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1. Introduction

Many physical applications, especially in fluid dynamics and electro-magnetics, re-
quire solving PDEs on unbounded domains. How to efficiently and accurately solve
PDESs on unbounded domains is a very challenging problem since it involves an extra
degree of difficulty in addition to all other difficulties in bounded domains.

Numerical methods for unbounded domains can be essentially classified into three
categories: (a) Truncate a unbounded domain to an appropriate bounded domain;
(b) map a unbounded domain to a bounded domain via a (necessarily) singular
mapping; and (c) treat the unbounded domain directly. The first approach is a popular
choice with (lower-order) finite difference or finite element methods. The second and
third approaches are more appropriate for (high-order) spectral methods.

The mapping technique has been used by Grosch and Orszag [14] and others
(cf. [8]), and analyzed in [16, 19]. The main advantage of using a mapped approach
is that existing results and codes on finite intervals can be used. But its main
disadvantage is that the transformed equations may become too complicated to
handle. Thus, direct approaches are often preferred.

The most straightforward direct approaches are based on the classical orthogonal
polynomials/functions in unbounded intervals, namely the Hermite or Laguerre
polynomials/functions (see, for instance, [8, 12, 13, 17, 20, 27, 30-32]). Rational
approximation through classical orthogonal polynomials in finite intervals were
proposed in [6, 7, 9]. This technique has been generalized and analyzed recently in
[15,21]. The rational systems introduced in [15, 21] are designed for specific weighted
spaces so that their applications are somewhat limited.

We propose in this paper a new family of orthogonal systems in semi-infinite
interval consisting of rational/irrational functions of the following type:

o 2
170 = r7jl( 0 (1 - rj) ; (L.1)

where J, l("‘o) (r) is the Jacobi polynomial of degree / with index («, 0). The parameter
y is chosen to match, as closely as possible, the asymptotic behavior of the function
to be approximated; the parameter § > 0 is a mapping parameter which will affect
the accuracy of the approximation in a way which will be made clear in Section 5; « is
determined in such a way that {I,({V‘B) ()} form an orthogonal system in L(ZO” (A), where
o is another parameter, A = (1, c0) and w, = r?. This latter condition requires that
o= %(2;/ — 38— o0 —1). Hence, « is not a free parameter. Therefore, the proposed

family of orthogonal systems {I,({”"S) ()} is very general and includes in particular many
special cases already studied in the literature. The great flexibility afforded by the free
parameters y, § (and o) allows us to design suitable approximations for a large class
of partial differential equations. We note that a similar approach was used in [28, 29]
to analyze mapped Legendre and Jacobi orthoganal systems with quite general but
regular mappings in a finite interval.

The paper is organized as follows. In the next section, we introduce the pro-
posed irrational orthogonal systems and establish basic results on the orthogonal
projection in Lia (A). In Section 3, we study several orthogonal projections in non-
uniformly weighted Sobolev spaces related to certain partial differential equations in
unbounded domains. The results in Sections 2 and 3 are based on the Sturm-Liouville
operators associated with the proposed irrational orthogonal systems. In Section 4,
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we use recent results on the Jacobi approximations to derive error estimates in
more explicit norms directly related to the function and its derivatives. The results
in Sections 2, 3 and 4 are derived under the condition o < 2y — 1. In Section 5,
we establish corresponding results for the special but important case o =2y — 1.
In Section 6, we present an application to a model exterior problem (6.1) with
implementation details and numerical results. Some concluding remarks are given
in the final section.

2. Orthogonal projection in Lz,” (A)

In this section, we introduce an orthogonal system of irrational functions on the
semi-infinite interval A, induced by the Jacobi polynomials, and establish a basic
approximation result which will play an important role in the forthcoming sections.

Let us first recall some basic properties of Jacobi polynomials J l(“‘ﬂ )(x) which are
defined by

(-1 i’
2 dx!

(1 =01+ TP (x) = (1= 0" (1 + )1,

and satisfy the Sturm-Liouville equation

41— xeiq +x)ﬁ+liu(x)> AP0 =00+ 0o =0, —1<x<l,
dx dx

(2.1)
with
MNP Il +a+B+1).
For o, B > —1, we have (see Askey [2])
'l+a+1)
(a.8)
H=——7—— 22
R IT(ax+1) ° @2)
rd+g+1
TP (1) = (1) — . 23
;=D ()I!F(ﬁ+1) (23)
The Jacobi polynomials fulfill the recurrence relation
1
750 0 = d%]}”‘)(x) =U+atp+ DI, 121 (24
Therefore, we derive from (2.2)—(2.4) that
1 Fl+a+1)
(a.B)
)= - D)—————— 1 2.
St M) =Sl tatp+ ‘i~ Drety 'Zh (25)
1 rd+g+1
ISP (=1 = S (=" H—— 2.6
D =0T ek D e s 12 (2.6)
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Let x@A(x) =1 —x)*(1+x)?. For «, 8> —1, the Jacobi polynomials satisfy
the following orthogonal relation:

1
/ TP @0 18P (0 x P (ydx = y* P8y, 1.m >0, 2.7)

where §;,, is the Kronecker function and

2u+BHI (] nra 1
Ql+a+B+DI{+ DIl +a+B+1)

For given § > 0, we setr = (%)% which maps x € (—1, 1) tor € (1, 00). Then,

2 2
x=1-=, l-x==, l+x==0" -1 (2.9)
r r r
and
dv 28 (1-x Tooar 1, 1 2\ 210)
—_— = — = . —_— = —7 = — . .
dr  ritl 2 dx 26 26 \1—x

For any real number y, the irrational function Il(y‘a) (r) is defined by
1 2
(y,9) _ (e, 0)
170 = -, (1 - 76) .
According to (2.1), (2.9) and (2.10), Il(y'é)(r) satisfies the Sturm-Liouville equation

1
szdi(rlf‘w*@(ra — 1))di(ryv(r))) + AT () =0, re A, (2.11)
r r

with Af“) =I( + o + 1). For simplicity, we denote )Lf“) by A; in the sequel. Further-
more, (2.2) and (2.3) imply that

Fd+a+1)

. y 7(v,9) _
A 0= TGrarn 0 12

0, (2.12)

Il(}/-a)(l) — (_1)17 [>0. (213)

Differentiating / l(y"” (r) and using (2.9) and (2.10) yield that

d s Y @0 2 28 @0 2
EII (r)=_r}/+l]l 1_75 +r}/+5+l]l,1 1—r*5 .

Thanks to (2.2), (2.3), (2.5) and (2.6), we find that

. d Fl4+a+1)
1 yH1 &gy - VTR T 1 2.14
Jlim 7 o 2] y TNCETE [>1, ( )
d 09y oyl

L") = DGl +a+D+y), I>1. (215)

dr
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Let w, (r) = r” be a weight function, where o is related to the particular problem
that we are interested in. Let y be a real number which is determined by the
asymptotic behavior of function that we want to approximate. The condition that
{I[(”"S)(x)} form an orthogonal system in LZ)G (A) leads to

a:%(Zy—S—a—l). (2.16)

In particular, we have o > —1 for o < 2y — 1. In this case, a simple calculation with
(2.7)-(2.10) and (2.16) leads to

—2y+o+1

1
/ L7210 (Pw, (r)dr = éz f 000 (0 (1 — x)*dx
A -1
Lims I,m>0 (2.17)

where

1
= c,(V’S’J) = [>0. (2.18)
28l +2y —o — 1

We now prove the completeness of the set of 1 ,(V"”(r) in qua(A), which is defined by

Lz)a (A) = {v | vis measurable on A and ||v],, < oo}

with the associated inner product and norm

U, V), = / u(rv(r)w, (r)dr, V]lo, = (v, v)é)a.
A

[

For any v € L2 (A), we set u(x) = ()" v((é) ) Then by (2.9), (2.10) and
(2.16),

1
/ W (x)(1 — x)%x = 2‘”15/ V2N dr < oo.

1 A

2
Therefore u € Lf;_ .

polynomials, we have

(=1, 1). According to the completeness of the set of Jacobi

u(x) = Za;]l(a‘o) (x).
1=0
By the definition of Il(y"s) (r), we obtain

) =Y al" @)
=0

This implies the completeness of the set of II(M) (r)in L7 (A).
@ Springer
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Thus, for any v € L2 (A) and o < 2y — 1, we write

() =Y o7 L ()

1=0

with
8 = 500 = cl, /A o1 Py (dr, 13 0. (2.19)
We also introduce the weight function
n(r) =nT* ) = et — 1)

and define a second set of functions
8 d s
K(V )(r) (r}/ I(V )(r))
r

Due to (2.9) and (2.10), we have

d 2 2
(v,9) (e, 0) (Ot 0)
K" =, ( - 75) g ] ( r5> . (2.20)

Thanks to (2.16), we can rewrite (2.11) as

aizry d (n(r)K(y ‘”(r)) + M, (VLT () = (2.21)

Multiplying the above by 1Y), integrating the result by parts, and using (2.17) and
the fact that

2
KO I () = 28— 1) 1Y <1 - 78)

2
(@,0) _
xJ <1 r5> — 0,asr — oo,
we obtain

/ K7 0K (rnydr = 82cihdim. 222)
A

Therefore the set of Kl(y’a)(r) is a mutually orthogonal system associated with the
weight n(r).

We now prove the completeness of the set of Kl(’/"S> (r) in L%(A), which is defined
as usual with the inner product (u, v), and the norm ||v]|,. For any v € L%(A), we set

w(x) = (ﬁ)%'v((1 2:)")- Then by (2.9), (2.10) and (2.16),

1
/ W x)(1 — 01 + x)dx = 2“+35f V(1) n(rdr < oo.

1 A
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Therefore u € L(1 et LD According to the completeness of the set of
Jacobi polynomials, we use (2.4) to obtain that

= o = b o,
u() =y b5« )_ZZH— - — .

Using (2.20), we obtain
— by

v(r) = Z T ——— K" ().

This implies the completeness of the set of K,(V"S) (r) in L%,(A).
We are now in position to study the orthogonal irrational approximations. Let L
be any positive integer and

Q) =span [I(()y"s), Il(y'a), e I(Ly‘a)] )

We define the orthogonal projection Py , : Lin (A) = QL by

(PL,JU -, ¢)wo = 0, V¢ € QL. (223)

In order to describe the approximation result, we introduce the operator A = A, 5 ,
such that

1 _,d d
Av = —5*2”)/ ar <n(r)$(ryv)> . (224)

Accordingly, we define the space D(A°) = L2, (A) and
D(A) = {vlv, Av e L] (A),r”|v(r)] is bounded as r — oo},

with the norm |v|p) = (| Av|Z + ||v||3)a)%. For any integer 1 > 2, we define
D(A") and its norm by induction.

Remark 2.1. We have from (2.21) and (2.24) that

(Au,v)y, = Y lydihicr = (Av, 1),,, Yu,ve D(A),
=0

(Av, v),, >0, Yv € D(A).

Moreover, (Av, v) =0 implies v(r) = f—;‘ Hence A is a non-negative, self-adjoint
operator in Liﬁ (A). Consequently, there exists an operator A? such that

(Au,v)o, = (A2u, A2v),,. (2.25)

Thus, we can define the space D(A*) for any u > 0 and its norm by space interpola-

tion. In particular, [[v] , .4 = (Azu, A30)2 +[vlI2)?.
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Remark 2.2. By integration by parts,

_ *° o 7.8 1(1.8)
(Av,v), =Y 3" acn (A o)

1 [ee] 00 d d
— da d
52 ZI:O Zm=0 cem <dr " ), ar (r Im))

2

L3(A)

— (rJ/ U)

>0, Yv e D(A). (2.26)
dr

L2(A)

52

In the sequel, we denote by c a generic positive constant independent of any
function and L.

Theorem 2.1. If o < 2y — 1 and (2.16) holds, then, for any v € D(AZ)and 0 < s < pu,

|PLov— <L)

U”D(A%) D(A%)

Proof. We first consider the case of even integer i = 2m and s = 0. Thanks to the
definition of K,(”’E), (2.20),v € D(A™) and 0 <2y — 1, we have that forall 0 < j <
m—1,

N
r’ Alv(r) o (r I;y,&) (M)n@r) -0, asr— oo.
r
Hence by (2.19), (2.21) and integration by parts successively, we obtain that

1
o= — / V() A LY (), (Hdr
cih Ja

1

d d
= m/{\ E(”VU(”))E (VVI;V’B)(r)) n(rdr

1
= — | AvI"? (o, (r)dr.
crr Ja

= lm / Ao 7D (R w, (rdr. (2.27)
Cl)‘l A

Consequently by (2.17), (2.18) and (2.27),

ad 2
2 _ A2
1PLov =2, = Y
I=L+1

)
\fz

(2

<y

© (fA A" 7Y (P, (r)dl’>2 H Je2)
I

,8
L2,

Wg

I=L+1
< LM AMG, < LTI (2.28)
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Next, let u = 2m + 1 and s = 0. Integrating the right side of (2.27) and using (2.21)
again, we deduce that

. 1 moon 4 d )
U = _782@)»7‘“ /ArVA v(r)a <77(I’)$ (rVI, (r)) dr

1

d m )
= S fA = ATV K n(ryr. (2.29)

By (2.25) and (2.26),

2

d
(v Am — 52 m m 2 2 .
H GOA™) =AU, AT, <8I,
Thus %(rVA My) e L%(A). Therefore we can write
d o0
E(rVAmv(r)) = Z&IK;V’a)(r), (2.30)
1=0
This with (2.29) implies that
a = SZCI)»;"HIA)] K[(y’a) - .
L2(A)
The above with (2.17), (2.22) and (2.30) leads to
0 2 0 a2 2 4
Prov—vl? = 52 ’1@,5) ” _ 1 ” 70 K7
IProv=vll, = 2, T = 2 g 1L 1
oo A2 2
¢ a4 H (v,9) 2 C . —om-1 d m
< — K — — @A™
RS 121 N N TSI S ar' : L3(0)
c d 2
= — L7 =" A™v) <cL72Mp)® .. (2.31)
52 dr 2ay D(A?)

This fact leads to the desired result for © = 2m + 1 and s = 0.

The result with any p > 0 and s = 0 follows from the previous statements and
space interpolation. Finally, applying the result to A2 (P, ,v — v), we obtain the
result for 0 <s < u. O

Remark 2.3. Theorem 2.1 implies many interesting results. For instance, we have
from Theorem 2.1 with s = 0 that

/A (PLov—v)r'dr < cL*2“||v||’Z(A%). (2.32)

Next, we derive from (2.25), (2.26) and Theorem 2.1 with s = 1 that

d g
Ry oV — U — 2 2-2u 2
f/\(dr(r (PLov v))) nOdr < || PLov—vly) = LI, Ly
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In particular, for y =0and o < —1,

d 2

/A <E(PL,UU — v)) PO — Ddr < CL2_2“||v||§)(A%). (2.33)
On the other hand, we may approximate the function v by &;, :=r” PL.(,(r%). In this
case, we have from (2.32) and (2.33) that

v

rY HD(A%)'

2
/ (i(é‘_L _ v)) n(r)dr+ LZ/ (é‘_L _ v)2r072ydr < CL2—2M
A dr A

3. Orthogonal projections in H }M(A)

In numerical analysis of spectral methods for partial differential equations in un-
bounded domains, we need to measure numerical errors in certain weighted spaces
related to underlying problems. Various weighted Sobolev spaces were investigated
in [1, 4] and [24], in which the weight functions for the derivative %‘j are the same
as for the function itself, i.e., ¥, or the standard Jacobi weight functions r** k_ This
framework works well in some situations, but it is not the most appropriate in some
practical cases. For instance, consider the Poisson-type equation outside a unit sphere
(in the spherical coordinates),

—Au(r, A, 0) + pu(r, A, 0)=f, r>1.

For simplicity, we assume u(1,A,6) =0 and r’u(r) d‘;ﬁ” — 0, asr— oo. By ex-

panding the solution (resp. the forcing function) in spherical harmonic functions
Y1.m(A, 0), with the coefficients ¢;,,(r) (resp. fim(r)) (cf. [10]), we obtain a system
of ordinary differential equations with the unknown functions c; , (r):

1d dci Il+1
-5 <r2 L (r)> + (72)01,141(”) + pepm(r) = fl.m(r)v [>0.
rzdr dr r

By multiplying the above equation by r?v(r) and integrating by parts, we deduce that

dcl,m @
dr ’ dr

) + l(l + 1)(Cl,m’ U)wl) + M(Cl,ma v)wz = (ﬁ,m7 U)wg’ [ > 0.
)

Taking v = ¢;,n, we find that dcd—’r € L2 (M), while ¢;,, € L2 (A) for p >0, and
Clm € Li(,(A) for w =0 and [/ # 0. Therefore, we have to study the orthogonal
approximation in non-uniformly weighted Sobolev space.

Now, let

H;A(A) = {v|v is measurable on A and ||v||; .. < 00}

[lvll _ (|
V[iea=1{|—
Lot dr

where

1

2 2
2
iz, ) -
Wo 1
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Let b, d, 0 > 0. We define the corresponding bilinear form

Ao 50U, V) = (du dv) +b(u,v)y, +du, v)y,_,- 3.1

@),
and the orthogonal projection P} _; ,: HL,(A) — Qp by

o0 (P g0 —v.0) =0, Vo € 0. (32)

In order to estimate || P! LoaoV — Ve, we need the following generalized Poincaré
inequality.

Lemma 3.1. Forany v € H | ,(A) with v(1) = 0and u # —1,

vlle, =

“ IIH

Wpt2

Proof. Since u # —1, we have that forr;,r, > 1,

2 3 2/ dv 2 3

[v(r2) —v(r)] < (/ p‘u—zdp> (/ <?(p)> pu+2dp>
n T £

dv

—n—1 —u—1 av

: (|u+1| —n D ’d

o
Thus, v(r) is continuous. Also, due to v € Li“(A), we have r“*t1v?(r) - OQa.e. asr —

oo. This fact, along with the continuity of v, implies that r**'v2(r) — 0 as r — oo.
Therefore, for any r € A,

S

Dp+2

vt = /1 — X (p)p" " dp
= 2/ v(p) (p)p““der (n+ 1)/ v*(p)p"dp.

Letting r — oo and using the Cauchy inequality, we obtain

I+ 1ol < 2l 11— || ”w#.,.z
which completes the proof. O

The above lemma is similar to the inequality (9.9.10) of [23] where the integrals
are over the interval (0, co). However Lemma 3.1 cannot be derived from (9.9.10)
of [23].

In the forthcoming discussions, we denote by P, the set of all algebraic polynomi-
als of degree at most L, and Py = {v € Py |v(1) = 0}.
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Theorem 3.1. Let 0 <2y — 1, A <2 and « be given by (2.16). If v € H;,A(A) and
P, P14 e DAT ) with 4 > 1, we have

8+1d

dr

[P grgv =l <L ( : + Hr‘svHD(AuT—u) -

D(AT)

Proof. By the definition of P} _; , and the projection theorem,

|PLsov =], + I PLasov =]l <le—vll,, +le—vl . VéeOr

(3.3)
Let
r d
u(r) :/ ps‘y“%(pyv(p))dp.
1
Then,
du — 5*V+1£ y _ a+1dl )
& r=r o @) =r o ) + yriv(r). (34)
Hence,
1 r d
v(r) = — (/ pyfaflfu(p)dp + v(1)> .
" \J1 dp
We now take
1 r
¢(’):r7</ o' Py — (,O)dp+v(l)> (3.5)
1
By the definition of P;_, ., there exists g;_; € P, such that
du 1 2
PL—l,a%(P) = p*yQL—l (1 - E) . (3.6)
The above with (2.10) implies that
1 r 2
o) = — (/ o g (1 - 7> dp + v(l))
v \Ji p°
1 -5
= 2877 / gr—1(x)dx +28v(l) ) € Q.
-1
Obviously
1 r du du
() —v(r) = — ( / p’ ! (PL_I,U—(p) - —(p)) dp) : (3.7)
v \Ji dp dp
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By virtue of Lemma 3.1 with © = o — 2y, Theorem 2.1 and (3.4), we have that

2 2
o —vlly,_, < ll¢ —vl,

, 2
= / P (/ p? ! (PL—I,G@()O) - @(p)) dﬁ) dr
A | dp dp

du du 2
=< c/;\ra—za (PL—I,O'E(’/) - E(”)) dr
du  du?
<c||Pr-1 U - ar
< cL* 2 du |’
@ o)
2-2 s+1 AV ?
<cL 7 |rT — Lot 1720 s ) (3.8)
p(a"7) p(a’s)

dr

Next, differentiating (3.7) yields

1
*(¢(r)—v(r))—7(¢(r)—v(r))+ 5+1( L1677~ (r)—*()>

Due to 1 < 2, we verify that

2 du du

dr  dr

<2y%¢ — vl +2 H Py

d
7@V

Wo+) Wg—25

Clearly, the right side of the above inequality is also bounded by the right side of
(3.8). This completes the proof. O

We also need to study another orthogonal projection related to the homogeneous
boundary condition at r = 1. We set

H},(A) ={veHy,;(A)|v(l) =0},
0Qr ={v|veQrandv(l) =0},
and define the orthogonal projection o P} ., ,: oH,,(A) —o Qr by
5060 PL 5100 — V. $) =0, Vo €o0L. (3.9)
Theorem 3.2. Let o <2y — 1, A <2 and « be given by (2.16). If v € OH('M(A) and

Py, Pprid eD(AL2 )WlthM>1 then

d

s+1 4V

dr

oPL oy —ol,, <cLi ( :

ofa2) + ”ra"“p(w)) ,
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Proof. The proof is essentially the same as that of Theorem 3.1, except that we now
take

1 r du
o) = - / PPy M o)dp.
rr )i dp

4. Projection errors in non-uniformly weighted spaces

We studied several orthogonal irrational projections in Sections 2 and 3 where the
approximation results are described with the operator A. Although those results
are sharp, but they are not always the most suitable from the numerical analysis
point of view. In this section, we derive error estimates in certain non-uniformly
weighted spaces, which are directly related to the function and its derivatives.
Indeed, the proposed irrational functions are induced by the Jacobi polynomials,
and so there is a close relation between the Jacobi approximation and the irrational
approximation. Thus, we can derive error estimates by using recent results on the
Jacobi approximation in [22].

Let Liw)(—l, 1) be the weighted space of square integrable functions on the
interval |x| < 1. For any integer u > 0, we define

Hﬁ(‘(a_ﬂ) 5(=1.1) = {v | vis measurable for |x| < 1 and [|v]|, y«n B < 00},

equipped with the semi-norm and norm as follows,

1

dtv

dx+

i
2
) il ywr B = (E |U|kqx(a.ﬁ)’B>
k=0

|U|H_,X(u,ﬂ)’B = ‘

2
Lx(u+/1,ﬂ+u)

Furthermore let
. dv _
HY\p (—1,1) = {v | o € Hyup 5(=1, 1)}

and

=

d*v
dxt

(V] e s = ‘

2
Lx(mﬂt—l.ﬁﬂz—l)

i
2
c ol = D10 e
k=0

For any u > 0, the spaces H;(a_ﬁ,,B(— 1, 1), Hﬁ(‘(a_ﬁ)!*(— 1, 1) and their norms are defined
by space interpolation as usual.
We define the orthogonal projection Pj , 4 : Liw)(_l’ 1) - Py by

1
/ (Pl oV = v x P (0)dx =0, Vo € Py, (4.1)
-1
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According to Theorem 2.1 in [22], we know that for any v € H;‘(a,myB(—l, 1),
a, B > —1,integer w and 0 < s < u, we have

[ Py v — UHSXW) 5 < LTl e, gt (4.2)
Next, for o, 8, y,6 > —1, we set H ﬁyg( 1,1) = sz)( 1, 1) and define

dv
H} g s(=1, 1>—=v|veLXw< L hand 2 e L2, (-1, 1>}

dx
equipped with the norm

dv|? :
2
lvllvepy.s = +lvles ) -
By, dx o PCR)

For 0 < u < 1, we define the space H"ﬂ se(=1L 1D and its norm ||v||,.«,p.y.s DY space
interpolation. We also set ¢H /sya( Lh)={veH 5},5( 1, Djv(l) =0}. Let us
denote

du !
ag g5 v) = / @ )—(x)x“* P xdx + f u(x)v(x) x " (x)dx, (43)
—1 —1
and define the orthogonal projection P?,la,ﬂ,y,é : H‘i’ﬁ’y’a(—l, 1) - Py by
G pops (Pilupys? —:8) =0, Vo ePp,
Similarly, we define the orthogonal projection OP?,la,ﬁ,y,a : OHéyﬁ,y’s(—l, 1) - ¢Pr by

aZ,ﬁ’y,ﬁ ( PLozﬁyzSU v, ¢) :03 V¢ G()PL.

Theorem 3.1 in [22] asserts that if « <y +2 and B <8+ 2, then, for any v €
a/g ys(=1L D N Hx“*f” ,(=1, 1) with integer u > 1, we have

< L'l e 4 (4.4)
lLa,B,y.8

We also know from Theorem 3.2 in [22] that if « <y +2, 8 <0 and § > 0, then for
any v €9 Hy 4, 5(=1, 1) Hﬁ(‘(u,ﬂ), *(—1, 1) and integer u > 1,

HPLaﬂMU v

H()P”Z}a’ﬂ%sv —v Laprs < cLl_“IvIH,Xw,m,*. (4.5)
We now study again the orthogonal irrational projections Py ,, PILYM‘@ and
0P} .0 defined, respectively, by (2.23), (3.2) and (3.9), by using non-uniformly
weighted spaces as specified below.
For any integer 1 > 0, we set

B, 5.00(A) ={v | vis measurable on A and [|v]|,,5,00 < 00}

L The estimate (4.2) improves Theorem 2.3 of Guo [18]. Moreover, the dependence of ¢ on « and 8
are described explicitly in [22]. Noted that Funaro [11] obtained a similar result for integer x > 0 and
s = 0, while Babuska and Guo [3] derived the result for real« = B and 0 < s < p.
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I 2 %
10l B,,,, = (Z ) . (4.6)
k= @o

The spaces B, s.0(A) with real u >0 and their norms are defined by space
interpolation.

where

d*v

s — 1)2

Theorem 4.1. If 0 < 2y — 1 and « is given by (2.16), then, for any v € B, 5 5,0(A) and
u=0,

IProv—vle, <cL™|vig

17,8,0,0°

Proof. Let u(r) =r"v(r), up(r) =r" Pp,v{), wx) = u((ﬁ)%) and wy (x) =uy
((ﬁ)%) € P;. For any ¢ € Q;, let ¥ be defined by r"¢(r) = (1 — r%). It is clear
that ¢ € ;. By the definition of Py, ,,

/(uL(r) —u(r)y (1 - %) 1 dr =0, Yy ePy.
A
By using (2.9), (2.10) and (2.16), we can rewrite the above as
1
/ (wr(x) —w@)Yx)(1 —x)%dx =0, V¢ ePy.
-1

Thus,

wr(x) = P, qw(x).

Moreover, by (4.2), for any integer p > 0,

d*w
lwr — u)||L2 <cL™ (47)
woy (LD = dxt L LD
By induction with (2.10), it can be checked that
d*w d*u
T = Z o O g (4.8)
k=1

where q(r) are some irrational functions which are uniformly bounded on A.
Therefore, a direct calculation leads to

[l =z

Thus, the desired result with integer 1 > 0 follows from the above estimate, (4.7) and
the fact that

k 2

)

drw |?
dx+

k
G <cllully,,, ., <clviz,,, -

2
Lx(uﬂi,u) We

1PLov =Vl = luz = tllo, o, = lwr =wle, 1o

Finally, the conclusion for any u > 0 follows from space interpolation. O
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Theorem 4.2. If 0 <2y —1, A <2, 6 >0 and (2.16) holds, then for any v e
B, 1s00(A)and pu > 1,

| PLosov =], ,, <cL ™ lvlls, .0

Proof. Let u(r)=r"v(r), w(x):u((é)%), wr(x)= PZiZ,O,a,Ow(x) and Yy, (r)=wp(1—
r%). Then,

1 1 2
P(r) = VL) = —wi (1 E 75) € 0L

r

Thanks to (3.3) and the fact that & > 0, we only need to estimate ||¢p — v||1,0.1-
By virtue of (2.9), (2.10), (2.16) and (4.4), for any integer u > 1,

1 1
I —vlls, = e —ul, , = 52*“*1 / (W (x) — wx)(1 — x)*dx
—1

2

i
O o i (4.9)
dxﬂ Lz(uﬂzﬂwfl)
On the other hand,
d —y 1 d
E((ﬁ(r) —v(r) = W(V/L(r) —u(r) + WE(I//L(F) —u(r)).
Hence
d 2 d :
2 2
H E((P B v) [OFEwY S 2y HWL B u”wgﬁ‘*zy’z + 2 H E(WL B u) Wo -2y (410)
Clearly,
¥ — uIIiHHH <lyL— ulliﬂy- (4.11)

Moreover, by (2.9), (2.10), (2.16) and (4.4),

2

d o +r—=2 d ?
d—(m —u) = / r " =) —u@) ) dr
r A dr

Wo +).—2y

o+r—2y—1 1 d 2 2y—0—d45+1
=682 / <—(wL(x) - w(x))) (1—x) 3 dx
—1 dx

a+a—2y—1 1 d 2 2-h
=82 7 / <—(wL(x) - w(x))) (1 — x)%2+5 dx
-1

dx
2
d
<c|5-(wL —w)
dx 12
x(@+2,0)
2
d*w
<l | —— (4.12)
dx+ 12
X(O(+u+l,/171)
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By virtue of (4.8),
d*w ® k . dku
’ Tl =clvli, .. 413
‘ ot Lz(aﬂmu—l) kZ (r drk C”v”B#*l-MO ( )

The combination of (3.3) and (4.9)- (4.13) implies the desired result for any integer
wu > 1. The result for any p > 1 follows from space interpolation. O

In the special case b = 0 in (3.1), we may obtain a slightly better result.

Theorem 4.3. Let b =01in (3.1). If 0 <2y — 1,1 <2—-6,60 >0 and (2.16) holds,
then, for any v € B, 500(A) and u > 1,
‘ d

— <cL'M|v B
- < cL! |l

+ | PLossv— v

Wo )

1
(PL.G,)»,GU - v) Wo—g 11,800 "

Proof. We use the same notations as in the proof of the last theorem. For any integer
w=1,

16— vl , = Ive —ul?,, , = fA P (G (1) — () dr

1
Lyt / (WL () — w1 — )"+ dx
—1

2
d*w

< cL* 2 T
X

(4.14)

12
X<a+%+u+1.u—1)

Since A < 2 — 6, we have
2
¥ — IIwH, o S =l - (4.15)

On the other hand, (4.10) is still valid. Therefore, we derive from (2.9), (2.10), (2.16)
and (4.4) that

2

d
HZ("”L —M) H*(llfL —u)
r Wo 432y W -2y —+2
! d 2 2y—o+3+6—1 rf+i+e 1
<cf (—(m(x) —w(x))) (1 -0
1 dx
drw ||
<cL¥H || — (4.16)
dxm 12
X(u+%+u+l.ufl)
Moreover, a direct calculation with (4.8) shows that
drw |? - L dv|?
)T — 417
| =exptetm o e

X1a+%+#+l.u—l)

The combination of projection theorem with (4.10) and (4.14)-( 4.17) leads to
the desired result with integer u > 1. The result for any w > 1 comes from space
interpolation. O
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Note that the proofs of Theorems 4.2 and 4.3 are based on the estimate (4.4). By
similar arguments, we can use (4.5) to prove the following results:

Theorem 4.4. If o <2y —1, A <2, 6>0and (2.16) holds, then, for any ve o H} , (A)
B 15.00(A) with u > 1,

loPLosov = v”lok < L vl -

Theorem 4.5. Let b =0in (3.1). If 0 <2y — 1, A <2 -0, 6 >0 and (2.16) holds,
then, forany v € B, 50(A) withv(l) =0and p > 1,
E

1 1 1—
E(OPL,U,AﬁU - ) + ||OPL,(7,)L,9U - U”wgfe <cL "|vlp

Wo ).

n—1,48,0.0"

5. The special case: 0 =2y — 1

In this section, we deal with a special, but important case: 0 = 2y — 1. We introduce

the basis functions
2
T.8) (1,0
I (”) 7 ] ( }73) .

By (2.7)-(2.10),
(7’(%5)’ 7'(’)'&6))% - 28(ll+ 1)6”"' 1)
Moreover, by (2.1),
1d
82 dr
Now, let us denote

("2~ 1)% (rMT,(V"”(r)) HI+ 7 T =0, (52)

N Tw.8 T T8
QO =span{l,””, 1”7, ..., I;""},

and define the orthogonal projection ISL,G t L2 (A) — 0, by

(PLov—v.9)s, =0, VYpe Q. (53)
Next, we set 7(r) = r'=2(#% — 1), and define the operator
~ 1 d
Av = -G (n(r) (r”%m)) (5:4)

with
D(A) = {v|v, Ave L2 (A), " u(r) is bounded and rV“n(r)u(r) (ry+%(r)) —~0

asr — oo}.

We set D(A%) = L2 (A). For any integer u > 0, D(A") is defined by induction. By
(5.2), (5.4) and an argument as in Remarks 2.1 and 2.2, we know that A is a non-
negative, self-adjoint operator in Liﬁ (A), and there exists A* such that

a 1 :
Zv)w[, - 57

N\—

~ ~ d
(Y S
(Av,v),, = (A2 o ") (5.5)

L3(n)
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So we could define the space D(Z“) and its norm for any u > 0 by space interpola-
tion. In particular, ||v||2 il = = ((Av, V)0, + o2, )3,

Theorem 5.1. If o =2y — 1, then forany v € D(Z%) and u > s >0,

|Prov— <cL™H*vll,, yu

”D(AZ) = D(AT)

Proof. Let m be any positive integer. For v € D(A™) and j<m-—1,
~ d

) Alv(n - (rwjlf%a)(r)) —~0, as r— oo.
r

Thus, following the same line as in the first part of proof of Theorem 2.1, we can use
(5.2) and (5.4) to obtain that for any even integer 4 = 2m and s = 0
D _ 2 —2u
I1PLov—vl,, <cL ||U||D(A7).
Also, using the same argument as in the derivation of (2.3), we can use (5.2), (5.4)
and (5.5) to deduce that for u =2m + 1 ands =0

d ~ 2
E(r”’sAmv) =cL™7|v]|

| Prov— UHZ” <L
L3(A)

DALY

Finally, the desired result follows from the above results and space interpolation. O
We now turn to the orthogonal projection ﬁlLﬁ_’,\ﬂ : H;’A(A) — QL defined by
50 (P o, 0v—v,0) =0, V$eOr. (5.6)

Theorem 52. Let 0 =2y —1, A <2and# >0. If ve H),(A) and I’BUJHI% €
D(A )w1thu > 1, then

dv

e
dr

H EIL,G,A.GU - ””1,0,)\ <cL'™

N 2 L]
D<AT) D<A

Proof. The proof is essentially the same as that of Theorem 3.1, except that we now
take u(r) and ¢ (r) as follows:

u(r) = / o1 L iy p)dp,
1 dp

r ~ d ~
d(r) = (/ p”"PLfl,ad—u(p)dp + v(l)) €Qr.
. o

O

To account for the homogeneous boundary condition at r = 1, we set o Q L={ve
QL | v(1) = 0} and define the orthogonal projection OPL E oHa ,(A) — OQL by

as,5.0 (OPIL,U,)\,QU —v,¢)=0, Vpe OQL- (5.7)
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Theorem 53. Let o =2y —1, A <2and6 > 0. If veoH! L) and v, r5+1j” c
D(A 2 )Wlth,uzl,then

dv
por14v

|’0ﬁ2a.x,ev - UHI,M <cL'™* P

D(§%>+”r vl <~u 1)

Proof. Once again, the proof is essentially the same as that of the last theorem, except
that we take u(r) as above and

r ~ du ~
o) = —— yilPL—l,adi(p)dp €0 Or.
o
O

As in Section 4, we may also use recent results on the Jacobi approximation [22]
to bound the norms || Pr ov — vllw,. | P} ,; v — Vll1.0x and [lo P} ,; gv — Vll1,0.2- For

this purpose, we set ﬁL = span{fl(fl’o) :1=1,2,---, L} with
T = -0l w, 1=1,2,... . (5.8)
According to (2.7)—(2.10),

2
/ ]( IO)(X)J( 10)(x)X( 10)(X)dx—y,(1 0)81m:7
—1

151,,,,, l,mZ 1.

For any v € Li(_l_m(—l, 1), we have
[e9) _ L
v@ =Y 0w, P = v 0 (5.9)

with

1
=3 f V@002 O @ = 3 / llv()J(IO)(X)X(I’O)(X)dx.

Thus, {v} : [ > 1} are exactly the same as the coefficients of the expansion of function
% in terms of ](1 0)(x) [ > 1. So by (4.1), we have P} 110V =0 =P | o(15)-
Therefore, we derlve from (4.2) that for any pu > 0,

v v
(R

v
<cL™*
¥ (10

I= Xl x0 8

(5.10)

Next, we introduce another orthogonal projection related to ?ILO 2.0 Which is defined
by (5.7). Let

Hgaﬂyo( ll)—{veH“ﬁys( I,1)|v(l) =v(-1) =0},
Py ={veP|v(l) =v(=1) =0},
and define the orthogonal projection Py L0+ Hy, . s(=1.1) > P by
@ poys (Pily o0 —v.0) =0, Vo Py,
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According to Theorem 3.6 in [22], for any v € Hj,,_, (=1, 1)) H;‘“,&O),*(—l, 1)
with integer © > 1 and 0 < ¢ < 2, we have
< CL17“|U|MYX(1—5,O)'*2 (511)

H*(P*Llloo —10V — V)

*,1,0
+HPLIO 1,0V —V

£ (10 x 1o

We now turn to the upper bound of || ﬁL,av — Vllo, . Let B, 5,50(A) be the same as
in (4.6).
Theorem 54. If o0 =2y — 1, thenforany v € Lia (M) Bu-1.5.0,—26(A) and > 1,
1PLov = vllw, < cL™"|vlp

n—1,8,0,-25 *

Proof Let u(r) =r"v(r), up(r) = rVﬁLgv w(x) = u((lzx)%) and wp(x) =ug
((+%)7) € B;. For any ¢ € Or, we define ¢ by r¢(r) = ¢(1 — 2). Then ¢ € P.
By the definition of P, , in (5.3), we have that

/(uL(r)—u(r))w< 2) TWdr =0, Yy ePy,

or equivalently,

1
/ (wr @) —w@)Yy @A —x)"'dx=0, Yy ePj.

Thus, w(x) = P} _, yw, and by (5.10), we have for integer u > 0,
ar w
— —H
lwe —wiizz < dr <1 —x) o
Since w(") r‘su(r), we can use an induction argument to show that
ar w
;L8+8+k~
e (1 _x> Zr (r) (r) (5.12)

where ¢i(r) are some irrational functions which are uniformly bounded on A.
Therefore, a direct calculation with (2.9) and (2.10) yields that

~ 1 71 d u
V2IProv = vla, = lwr—wl2 < cL” ”Z P37 - )T 2,
a ~1 d u
= L7 Y I =D =,
k=1
—u - k+8 .8 w1 div
ScLT Y I =1 g,
k=1
The conclusion follows from the above and space interpolation. O

2 Bernardi et al. [5] and Guo [19] also studied the Jacobi approximation with @ = 1,y = —1, and
B = 8§ = 0. But the estimate (5.11) significantly improves those results.
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Theorem 5.5. If o =2y — 1, A <2and @ > 0, then, for any v € OH‘;A(A) N
B _is50-es(A)withp >1and 0 <e <2,

”0ﬁlL,a,A,9v —vf Loa = L0 B,

Proof. By the definition of "ﬁlL,a,A,e (see (5.7)),

loPos0v =], <116 = Vlhos + ¢ = vlo,_,. Vo €oOr. (5.13)

By space interpolation, we only need to consider the case where p > 1 is an integer.
The key point is to choose a suitable ¢ € ¢Q. For this purpose, let u(r) = r”v(r)
and w(x) = u((ﬁ)%). Duetov e Lfozyfl (A), we assert that w(l) =lim,_, o, 7" v(r) =0.

Therefore we can take wy (x) = P?,lf,oofl,ow(x) and ¥ (r) = wr (1 — %). Since wy €

P, we have

1 1 2 ~
() i= — L) = —wy (1 - 7;> co0r. (5.14)
r r

r

By virtue of (2.9), (2.10) and (5.11), for any € > 0,

1 1
I6— vl = Iy —ul?, . = 5/1(’“(” — w21 -0 dx

w52y

2
d*w

<l T
x

(5.15)

LZ

x(m—€n=1)

Note that (4.10) and (4.11) are also valid for u, v, ¢ and ¥, defined in the above.
Moreover, by (5.11),

d ? e (1 d :
H*(WL —u) =825 (—(wL(x) - w(x))) (1 —x)* 5 dx
dr @g42-2y —1 \dx
d ? d*w
<c| = (wL(x) —wx) <cL¥|— (5.16)
dx L2 dx+ 2y
On the other hand, a direct calculation with (4.8) yields
d"w | dertes s i dfv 5
< B 17
‘ vt S B C; ' v ) drk s ( )

The combination of (4.10), (4.11), (5.13) and (5.15)- (5.17) leads to the desired
result. O

We end this section with an improved result for a special case.

Theorem 5.6. If b =01in (3.1),0 =2y —1, A <2 —06 and 6 > 0, then, for any v €
OH;’)\(A) m BM71.5’0,9763(A) with n = Oand 0 < € < 2,

+ ||0ﬁlL,rr,A,9v - v”cugw = CLliu ”U”Bufl-&oﬁ*d'

d ~
H E(OPIL,J,A,HU —v)
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Proof. The proof is similar to that of Theorems 5.5. d

6. Applications to an exterior problem

To illustrate how to use the proposed irrational functions to approximate PDEs in
exterior domains, we consider again the one-dimensional equation induced from the
multi-dimensional Poisson-type equation outside a unit disk (# = 2) or a unit sphere
(n=23):

1 i (rn—l%(r)> + %u(l’) +bu(r) — f(r)7 b,d >0, reA. (61)

rm=1dr

For simplicity, we assume that u(1) = 0, and
d
r”_lu(r)—u(r) — 0, asr — 0o. (6.2)
dr
Then a proper variational formulation for (6.1) is: Find u € ¢ H} , (A) such that

du dv
- = = A4 L (A .
(dr’ d’>wn1 +du, v)o,; + bW, V), , = (f, V)o,_,, YV €oH, ;(A) (6.3)

where o and A are parameters to be determined depending on whether b > 0 or
b = 0. Indeed, taking u = v in (6.3), we find that

2
+dlul}, 4+ blull, = (fiv)e,,- (6.4)

&

Wp—1

Hence, if b > 0, the dominate terms at the left hand side of (6.4) are ||%||2 and

W1
||u||3)”71. It indicates that we should take 0 = n — 1 and A = 0. On the other hand, if

du 2

b = 0, the dominate terms are || G |I7, |

oc=n—3and A = 2.

The above choice of o and A also ensures the validity of (6.2). Indeed, % €
L; (M) implies r2 %(r) — 0asr— oo, ae. Next,ue L] (A) (or L7, (A))leads
to that 73~ 'u(r) — 0 asr — oo, a.e. Thus, (6.2) is valid.

It remains to determine the parameter y. If b >0 and f € LZ)H(A), then we
derive from (6.4) that |u|l,, , < %||f||wn_l which implies that u(r) = o(r ) asr —
o0, a.e. In this case, we can take y = % On the other hand, if » =0,d > 0 and
fe L2, (M), then we have from (6.4) that |lull,,_, < 4|l flla,,, which implies u(r) =
o(r'=%) asr — oo, a.e. In this case, we can take y = 5 — 1. Therefore, in both cases,
o =2y — 1 which is the special case considered in Section 5.

and |Iu||§)n_3. This implies that we should take

6.1. Galerkin approximation using irrational functions
Let us denote
D, — 7.8 L _ 1
00, = span {Ik k=01, L} NoH!, (A).
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The Galerkin approximation for (6.1) in OQ ris: Find uy € OQ £ such that
(aruL; arvl‘)w,,,l + b(uLv vl‘)w,,,l + d(uLv UL)u),,f} = (fv v[‘)wn—l ’ Vvl‘ € 0QL~ (65)

By the definition of OPi,a,x,e in (5.7), we have u; = OPlL,n—l,o,zu if b >0, and u; =
Of’lL,n%z’ou for b = 0. Hence, direct applications of Theorems 5.3 and 5.5 lead to the
following error estimates:

Theorem 6.1. Givenb >0, d > 0.Lety = Jando =n — 1.Ifu, r““‘fl—‘: € D(A“Tfl)
and u € oH),_ ((A), then, forany 4 > 1,8 > 0and 0 < ¢ < 2, we have

du

o et

dr

17
lu—urllip—r0<cL ™"

Moreover, if v € o H,_; (A) N Byu_15.n-1,-s(A), then

17
luw —upllin—10 < cL'"|ulp

Similarly, a direct application of Theorem 5.6 leads to the following conclusion.

Theorem 6.2. Givenb =0, d >0.Lety =% —lando =n—3.1fu € oH,

B 1 5n-3-es(A) withp > 1,6 >0and 0 < & < 2, then

LN

18, @ = )l + Nt = el < Ll B, s s
Remark 6.1. Although the above results are only proved for the case b > 0, the
numerical algorithm presented below is also applicable to the case b < 0. The error
analysis of the proposed irrational approximation for the latter case is still an open
problem.

6.2. Implementation details

For the sake of simplicity, we shall only discuss in detail the case b # 0. The case
b =0 can be treated in a similar fashion. Hence, we fixc =n — 1 and y = 5 below.

For practical implementations, it is convenient to use Legendre polynomials. Let
L (x) be the Legendre polynomial of degree k. We denote Ry (r) = R,(f) r) = L(1—
2). Thanks to the identity (see [2, 18])

(1 =0T @) = Le(x) — Ly (%), (6.6)

we find

ICR VN S 2y _ 1
I, (r)_r%+3‘]k <1—75 —ZT%(Rk(F)—RkH(r))' (6.7)

As demonstrated in [25, 26], it is better to use compact combinations of orthogonal
functions satisfying the underlying boundary conditions as basis functions. To this
end, we set

~(n e |
o) =90 = (I 0 + 12 0) = 37 HRe) = Ria@). (68)
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Then, we have ¢ (1) = 0 and OQL =span{¢y: k=0,1, —1}.
Let us denote

myj = (0, Pi)w,_,» M = Mk, j=0.1, 11,
skj = (0 9j, 3Pk w,» S = Skjk, j=0,1,--,L—1
hij = (@), D) ew,sr H = Ak, j=0,1,-, L1,

fk = (ﬁ ¢k)w,,,17 ]‘ = (f()v fh ] fol)Ta
L-2
up(r) =y lg(r), @ = (o, iy, -+ ,ip-1)" (6.9)

k=0
Then, (6.5) is equivalent to the linear system:
(bM+dH+ S)a=f. (6.10)

By construction, we have (see (5.1))

(z D, TS al 1 A
/1‘ (1> (rr dr = BETD 1)8;(]. (6.11)

Therefore, we have

7(3.8) I(" .8) I(%JF) 7(5.8)

my =my; =" + k1 0 4 +I]+1 oy

. .

2T 1) j=k-1,
| i .

_ | men T may IS k, (6.12)

1 : )

25(12) j=k+1,

0, [j—kl > 1.

Next, we derive by using the transform x = 1 — r% that

(3.9) 7(3.8) (3.9 7(3.9)
hi=hig = (L7 + L3 137 + 1 )M

1 oo
=2 / (Ri(r) = Riera(M)(R;(r) = Ry (r))r—dr
1

1 ! 1—x 5
= §f (Lx(x) = Li2(0))(Lj(x) — Lj2(x)) ( > ) dx. (6.13)
-1
Due to the identity 9y L (x) — 9y Lig12(x) = —(2k + 3) L1 (x), we find that

O i (r) = —*r 2T RK() = Riga(r) = 8r 277 2k + 3) Ry (r). (6.14)
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Using the above and the transform x = 1 — r% again, we get

n

1 *®/n _a
Sk = Skj = 1/1 (EV_TI(Rk(F) — Rpy2(r) +28r™2 5_1(2k+3)Rk+l(V))

x(577 R0 = Risa) + 2801 Q4 DRy ()
1 1
-/ (g(Lkm ~ Lia(0) + 52k +3)(1 = 1) Ly (1)

2-8

1—x\7
x(%(L,»(x)—Lj+z<x>)+a<2j+3>(1—x)L,~+.<x))( 2x> dx.

(6.15)

Thanks to the orthogonal properties of the Legendre polynomials, one can easily
check that H and § are sparse matrices if § = %, 1, 2. More precisely, we have
1
if § = Elhkaskao, |k—]| > 5;
if§ =1 Ihkj:SijO, |k—]| > 3;
H6=2:h;=0, k#&jjx2; s =0, |[k—jl >2. (6.16)

The nonzero elements of these matrices can be either determined analytically,
although little tedious, using the properties of Legendre polynomials, or numerically
using an appropriate Legendre—Gauss type quadrature. Thus, the linear system (6.10)
can be efficiently solved in these special but generally suitable cases. We note that for
all other 8, the matrices H and S are full.

6.3. Numerical results

We now present some numerical experiments using the above method to solve
(6.1) with b =d =1 and n = 3. Three illustrative examples involving three typical
decaying behaviors are considered. All the errors are measured in the discrete LZJZ-
norm.

Example 1. u(r) = sin(2r —2)e™".

Here, the function decays exponentially at infinity. So Theorem 6.1 predicts an
exponential convergence rate. On the left of Figure 1, we plot the Liz errors against
the square root of the number of modes with § = 0.5, 1 and § = 2. The figure indicates
that the Liz error converges exponentially like exp(—cv/L).

Example 2. u(r) = W
The second example decays algebraically at infinity with a persistent oscillation.
For this solution, Theorem 6.1 predicts an algebraic convergence rate. More pre-
cisely, for this particular solution, one can check that |lu| 5 , 1s bounded if
2h —3 —¢&é

1n—1,8.2,—&
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Example 1: L2-error with different 5 Example 2 with h=5.4: L2-error with different 5

log10(err)

sart(L)

Figure 1 Left: Example 1; Right: Example 2.

Thus, Theorem 6.1 predicts that the convergence rate in L2 is at least of order
2}';% for any & > 0. On the right of Figure 1, we plot the L2 errors vs. the number
of modes in the log-log scale. The straight lines in the log-log scale indicate algebraic
convergence rates as predicted by Theorem 6.1. Note that there is no significant

difference between the results with different §.
Example 3. u(r) = 5.

The solution of this example monotonically decays at infinity algebraically. For
general § and /&, Theorem 6.1 predicts that the convergence rate is algebraic. More
precisely, one can check that the convergence rate in L}, is at least of order

2h—5—¢€8
5 .

Note that for large 4, the convergence rate is essentially inversely proportional to §.

On the other hand, there are special pairs of (8, /) for which the solution u(r) = ’;—hl €

0Q1 (when L is sufficiently large) so that our irrational approximation produces the
exact solution. These cases are:

(6.18)

6. h) = (1,5>,k=6,7,8,~~;
2°2
1
(5,h):(1,k+§>,k:3,4,5,--~. (6.19)

Thus, our irrational approximation is extremely accurate and efficient for solutions
which are linear combinations of the monotonically decaying functions with above
parameters.

In Figure 2, we plot the choz errors vs. the number of modes in the log-log scale with
different § for & = 3.4 (left) and & = 5.4 (right). We observe that the convergence
rates are indeed algebraic and the observed convergence rates are essentially in
agreement with (6.18) and (6.19).

However, for small §, it takes more modes for the approximation error to be in the
asymptotic range. This fact is reflected in the figures as multiple slopes for small L
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Example 3 with h=3.4: L2-error with different 5

Example 3 with h=5.4: L%error with different &

- -4
8=2
-“r 5=2 j
=1
s}
—_ 8=0.5
c s
o
S d=1 q
S-tof
8=0.25 4
1o}
—1af 1
8=0.5
N N N N N b 50125 16 N N N N N N
) 1 11 12 13 14 15 16 1709 1 11 12 13 14 15 16 17
log10(L) log10(L)

Figure 2 Example 3: Left, h = 3.4; right: h =5.4.

when § is small, and can be explained by the distribution of the mapped collocation

2

points through the transform x = 1 — 5, see Figure 3 where we show the distribution
of mapped collocation points ({r;} in log scale) with fixed L = 32 and different § (left),
and with fixed § = 0.125 and different L (right). It is clear that for smaller §, a larger
number of points are needed for the approximation error to be in the asymptotic

range.
In summary, a good choice of § depends on a number of factors:

e The results in Section 5 indicate that for a large class of functions, the conver-
gence rate of the irrational approximation increases as § decreases. However, it
is not advisable to take § too small since for very small §, the mapped collocation
points (through the transform x = 1 — ,%), especially when L is small, could be
over stretched (see Figure 3). In general, it is better to choose a ‘smaller’ §
when the solution decays ‘slowly’ at infinity, and a ‘larger’ § when the solution

Distribution of the mapped collocation points with different & Distribution of the mapped collocation points with §=0.125
W+ 8=2 H++ + + + + L=8
KK % % 8=1 oKk X X K X k% * * L=16
Im—o0000XXX X X X X x §=0.5 xxxx x x X x x x L=32
@EEEINOOCO0000 0 0 O O O o o o §=0.25 EEEEIEITTEIO000000000 0 0 O O O o o L=64
o 2 s s s 10 2 n T o 5 10 s 2 2 % e

Iog10(r‘) Iog10(ri)

Figure 3 Distribution of mapped collocation points.
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decays ‘rapidly’ at infinity. For the three types of problems considered above, an
appropriate range for § seems to be [%, 1].

e For the sake of numerical efficiency, it is advisable to choose § such that the
resulting linear system is sparse. For the model equation 6.1, such choices are
§=1.1,2.

e For the special case 0 = 2y — 1 considered here, one should also take into ac-
count the asymptotic behavior of the solution (or of the forcing function f) when
choosing §. In fact, the basis functions { i,((y"” (r)} dictate that the approximation
uy, converges to 0 at the infinity at least as fast as ﬂ% Hence, in addition to other
considerations, it is better to choose 8 such that r’**u(r) remains bounded as
r — oo.

7. Concluding remarks

We introduced in this paper a family of orthogonal systems consisting of irrational
functions on the semi-infinite interval. This family of orthogonal systems offers
great flexibility to match a wide range of asymptotic behaviors at infinity. We
have established error estimates for various orthogonal projections, which will play
essential roles, as demonstrated in this paper, in numerical analysis of the irrational
approximations to partial differential equations in exterior domains. We have also
presented illustrative numerical experiments which agree well with our theoretical
analysis and demonstrate the effectiveness of this approach.

We have only studied the orthogonal projections and related Galerkin approxima-
tions in this paper, the interpolation operators and related pseudospectral approxi-
mations are subjects of future studies. Also, we have concentrated in matching the
asymptotic behaviors at infinity, so we did not consider the most general cases where
the PDEs have singular or degenerated coefficients at r = 1. However, these cases
can be treated by introducing the following family of orthogonal systems:

| - 2
1) = r7J'(‘ i (1 - ﬁ) , (7.1)

where the set of parameters y, o, 8 can be chosen to match the solution behaviors at
both ends of the interval. Similar orthogonal systems on the whole line can also be
constructed. These issues will be addressed in forthcoming papers.

In short, we believe that this new family of irrational orthogonal systems will be-
come an increasingly useful tool for numerical approximation of PDEs in unbounded
domains.
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