 (i.e., seam+1 and n = 2m + 1):
(A.6) (b — 1)B™ + ¢(B™ — B{) =0,
along with (AJ)) for j > 3.

APPENDIX B. AN EMBEDDING INEQUALITY
We have the following inequality:
(B.1) lw|| <2[|w'||, Ywe H(0,1) with w(1) = 0.

Proof. We recall Hardy’s inequality ([20])

(B. / /¢> dl/ (b= ) Pdp < /qb Ydu, d<1

and
/b [/H ¢(V)dv:|2(ﬂ —a)?2dp < < / »*(p a)¥dp, d<1.

Thanks to w(1) = 0, taking ¢ = w’,a =0,b=1and d =0 in (B.2) leads to

1
] < / (1 — 1)~ 2dps < 4’|

This ends the proof. O

AprPENDIX C. PrROOF OoF LEMMA [.]

Taking vy, = Gy, in (EI3)—(E14), we use the Cauchy-Schwarz inequality and the
embedding inequality (B]) that

< |(fns )|

~ R 1, . ~
< 2| frnlllltn [l < Sl + 201 fn 1

05117+ Arw i ||

(C.1)
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We verify by integration by parts and the fact @), (0) = i, (1) = 0 that
1

1 1
—/ G 0, cosh? ud,uz/ i, |? cosh? ud,u—l—/ U il sinh (2p)dp
0 0 0
C_.2 2 1 2 ! 2
(C2) = Vil + i (D sinh(2) = [ fi P cosh(2d

. 1. . . .
= [la,1l5 .5 + §|Um(1)|2 sinh(2) + || [ = 2[[@mllg -
Multiplying the first equation in (512) by —!/, and integrating the resulting equa-
tion over (0,1), we derive from a direct calculation that

[, |12+ A |, 1” + 4plli, 15 + 2018 (1) | sinh(2) + 4p] |t ||
(C.3) X A . 1, . 1. .
< 8plltim 15y, + |(Fms )| < Bpllam I3, + §||fm||2 + glluﬁllz-

Since by (C1), 8p|/@m |3, < 4]l fm?, a combination of (CI) and (C3) leads to

(C.4) [@ml3 + Amll@mlF < | fmll.
Next, by the first equation of (6.8]) and (C4),
(C.5) Al | < il + 4pl| cosh? gt | + 1| fon | S 11 F s

which completes the proof of Lemma [5.11

APPENDIX D. PROOF OF LEMMA

We first recall a generalized Jacobi approximation (with a change variable from
(—1,1) to A = (a, b) and an extension to complex-valued functions) with parameters
a == —1 (cf. Theorem 3.1 of [15]):

Let w(p) = (p — a)(b — ), and 75" be the orthogonal projection from
L% (M) onto P§ = H§(A) N Py such that

b
/ (ry'v —v)ovw H(w)du =0, Yoy € PY.

Then for any v € L2 _,(A) N ET(A) with r > 1, we have
(D.1) 10 (v — )| + Nlimto = vllo.omr S N0

Br(a)
Next, using the Hardy inequalities (B:2)—(B.3) and an argument similar to that in
Appendix [B] we have Hj(A) C L2 _,(A). Moreover, we find from [15] (see (2.5))

that 7r;,1 is also the Hg(A)-orthogonal projection, namely,

b
(D.2) / (71';[11) — v)/%du =0, Yoy € PY.

For any w € H'(A), let w*(u) be the linear interpolation of w associated with
the points u = a, b, i.e.,

(D.3) w*(p) = Z:zw(a) + %w(b) € P.

It is clear that w — w* € H}(A) C L2 _, (A). Now, we define
(D.4) Tyw =Ty (w —w*) +w* € Py, Ywe HY(A).
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Obviously, 7w satisfies ([637). Next we verify ([6.38)). For this purpose, let w% be
the linear interpolation function of wy as defined in (D.3). We derive from (D.2)
and integration by parts that for any wy € Py,

b
/ O (mhw — w)Jwndp
b
= [ Ol = ) — (w0 w3, (o — i) + )

b
= / O (my (w —w*) — (w — w*))widu

* b % b
— wN( l)) IUN((I) (W&l(w—w*)—(w—w*)) —=0.
S u
Hence, ([638) holds. Next, by (D.1)),
05 10u(rhw—w)] + Nlikw - wloms S N0 = w5 )

Since jw* = 0 for r > 2, and for r = 1,

* — 1 ’
01 = = ) 2u(t) — w(o)] < 2 [ uuldn < 0,1,
we hlave [w—w*|gr(x) < 21|50y, which, together with (D.B), leads to the desired
result.
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