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A TRIANGULAR SPECTRAL ELEMENT METHOD USING FULLY
TENSORIAL RATIONAL BASIS FUNCTIONS*
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Abstract. A rational approximation in a triangle is proposed and analyzed in this paper. The
rational basis functions in the triangle are obtained from the polynomials in the reference square
through a collapsed coordinate transform. Optimal error estimates for the L2- and Hé-orthogonal
projections are derived with upper bounds expressed in the original coordinates in the triangle. It
is shown that the rational approximation is as accurate as the polynomial approximation in the
triangle. Illustrative numerical results, which are in agreement with the theoretical estimates, are
presented.
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1. Introduction. We study in this paper a spectral approximation using ratio-
nal functions in a triangle. Besides its relevance in approximation theory, this work
is motivated by the fact that triangular elements are more flexible for complex ge-
ometries and for adaptivity. Unlike the spectral methods in rectangular domains,
spectral methods for triangular domains received only limited attentions. In general,
spectral methods in a triangle can be classified into three categories: (i) approxima-
tions by polynomials in a triangle through mapping (cf. [22, 18, 8, 20, 26, 5, 17] and
the references therein); (i) approximations by nonpolynomial functions in a triangle
through mapping (cf. [4, 15]); and (iii) approximation by polynomials in a triangle
using special nodal points such as Fekete points (cf. [16, 27, 21]).

The motivation of using polynomials in triangles is obvious: after all, most spec-
tral methods are based on polynomial (and Fourier) approximations. However, by
restricting to polynomials, one also loses some flexibility and faces some complicated
implementation issues. Take, for example, the polynomial basis:

2z

L) Gl = (- (5

- 1) JEFLO(2 _ 1), W(ay) € T,

where 7 := {(z,y) : 0 <z,y <1, 0 <z+y < 1} is the reference triangle, and
J,f"ﬁ(z), z € (—1,1) is the Jacobi polynomial of degree k. Note that G, (z,y) are
special cases of the polynomials considered in [22, 18] and were used in [8, 26] to
construct their spectral-element methods in triangles. In contrast to the standard
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1620 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI

tensor product basis functions, these basis functions involve a wrapped (since the
two subscripts in G, are dependent) tensor product and use the Jacobi polynomials
with a variable parameter in J2*1.0 which make it difficult to analyze (cf. [12]) and
somewhat difficult to implement. Moreover, no nodal basis corresponding to (1.1) is
available, further complicating the implementation procedure.

In this paper, we take an approach in the second category. Namely, we consider
rational functions generated by polynomials in the reference square through the Duffy
transform (3.2)—(3.3) below (cf. [9]), that is,

2z
-y

(1.2) Rim(,y) := J>° < - 1) JH0(2y —1), V (x,y) eT.

These basis functions involve usual tensor product of Jacobi polynomials with indices
(0,0) and (1,0) so they are easier to deal with in practice. Furthermore, one can
construct a nodal basis corresponding to (1.2), making it suitable for implementations
in a spectral-element framework.

An important question is whether this rational approximation in the triangle is
as accurate as or better than the polynomial approximation? We shall answer this
question by performing error analysis in the original coordinates in the triangle, and
by presenting illustrative numerical results.

The difficulty in obtaining error bounds in the original coordinates is that the
Duffy transform introduces a coordinate singularity, similar to the polar and spheri-
cal coordinate transforms. However, in polar and spherical geometries, one actually
prefers to write the equations in polar and spherical coordinates rather than the orig-
inal Cartesian coordinates, so it is natural to work in the “transformed” polar or
spherical coordinates. But for triangular domains, one obviously prefers to work with
the original coordinates.

We note that it is considerably easier to derive error estimates in the trans-
formed coordinates. However, these error estimates would involve complicated norms
in the reference square that cannot be easily quantified in terms of usual norms in
the triangle, and consequently, cannot be used to compare directly with polynomial
approximations in the triangle. However, sensible comparison can be performed if
error estimates in the original coordinates are available.

While using a rational approximation in triangles enjoys the aforementioned ad-
vantages, it also has some drawbacks. Namely, the collocation points in the triangle
are severely clustered near the singular vertex (cf. Figure 4.2, right), resulting in an
unfavorable spectral radius for the derivative matrix, which in turns limits the size of
allowable time steps for any explicit or semi-implicit time stepping schemes. However,
the effect of this drawback will be limited in practice, since the method is to be used
in the context of spectral-element methods in which the degree of polynomials used
in each triangle will not be too large. This situation is reminiscent to the comparison
between spherical harmonics and double Fourier series on the sphere (see a discussion
in [4]).

The rest of the paper is organized as follows. In the next section, we present some
preliminary results which will be used in the sequel. The main results on rational
approximations are provided in section 3. In section 4, we provide error estimates
and implementation details for the mono-domain rational approximation to a Poisson
type equation, and describe briefly the result for the multidomain spectral element
approximations. We present in section 5 some numerical results which are consistent
with our error analysis and conclude with some remarks.
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TRIANGULAR SPECTRAL ELEMENT METHOD 1621

2. Preliminaries.

2.1. Notations. Throughout this paper, we will use the following notations.

e Let ) be a bounded domain, and w be a generic positive weight function which
is not necessary in L'(2). Denote by (u,v)uw,0 = [, uvwdQ the inner product
of L2,(Q) whose norm is denoted by || - ||u,o. We use H7'(2) and H", () to
denote the usual weighted Sobolev spaces, whose norms and seminorms are
denoted by ||||m,w,0 and |t|m . o, respectively. In cases where no confusion
would arise, w (if w = 1) and © may be dropped from the notations.

e Let N be the set of all nonnegative integers. For any N € N, weset [ = (—1,1)
and denote by Pn(I) the set of all polynomials of degree < N, and set
PU(I) :={p € Pn(I) : p(£1) = 0}.

e We denote by ¢ a generic positive constant independent of any function and
of any discretization parameters. We use the expression A < B to mean that
A < eB.

2.2. One-dimensional approximation results. We derive and refine in this
section some one-dimensional results on Jacobi polynomial approximations and
Jacobi—Gauss-type interpolation approximations, which play important roles in the
error analysis of rational approximation in the triangle.

2.2.1. Jacobi polynomial approximations. The classical Jacobi polynomi-
als, denoted by J,f"ﬁ(g“),c € I with o, 3 > —1, are mutually orthogonal with respect
to the Jacobi weight function w®?(¢) = (1 — ¢)*(1 +¢)? :

1
(2.1) | 7@ = I o s
where d,,, is the Kronecker symbol, and
wBI2 208K M (n+a+ 1)I(n+ B+ 1)
(2.2) | 727 |

Wl I T OntatB+)In+ Dintat+B+1)

Notice that the classical Jacobi polynomials are defined only for o, 3 > —1, while in
a recent work [11], the definition of Jacobi polynomials are extended to cases where
a and/or (3 are negative integers.

We define the orthogonal projection W%’ﬁ : L2, (1) — Pn(I)N L2, (1) by

1
(2.3) / (7w = w) gw™PdC = 0, ¥ € Pu(D) N L2 (D).
-1

Note that for a, 8 > —1, we have Py(I) N L2, ;(I) = Pn(I), but when a and/or
[ are negative integers, suitable boundary conditions are involved. For example,
Pv(I)NL2_,_,(I)=PRI)=Pn(I)N Hs(I).

To describe the approximation errors, we introduce the nonuniformly weighted

Sobolev space
(2.4) BY 4(I) = {w € L2, (1) : wM () € L2uprpin(]), 0< k< a} . VoeN,

equipped with the norm and seminorm

L (k)
(25)  wllpg ) = <2Hw ‘
k=0

|

9 2
— (o)
w|Be = ||w .
watk,G+k T ’ | |Ba,ﬁ(1) H wataBta [
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1622 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI

Let I be the identity operator. It is obvious that for any N, M € N, and N > M,
the projection operator wj'\‘,’ﬁ satisfies

(2.6) H(w?\‘,’ﬁ—]l) w‘

Another property is as follows.
LEMMA 2.1. Ifw € L2, ,(I) and w' € L2, 5,.(1) with o, > —1, then we
have

(27) H (7‘(%6 - H) wH < ||w/||wa+2,ﬁ+2 I-
w>B, T ’

Proof. For any w € L2, ;(I), we write

a3 _ 2
R [ T P

oo

~QU % AQ ]- ! « «
(2.8) w(z) = Zwk’ﬁJk P (x), wk’ﬁ = 72/ w(zx)J, P (2)w™ P () da.
k=0 ‘ J,?’ﬁ‘ -1

we B T
Define

9(0) = w(©) = (mg"w) () = w(¢) — i,

We next show that there exists (o € (—1, 1) such that ¢g({y) = 0. Indeed, one verifies
readily that w is pointwise continuous in (—1,1). Thus, by the orthogonality (2.1)
and the intermediate-value theorem of integration,

1 o0 1
o | GDﬁ%W%Q%W@wWQK=/g@wm@K

=1 \g=1
:mw/Qwﬂ@M — g =0

To proceed the proof, we recall the embedding result (see, e.g., [2,13]): Ifv € L2, 5(I)
and v' € L2 .15 5.2 (1) with v({o) = 0 for certain (o € (—1,1), then we have

(2.9) [ollomns S [0 lomszmsn s, for a,f> —1.
Therefore, by (2.6) and (2.9),
0 B — /
| =), <[ 1) w] L = lolloess S lunnses

= ||lw'[|yat2it2 1,
wot2.8+2 ]

!/
= ‘ (Wg‘ Py — w)
which ends the proof. O
The following approximation result plays an fundamental role in the analysis in
the forthcoming section. It is a generalization of the classical approximation results
for Jacobi polynomials established in [10].
LEMMA 2.2. Let ,3 > —1 or be negative integers. Then for any w € Bg, 5(I)
with integers o > p > 0,

(w)
(w}'\‘,’ﬁw — w)

n—o
<N
wa+uﬁ+u)]

< NH—O

(785577 1) 0@

wato.B+o,I

(2.10)

W@

wa+aﬁ+0)[

The proof of Lemma 2.2 will be postponed to Appendix A.
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2.2.2. Jacobi—Gauss-type interpolation approximation. In this paper, the
interpolation in the triangle 7 is based on a map of the tensorial product of Legendre—
Gauss—Lobatto (LGL) and Jacobi-Gauss—Radau (JGR) interpolations in the rectan-
gle Q.

We first consider the one-dimensional Legendre-Gauss-Lobatto interpolation. Let
{¢/}52 be the LGL interpolation points (i.e., the zeros of (1 — &)Ly (€)). For any
w € C(I), the LGL interpolant Zw € Py(I) and satisfies
(2.11) (Zxw) (&) =w (&), 0<j<N.

We have the following approximation results.

LEMMA 2.3. Ifw € L*(I) and w' € B&al(I) with integers 0 > >0 and o > 1,

then we have

T

(7 = 1) w

(212) wh=lp=11 " wo—lo—17T
o DT
Proof. Let
1+ 1-
wy(€) = 1 Sw(1) + 15 S

Clearly, (w — wp)(£1) = 0 and w — wy € B, _{(I). Further, define

Wy = w&l’_l(w —wp) + wp € Py (I).
Observe that wy —w = (7'(]?]1’71 —I)(w — wp). Thus, by Lemma 2.2 with a = = —1,

[(wn — w)(“)ku_l,#_u = H [(w;,lﬁl — ]I) (w — wb)} . g

(ﬂ'j’v__lg’o_l — ]I) (w(”) — wég))‘

(71'7\7_,1(;0_1 - ]I) w(®

In the last step, we used the fact wj‘(fﬁqS = ¢ for any ¢ € Py(I) with N > 1 and
a, 8 > —1, which implies

(W}‘\fjf*l — H) (w(o) — wl()g)) = (Wj'\,ilffl — H) w@, o >1.

We now recall the inverse inequality (see, e.g., Lemma 3.3 of [13]):

(2.13) < Noo

wo—lo—1 T

< NH—O

wo—lo-1 T

SN @llo-1-11, Yo € PR(I).

~
wh=Lp=1T

(2.14) HW)‘

We also use the stability result of the LGL interpolation operator (see Theorem 4.9
of [13]):

215)  ||Zho]lyu g S Tolorons + N7l Yo € BY, (D).
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1624 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI
Therefore, by the triangular inequality, (2.13)—(2.15) and (2.6),

H(Zﬁ;w—w)(u)‘

(2.14)
S NZx (wn - w)|

w))(u)‘

(1) ‘

<k Jox -
w“—l,u—l,I - H(IN(w wu—l,“—l,I + (’UJN ’UJ) w“—l,u—l,I

+ H(wN —w)(“)‘

w-l-17 .
(2.15) ) 0
S Nlwy = wlle-1-1r + N (wy —w)' (|7 + H (wy —w)* } g
(2.13) Lot (2.6)
< ONETO (7TN_U’ — ]I) w'®) < NE7 (@) .
wo—lo=1 ] wo—lo—1 7

This ends the proof. O
We now turn to the Jacobi-Gauss-Radau (JGR) interpolation associated with
the weight function w™(n) = 1 — 7. Let {n};_, be the JGR interpolation points

(i.e., the zeros of (1 + n)JR;l(n)). For any w € C([-1,1)), the JGR interpolant is
defined by Zlw € Py (I) and

(2.16) (Zpw) (nf) =w(nf), 0<j<N.

In order to establish the error estimate, we use the btablhty rebult of the JGR interpo-
lation operator (cf. Theorem 4.6 of [14]). Letting wy (n) = [, ot w (n)dn 4 w(—1)
and using Lemma 2.2 of [14] and a similar argument to Lemma 2.3, we can derive the
following result for Z%.

LEMMA 2.4. If w € Bf o(I) with integers 0 > >0 and o > 1, then

(2.17)

H INw—w) S NHT? w'®)

~

< NH—O

~
wotlo T

(r) ‘

( o+1l,0 _ H) w(g)

—0

WL T wotle

3. Rational approximations in the triangle. In this section, we introduce a
rational orthogonal system in the triangle 7 and study the approximation property
of the associated L2- and H}-projection operators.

3.1. Coordinate transform. We consider two coordinate systems: the Carte-
sian coordinate (x,y)-system for the reference triangle:

(3.1) 7T:={(z,y) : 0<z,y<l, 0<z+4+y<l}

and the (£,7n)-system for the square: Q = (—1,1)2. The one-to-one transformation
between 7 and Q is given by

147

1
(3.2) =70+00-n, y=——, V(neQ
with the inversion
2x
(33) é-:l_y_la 77:29—1a V(iC,y)ET

This mapping collapses one edge: 7 =1, —1 < £ < 1, of the rectangle Q into a vertex
(0,1) of the triangle T, so it is referred to as a collapsed coordinate system in [17]
(also called the Duffy’s system (cf. [9])). We point out that this type of coordinate
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TRIANGULAR SPECTRAL ELEMENT METHOD 1625

singularity also occurs in polar and spherical coordinate transformations. Notice that
there holds
T 14+¢

(3.4) 0<y, =75 <L V(z,y) € T and (£,7) € Q.

The following formulas associated with the transformation (3.2)—(3.3) will be used
frequently throughout this paper:

o0& 2 4 o0& 2T 20+¢)  0on on
(35) or 1—-y 1-n" 0y (1-—vy)? 1-n Oz 0, Ay ’
and
(3.6) Or _1-y 1-n Oz _ x _ 148 9y gy 1
' o8 2 47 oy 20—y 4 o9¢ 7 on 2

From the above, one easily finds that the determinant of the Jacobian for (3.2)—(3.3)
is given by

(3.7) det (

8(x,y)> l-n 1-y
(& m) '

8 4
Throughout the paper, we shall associate a function u in 7 with a function v in
Q through

(3.8) v(§;n) =u(z,y), V(x,y) €T, V(n) € Q.
One verifies readily that

(3.9) Vu = (@, dyu)” = (1 ! o, 2(11:;5) Dev + QBnU)T ,
and conversely,

(3.10) Vo = (8ev, Oyv)’ = <1 ;yamu, 2(1x_ m Oy + %ayu)T
In particular, we have

(3.11) O0:v(€,1) =0 a.e. if Oyu is a measurable function.

We note that the above corresponds to the pole conditions in the polar and spherical
coordinates.

3.2. Error estimates of the L2Z-orthogonal projection. We now consider
the approximation of functions in L2(7) by using series of the rational basis {R. }
defined in (1.2). We first notice that {R};,, are mutually orthogonal in L?(7). Define

(3.12) Rim(€,1) := Rim(z,9) = T (€)13°(n), V¥ (&) € Q.

Since the determinant of the Jacobian for the mapping (3.2) is 1_777, we derive from

the orthogonality of the Jacobi polynomials (2.1) and (3.7) that
(3.13)

1 L 00, e 10,0 ! 1,0 1,0 _
T —1 1
1

= m(s ’6177,177/7 ith m = 57 . 1N/ . 1\
Timlt W Tm = S+ 1) (2 + 1)
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1626 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI

For any function u € L?(T), we write

(3.14) u(z,y) = i i mRim (T, y)
1=0 m=0
with
(3.15) ’Ylm / w(z, y)Rim (z, y)dzdy.
Letting v(¢,7) = u(z, y), we have v € L2 (Q) with @ = 152, and
(3.16) u(z,y) =v(&n) = ii mRim (€,1),
1=0 m=0

where {Ry,,} are defined in (3.12).
Define the space of rational functions in 7°

(3.17) Ry :=span{Ry, :0<I< L, 0<m< M},

which corresponds to the space of polynomials Pr,(I¢) X Pa(I,,) in Q. The projection
operator Iy : L2(T) — Ry is defined by

(318) ‘// (HLMU — u) (I)d(Edy =0, Voe %LM,
T

and is given by

L M
HLMuxy ZZ lefy

=0 m=0

Define the Jacobi weight function in the triangle 7: x*%7 = x5 (z,y) =
(1 —x —1y)%z"y", and introduce the Jacobi-weighted space in 7: for integers r, s > 0,

(3.19) HH(T) = {ue€ L*(T) : ||lullpre(r) < 00},
where
(3.20) )
3
l[ullpere() = ||u||2L2(T) + H3;u|\2L2 (D) T Zo ||3 9y —0:)*" ]u||L2J e (D)
J

Observe that the weight functions x™"™° and x’**~/** are uniformly bounded on 7,

and hence, H"(7) C H""(T), where H"(7) is the usual Sobolev space.

Remark 3.1. It is worthwhile to point out that ||05ull3. () and 107(8, —

l X'I‘,T,O A

8:) Iul2, (1) are induced by self-adjoint differential operators (—1)"0%(x"™00r)
x7:8—7:8

and (=1)°07(8y — 9,)* 7 (x7* =750 (dy — 02)°7), respectively. In fact, for any suffi-
ciently smooth function u on T,

k k—i
8k T Oaru _ Z Z ) <T) <T) XT*LT*ZOangkfi*ju’
—i—J J

1=0 j=
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TRIANGULAR SPECTRAL ELEMENT METHOD 1627

and for any integers i,j <r, X"~ 4" 750(0,y) = x" 4991 — y,y) = 0, thus, for any
0<k<r-—1,

(05X 00Tu) (0,y) =0,  (9Ex""00%u) (1 —y,y) = 0.

As a consequence, we derive, by successive integration by parts, that

1 1—y
ﬂ |8;u|2XT,r7dedy:/ dy/ (8;@02 X'rﬂ‘,de
T 0 0
1 1—y
- / dy / (057 ) - 0y (x""00%u) da
10 121/
/ dy/ (5;7%) _53 (an,oa;u) do
0 0 ) .
_l)T/ dy/ ua; (XT’T’Oagu) de
0 0

o2 rar.rr,0qr
||azu||LiTm0(T) = (ua (_1) 8rX ’ 7Oazu)j’

which implies that

Similarly, we have

1950, = 8:)* 7l

o = (0 D00y = 8000, — 00 )

The estimates of the L? errors are stated in the following theorem.
THEOREM 3.1. For any u € H™*(T), with integers r,s > 0, we have

(3.21)

Mesruulzary S L7105z, yry+ M~ | 32 18}(0, - 02 ull
7=0

)| >

vdvs—ivs

which implies that
(322) ||HLMU - u||L2(T) (L_T + M~ ) ||u||Hr,s(T).

In particular, if r = s, L = M, and Hy := Uprpg, then for any uw € H™(T) with
integer r > 0,

(3.23) IMarw = ullp2ery S M|l g T
Proof. By the definition of the operator Iy,
HHLMu—uHLz(T) < ||<I>—u||L2(T), Vo € Ry

Let v(&,n) = u(z,y) and ¥(,n) = ®(z,y) (the coordinates (z,y) and (£,n) are
connected by the transformation (3.2)—(3.3)). By taking ¥ = 71'%27‘(}\/’1?77’[} (the subscript

¢ indicates that the operator 71'%0 acts on the variable ¢ and likewise for 1), a direct
calculation, together with (3.7), leads to

sl < ] wzzwmv—v) T Laean
< [ (R (shito =) (= myea
// 7rL fv - v (1 —n)dédn.
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1628 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI
By Lemma 2.2 with « = 8 =0, =0, and » = 0, we have

// %0 anv v)) (1-7 dgdn<// ﬁan—v * (1 = n)dedn.

Using Lemma 2.2 again yields
(3.24)

HHLMu—uHTN// 7TL$U—U (1—n d{dn+// anv—v) (1 —n)d&dn
5»&2 L2130 (1= )+ M2190f? (1~ o)) (1 — n)dedn.

Now, we bound the norms of v in the right-hand side of (3.24) by the norms of u on
7. By (3.5)—(3.6) and a recursive calculation, we have that for integer k > 1,

1—
dev(€,m) = — Dulz.y),

stvten = o (T l0ten) = 000w = (171) otuten

(3.25) :
k—1
Eu(€,n) = O (ag*m&m) = 0 <<17Tn) 55‘1U(w,y)>
- (%) k_lagﬁfflu(a:,y) = (1;—n>k3k (z,y),

and
(3.26)
oien) = (50— 150 )uten) = (750, + 550, - 2 ) uton)
020(e.) = 0, Oys.n) =0, (150, + 1150, - 00)) ulwwn)

1-¢ 1+¢

1 On(0y — 0z) | u(z,y)

(-9, (1-90+ 1+
- < o Ot 00y = ) + 72— (0y - &ﬁz) u(, y),

O0n0y +

I
:'QJ
—
W >

-1 _ _ J k—j-1 ‘

) 7 (5w
j k—j—1

) () e e e

<
E0)(5 (59 w0 -ar e
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TRIANGULAR SPECTRAL ELEMENT METHOD 1629

Moreover, by (3.3),

(3.27) ,
(52) -y =wa-a-ur

27 2s5—27
(55) (25) - =2ra-girgr amempe oy

g(l—x—y)JxS*jys, for s>752>0.

Thanks to (3.7) and (3.25)—-(3.27),

2r
ro12 2\T _ po2 (1= T
//Q|8£U| (1—5) (1—77)d§d77—8//7|8zu| <—4 ) (1 {) dxdy
< O ul? 2" (1 — z — y)"dxdy,
< [ 10z ar = o~y dady

and

//Q |0z0]” (1= %) (1 — n)dgdn

< z_jo [ 360, - 0w <%) <#)_ (1= )" dady
< Z_:O/[[ 109, — 02)* Fula, y)|* (1 — = — y)ia® Iy dudy.

Inserting the above two estimates into (3.24) leads to
(3.28)
Mearu = e S L[] 105ul® (L= - gyt dody
T

+ M7 Z //T |07(0y — aw)ﬂuf (1 -2 —y) "Iy dady,
=0

which implies (3.21). By the definition (3.20), the estimate (3.22) follows from (3.21)
immediately. Finally, (3.23) is a direct consequence of (3.22) due to the fact H"(7) C
HW(T). 0

3.3. Error estimates for the H&-orthogonal projection. We now consider
the H}-orthogonal projection which is essential for the analysis of Galerkin approxi-
mation of elliptic equations.

We define the finite-dimensional approximation space

It is clear that the transform (3.2) maps X¢,, in 7 to PP (I¢) x PY,(I,) in Q.
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1630 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI

To simplify the presentation, we only consider the case L = M and set X9, :=
X9 )
Define the Hg-orthogonal projection H]\;[O t Hy(T) — X3, by

(3.30) (v (H}\’fu - u) , vq>)T —0, Ve XY

We first point out that under the mapping (3.2)—(3.3), the space H'(7) corre-
sponds to the weighted space

(3.31) HL(Q):={ve%(Q) : dve L’ ,(Q) and dyve Li(Q)},
with the weight @w = (1 — 7)/8 being the Jacobian in (3.7), and the norm

[N

(332 olay g = (10l o)+ 10013 ) + Ioll3 (o)
One verifies the equivalence by using (3.4) and (3.9)—(3.10):
(3.33) H’U”IT[}U(Q) N ||U||H1(T) < ||U||f{117(g)-

We have the following results on error estimates of the Hg-orthogonal projection.
THEOREM 3.2. For any u € HYT)NH"(T) with r > 1,

(3.34)
[ S Y ( S e, ol
(4,7)EA,
ozl , e+ ||85uHLiw_lm + @, — aw)rullLigyh_l(T), p=0,1,

where the weight function x*%7 = (1 —x —y)*2 y", ¥ = max{0,r — 2} and the index
set A, = {(i,5) € Z* : 0 <4i,j; i+j < r}\{(0,0), (0,7), (r,0)}. In particular, the
above estimate implies

3.35 HHLO _ H < MP|ullgr ey, =0, 1.
(3.35) MU UH“(T)N lullzry, #

Proof. We first prove (3.34) with ¢ = 1. By the projection theorem,

(3.36) Hv (H;fu - u) ‘ poiry SIV@=0)lary YO X,

Taking ® = 0, we get that

(3.37)

|v (P —w)||,. ., < 19ullzecry < Noeullzcry + Nyullacr + 1@y = 00l o,

which leads to (3.34) with p =7 =1.
Now let 7 > 2. For u € H}(7) and ® € X9, we set v(£,n) = u(x,y) and
U(¢,n) = P(x,y), where the coordinates (£,7) and (x,y) are associated with the
mapping (3.2)(3.3). Then, we have v € H} _(Q)NHL(Q) and ¥ € PY, (I¢) x PY, (1)
(where I = I, = (—1,1)). By (3.7), (3.9), and (3.36),

(3.38)

v (1t =)

LT S0 (¥ — ’U)”LiiLo(IT,;L%IE)) + (|05 (¥ — U)”Lil,g(ln;m(lg))-
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Let 7TM1 ! be the Li,l,,l—orthogonal projection operator as defined in section 2.

Using Lemma 2.2 with a = § = —1 and r = p = 1 leads to
(3.39)

[oemie ™ (madi " 1)

S Jloc (mani - 1) o]
12, o (yra(re) ~ IS\

)
Li_Lo(ln;Lz(lﬁ))

and

(3.40) [oumyty " (et 1) o)

< Jon el
L2(L;2(I¢) ™ H n\"ae 2,20

Hence, taking
(3.41) U(Em) =my tmape w=mys it e € PR (Ie) x PR(1y)

n (3.38), we derive from the triangular inequality, (3.39), and Lemma 2.2 that

—-1,-1_-1,-1
106(¥ = 0)llz2 ey = |06 (7o madt “‘”)\Li )

<[oemsie ™ (maiit 1) ] Joc (st 1)1
*H Targ \"an Ul e T T ez, amzzaey
" oe (mat - 1) ] + e (mase* = 1) o
Jure ez, gasracey T 1% \are °
< —H)av H@ (ﬂ' 1—]1)1)}
H( Min Cllie | agaae 1% e
(Wﬁﬁ}ﬁn )3T v

+ MO0 s

Lifl,o(ln;lﬁ(li))

Lif1,0(1n;L2(I£))

222 (IniL?(lg))
-1 0 I §Lir—1,r—1(15)) )

To further simplify the first term in the right-hand side of the above estimate, we
define

(3.42) vt =(1- 77)_1851)(3:'9)%&11 = O =(1-np".
Therefore,
(3.43) 8;71551) = 8;*1 (I=—np*)=(1- 77)8;*1 = (r— 1)(‘9;*21)*.
Hence, using the above identity, (2.6) and (2.7), gives

[[Cvasiieg oy 185UHL2T s (I L2(Ie))

< (w2, - 1) - moy e
+ H (ﬂw 2:“2" — H) oy %*
(1= p)ar—tov*
ot

L2 oo (In;L2(1¢))

Lfﬂ*72,7‘72 (In; L2 (I¢))
r—1, %
+ 0] w

N

HLir_zr_z(Tn;LZ(fg)) HLir,r(In;Lz(Is))

A

(PRI

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1632 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI

Therefore, we have the upper bound for the first term in the right-hand side of (3.38):

10e(¥ = 0)l[L2 _, | (1,5L2(10))
(344) < Ml—r ||8r—1v* 4 Har
~ < n §’UHLZLO(IT,;LiTlml([E))) .
We now turn to the second term in the right-hand side of (3.38) with ¥ given by
(3.41). Similarly, by the triangular inequality, (3.40) and Lemma 2.2, we derive that

|| L2 o (Iy;L2(I¢))

[0 (¥ — U)||Li1’0(l,,;L2 (Ie)) ~ S 110, (¥ — U)||L2(In;L2(I§))

3. 41) —1,-1 “1,-1( —-1,-1
HB (WMn ]I) v‘ + H@,,WMW (ﬂ'Mg H) U}

L2 (I3 L% (Ie)) L2(In;L2(1¢))

S on (7t = 1) ¢ | (o ~1) 2o
~ H o (T v L2(In;L2(Is))+ Tare nt L2 (I L2 (I¢))
(2.10) L
S MOl ea
1—p r—2,r—2 r—1
+ M (TrM r+1,6 )85 8771)‘ LQ(In?Lir72m72(I£)).

To deal with the second term in the right-hand side of the above estimate, we use
(3.9), (3.10), and (3.25) to derive that

(3.45)
85”137711 (3.10) 85”1 (% Oyu — ﬂa u)
= SO a0
0 [ o 1+far '@, —m} =
a2 [(1 B 5)(;_ ) 010, (1 +€)(ir_ )t Ty — Ou)u
_%agflu.

For simplicity, we define

v =0y o + a’” Ly
(3.46)

_ _ _ r—1
— (1 5)(4; 77) 8;’18yu+ (1 + 5)(4; 77) 8;71(8y _ 81)
Hence, by (2.6) and (2.7), we have

(2 e — Do —"0 w0l e r, e 2 () <H(7TTM2:+125 ]I) v

+ -1 a-m Tt (m2e - 1) ot

L2 (I”I;Li'r—2,7'—2 (Ii))

L2 (I”I;Li'r—2,7'—2 (Ii))

(2.6)

—1
(257) ||U*||L2(I,,;L2T_2’T_2(Ig) +H(1 8§U||L2 IniL2, (1))
S ey, o, e +H<‘9gvHL22 L2 (1)
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Therefore, we obtain the upper bound of the second term in the right-hand side of
(3.38):

(3.47)
1-r g
Han(\lj - U)”LiLO(In;L%Ig)) 5 M (HanUHLiT_1,r_1(ITﬁLQ(I&)) + ||v*||L2([n;LiT72m72([5))

+ ||6£UHL37210 (ImLinr(lﬁ)) ) '

A combination of (3.38), (3.44), and (3.47) yields

(3.48)

)] 50

L)~ (Ha:fl“*HLiT,T_2<In;L2<Ig>>

+ Hag““Li,l,o(In;Linl,rfl (Ig))—’_ HafrvuLiszo (In;LiTW(Ig))
+ ||U*||L2(In§Lir—2,r—2(I§))+ Ha';’UHLiT—l,r—l (177§L2(I§))> '

We now bound the terms in the right-hand side by the norms of u on 7. Using (3.4),
(3.7), and (3.25)—(3.26), we find

2 _ r—1, %
12, o (IiL2(1e) //Q 0

r—1
<> // 10,08y — 02)" 7 u|* XIT I (@, ) wITTI T (€) dardy
j=0MT

r— * 2 T r—
|0y~ (1 —n)"(1+n)"~2dedn

r—1
< Z // |313§(3y — 31)T7j71u|2 XTI 2 gy,
j=0MT

06015z, aoy = [ 198007 0 =m0yt
S [ ezl 0 daay,
106015y = [ 1060 =) (1= )
< //Q 071 (O — (B — D) u)[* (1= )2 (1 - €2)" dedy
< 10 o 120w gt 2 dady
+ [ 10700, =0l 3 0 P ey

< // |0 0, ul X2 0dady + // 102719y — 8a)u|* X727 0dwdy,
T T
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and
||U*||iQ(I77;Li7‘—2,T—2(15))
. //Q (0= 0 9yu+ (L4 0,719, = dJu[ (L =) (1- )" dedy
S R e C PO T
+ [ 1050, = ol 2 ) P oy

5// |8;—18yu|2xr—1,r—2,0dmdy_|_ﬂ }3;_1(37,—81)u|2xr_2’r_1’0d$dy,
T T

ro112 r 12 r—1
105012 (IT,;L2(Ig))://Q‘a77’U‘ (1—n?)" dedn

wr—1,r—1

r—1
< Z// |8§(8y - az)r—ju‘zXj—l,r—j—l,r—l(x,y) uJj+1,r+j+1(f)dgcdy
j=1"7T

+ [ Joguf 20 Mo - 9w 0 oy

+ [ 10y = . x0r2r e dudy
T
r—1 .
hS Z// |8§(8y—3z)r_3u‘ T L= dgdy
=17

+ //T |8;u}2 X 20 L dxdy + //T [(0y — 3z)ru|2 X022 L dzdy.

We conclude (3.34) from (3.38) and the above inequalities. This ends the proof of
(3.34) with p = 1.

The case with © = 0 can be proved by using a duality argument. Let ey =
H}\’fu — u and consider the auxiliary problem:

(3.49)  Find w € HY(T) such that  (V¢,Vw)r = (¢p,enr)7, VYo € HY(T),
which admits a unique solution w € HE(7') with the regularity
(3.50) lwllz2() < lemllr.
Taking ¢ = eps in (3.49), we have from (3.30) and (3.35) with p = 1 that
leaml|s = (Verr, Vw) = (VeM,V (w - H}\}Iow)) < ||Vewmllr HV (w - H}\’fw) H

SIVemllz M Hlwll g2y S M~ Veullrllenm| 7,

T

which implies ||ear||7 < M~ Venr||7. By using (3.34) with = 1, we finally get the
estimate (3.34) with p = 0. O

3.4. Error estimates for the interpolation. Let {&/}M, and {n}, be the
LGL and JGR points defined in section 2, respectively. The interpolation grid in 7°
is given by

(3.51) Tim =

QL+ @=n8),  ym=51+nk), 0<l,m< M.

] =
N =
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We now define the rational interpolation operator. For any u € C(7T ), the interpolant
T pvru € Ryrar such that

(3.52) (Z naw) (@i Yim ) = w(Zim; Yim), 0<1l,m< M.
Let v(€,n) = u(x,y). One verifies readily that
(Zpu)(z,y) = (Iz%mg IJ\IEI,nU) &mn) = (IJ\RLn Iz%mg“) (&m),
where I]@@ and Iﬁ,n are the Legendre-Gauss—Lobatto interpolation operator in &
and the Jacobi-Gauss—Radau interpolation operator in 7, respectively (cf. section 2).

THEOREM 3.3. For any u € H"(T) with integers r > 2, we have

(3.53)

IZar = ulliaery S M7 (X N05@ = 0 ull o o+ 1050lz ey
7=0 e

r—1 r—1
+||oz a“uHLir,r_z,l(T) + 050, — aw)“HLir_zml(T) )
In particular, the above estimate implies
(3.54) IZyuw—ullr2ry M ullge(7)-

4. Application to a Poisson-type equation. Let €2 be an open bounded
domain, and consider the Poisson-type equation:

(4.1) —Au+yu=f, in7T; ulpgo=0, v>0.

The variational formulation of (4.1) is to find u € Hg (2) such that

(4.2) a(u,v) = (Vu, Vo)g +v(u,v)0 = (f,v)a, Yv e H(Q),

which, thanks to the Lax—Milgram lemma, admits a unique solution satisfying

(4.3) Vulla +vAllulle S I flle-

4.1. Mono-domain case. Let {2 = 7. The rational spectral-Galerkin approxi-
mation to (4.2) is: find up € X3, such that

(4.4) alun, @) = (Zmf.p)r, Vo€ Xy,

which has a unique solution satisfying (4.2) with uys and ZZ s f in place of u and f,
respectively.

4.1.1. Error estimates. Thanks to the approximation result in Theorems 3.2
and 3.3, we immediately derive the following convergence result using a standard
procedure.
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THEOREM 4.1. Let u and ups be the solutions of (4.2) and (4.4), respectively. If
we H(T)NH"(T) and f € H*(T) with r > 1 and s > 2, then we have

(4.5)

luns — ullge(r) S MWT(( )Z 105,09 (8, — 3w)r_i_ju||Liw,w,j,w,i,l(T)
ij) €A,

Hlullee, ot ||8y“HL;~,,O,T71<T>
+ ||(ay - 81) u||Liof,r—1(T)>

T MS(Z 190, = 02 laz,, ry #1028 ez, cmy

ST,

=0
ol 0001 o)
p=0,1,
which implies that
(4.6) lurr — ull ooy S MY ullgrery + M7 fllgscry,  w=0,1

Proof. One derives immediately from (4.2) and (4.4) that

(4.7) luse —ullmnery & inf | Nlov —ulla ey + 1 f = flleze)-
vm €X Gy

Then, applying Theorems 3.2 and 3.3 to the above, we obtain immediately (4.5) with
@ = 1. The result for 4 = 0 can then be derived by using a standard duality argument
as in the proof of Theorem 3.2. O

Remark 4.1. Alternative to (4.4), we can also consider the following rational
spectral-Galerkin approximation with numerical integration: Find uy € X9, such
that

(4.8)  am(uar, @) = y(un, @) a1 + (Vur, Vo)t = (f, o), Vo € Xy,

where
M M 1 )
(4.9) (u,v)m,7 = Z Zu(xij,yij)v(xij,yij)gwiLw]R, Vu,v e C(T),
i=0 j=0

with {5, yi;}1i—o being the collocation points defined in (3.51), {w/}}, being the
weights for the LGL nodes {&/'}]%,, and {w['}}, being the weights for JGR nodes
{nj}1Ly (cf. section 2). Then, it can be easily shown that the results of Theorem 4.1
hold for (4.8) as well.

Remark 4.2. The simple forms of the error estimates (3.22), (3.35), (3.54), and
(4.6) are obtained at the expense of more precise error bounds. Consider, for instance,
that (4.1) has the solution

(410) u(x7y) = xayﬁ(l - y)a v ((E,y) € TJ O‘aﬁ > 07
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with @ and/or 8 being nonintegers. By using the error bound in (4.6) and ignoring
the interpolation error for f, one can only derive that for any € > 0,

(4.11) lunr — ull7 < MM
with

min{a—i—%,ﬁ—i—%}, if a,8¢N,
(4.12) r={a+i if a¢N, BeN,
B+ 1, if aeN, &N

However, by directly calculating all the terms in (4.5) and ignoring the interpolation
error for f, we can show that

(4.13) luar — ul

-2
T S MPTETE

This estimate is in agreement with our numerical experiments presented below.

4.1.2. Modal basis functions. In order to treat nonhomogeneous boundary
conditions and/or to enforce continuity across the interfaces in a triangular spectral-
element method, we need to construct basis functions for

(4.14) XLM:%LMﬂHl(T)

which, through the transformation (3.2), corresponds to
(4.15) _
Xpar o= (Pr(Ie) x Py(ILy)) N H(Q) = {¥ € Pr(Ie) x Pu(Iy) @ 9¢¥(€,1) =0}

Note that the condition 9:¥(&,1) = 0 is needed to ensure that ¥(£,1) = ¢ for £ €
[-1,1]. To simplify the presentation, we shall take L = M and denote Xpr = Xy
and )?M = )?MM

We start with a commonly used C%-model basis for Pr,(I¢) x P (I,):

where
1—
- k=0,
1— 22 1,1
(4.17) Yi(z) = 1 Ji 4 (2), 1<k<M-1,
122, k= M.

We observe that
0V (§,1) =0, for 0<I<M, 0<m<M-1,
while
O Ui (€,1) #£0, for 0<I<M, but 9¢(Tom(§, 1)+ Tarae(§,1)) =0.

Thus, by redefining Wopr(€,n) := HT”, we have that

(418) jzVM = Span{qle(gvn) : (lﬂm) € TM}?
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where the index set

(4.19) Ty ={(lm) : 0<I<M, 0<m<M-1}U{(0,M)}.
Let @ (x,y) = ¥ (€,m) (under the mapping (3.2)—(3.3)), and

(4.20) Xy =span{ @, (z,y) : (I,m) € Ta}t,

and dim(X) = M(M +1) + 1.

As in the p-version of finite elements, we can split this model basis into interior
and boundary modes (including vertez and edge modes). All interior modes are zero
on the triangle boundary. The vertex modes have a unit magnitude at one vertex and
are zero at all other vertices, and the edge modes only have magnitude along one edge
and are zero at all other vertices and edges.

e Interior modes (1 <I,m < M —1):

T 2z
Pim(z,y) =y (1 - —) I (ﬂ - 1) T2y — 1),

-y
- W) = L2 ),
e Edge modes:

(4.22)
y=0: @ty = (1- ) o (2 -1),
n=—1: wmam=glﬁﬁiﬂﬁﬂ& 1<I<M-1
z=0: Bom(z,y) = (1 -z —y)yJut, (2y — 1),
E=-1:  Tou(n) = wm%(n)’ 1<m<M-1;

r+y=1: D (z,y) = ny;’ll@y -1,

=1 (o) = LU ) cm<arn

e Vertex modes:

(z,y) = (0,0) : Doo(z,y) =1 -z —y,
€m=(1-1: (e =D,

4329) (z,y) = (1,0) : Paro(e,y) =3(3i+€)(1 )
€n) = 0,-1): Baglen) = ST,
(z,y) = (0,1): Ponr (2, 9) = v,

(€n) = (~1,1): %Mmm:ygy.

Note that the total number of modal basis functions in the above is (M —1)% +3(M —
)+3=MM+1)+1=dimXy,.
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4.1.3. Linear system. We now examine the linear system associated to the

spectral-Galerkin approximation (4.4).
Let {®},,, = ¥}, } be the basis of X, as defined in (4.21). By (3.7), (3.9)(3.10),

and (4.16), we have that
(4.24)
1 44 (1 2
/ VD1 Vb dardy = // A 0 S G Wi + (1 + €)Wy Wi
T 2 /e L—=n

+ (1 + 5)8n\111m85\111/m/ + (1 — n)anllllm&?%/m/] d&dn

1 1
3 ([ araron o) (/ i) 1) )
1
3 ([ 0+ ovt@u©) ([ vt man)
1
+5 ([ arouou©) (/ i (o 1)
1
4 womio) (] s -
and
// @lmq)l/m/d;vdy— %[/ \I/lmqfl/m/(l—n)dédn
(4.25) 7
1
g </ "r/)l ¢l/ df) </ ¢m 1/)m’( )(1 - )d77> .
Setting
(4.26)
1 1
ajj = /_1 (44 (14 2)?) ¥ (2)¢i(2)dz, bij = /_1(1 — 2)95(2)¢i(2)dz,
1
&) = [ s k=0,
1
a® :[1(1—z)k¢j(2)¢i(z)dz, k= 0,41,
M—-1M-1
i) = 3% @@, y), fim = /Tzszw,y)cInm(x,y)dmy,
=1 m=1
and

(k)

A = (aij)1<ij<m-1, Cr= (Cij U = (@ij)1<; jenr—1

)1§i,j§M—l ’
(and likewise for B, Dy, and F), the linear system associated to (4.4) becomes
(4.27) AUD_, + C,UC}, + CUCy + DyUB + %DOUDl _9F.

We can also rewrite the above equation in the following form using tensor product
notation:

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1640 JIE SHEN, LI-LIAN WANG, AND HUIYUAN LI

(4.28)
1
(S+~M)u = 5(A®D71+C1®Co+C§®CB+Do®B)+%D0®D1 u=f,

where u and f are U and F written in the form of a column vector, i.e.,
p— » » el » . e N t
u = (ly1,..., U1, m—1;021, ., U2 15+ 301,15+, UM—1,M~1) ,

and ® denotes the tensor product of matrices, i.e., A ® B = (Ab;;); j—o,...,m—1. Since
the triangle 7" is not a separable domain, the linear system (4.27) cannot be solved
by the usual matrix diagonalization method (cf. [19, 24]).

By using

z

2k
(4.29) (1-22) JM (2) = T (J,Sfl (z) — J,Sfl(z)) =2k /_ 1 JY0(t)dt,

and the three-term recurrence formulas

(4.30)  Lnii(z) = 2;:11 () = L) Lo() =1, L) =
(4.31)
(n+2)2n+3) 4., , n+2

L =1 e =2

Y = 2J;, (2

and the orthogonality of Jacobi polynomials, we can easily verify that

aij:O, V|Z'—j|>2, bijZO, V|i—j|>1,
Vi]i—jl>1+k k=01,
d" =0, V0|i—j|>2+k k=0,+1.

The nonzero entries of these matrices can be evaluated exactly. The structures of
the mass matrix M and the stiffness matrix S are depicted in Figure 4.1. Therefore,
the linear system can be effectively solved by using an efficient sparse solver such as
SPARSEPACK.

Alternatively, one may attempt to use a suitable iterative solver. As is typical in
a spectral method, the matrix S +~M is usually very ill-conditioned so it is necessary
to construct a suitable preconditioner. We now examine the condition numbers of the
stiffness and mass matrices as well as the effect of diagonal preconditioner. For this
purpose, let A = (diag(S))~/2, and let a, be an index such that Cond(A) = M®a,
ie., a, = logy(Cond(A)) for a given matrix A. We tabulate below the condition
numbers of the matrices S, S = ASA, T, :=S+~M, and Tw = AT, A for various
M and v = 10%.

We observe from Table 4.1 that the condition numbers of the stiffness matrix
S and T, := S+ M behave like O(M?), while their preconditioned (by diagonal
preconditioner) counterparts behave like O(M?). How to construct a simple and
optimal preconditioner in this case is still an open question. We refer to [15] for an
attempt using finite difference.

4.1.4. Nodal basis functions. In practice, it is often more convenient to use
a nodal basis. We now construct a nodal basis for Xas. Let {& = n;}o<i<m (with
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TABLE 4.1
Condition numbers.

~ = 10000

M cond(S) oag cond(S) o cond(Ty) o Cond(’ﬁf‘—y) O
2 3.9 197 2.8 1.49 6.9 2.79 1.8 0.85
4 19.3 2.14 9.4 1.62 1179 3.44 19.3 2.14
8 119.5 2.30 315 1.66 1727.6  3.58 143.8  2.39
16 843.2  2.43 108.8 1.69 8369.7 3.26 298.2  2.06
32 6389.5 2.53 394.1  1.72 31234.0 2.99 629.1 1.86
64 50152.4  2.60 1646.5 1.78 1193209 2.81 1964.7 1.82

oo .o
10 20 30 40 50 0 10 20 30 40 50
nz=629 nz=551

Fi1G. 4.1. The structure of the mass matriz (left), and the stiffness matriz (right), where M = 8.

&v = nv = 1) be the Legendre—Gauss—Lobatto points, and let {h;(§), hi(n)}o<i<m
be the Lagrange basis associated with {& = n;}o<i<a. We define

P (@, y) = Wim (&) = hi(©hm (), 0<L< M, 0<m <M -1,
(i)OM(x7y) = ‘i’OM(&??) = hu(n),

where (x,y) and (&,7) are related by the mapping (3.2)—(3.3). Then, we have

(4.33)

Xy = span{\i/lm(é,n) : (I,m) € TM}, Xy = span{fi)lm(x,y) : (I,m) € TM},

(4.32)

where the index set Yj/ is given in (4.19).

Note that the set of collocation points (Figure 4.2, right) used here to construct
the nodal basis for X, is different from the set of interpolation points (Figure 4.2,
left) in section 3. This approach is reminiscent of the Chebyshev-Legendre method
in [7] (see, also [25]).

4.2. Multidomain case. We now briefly describe how to set up a multidomain
spectral-element method for (4.2) following the approach in [3]. For more details in
this regard, we refer to the books [3, 17, 6].

Let € be an open bounded domain with Lipschitz boundaries which is decomposed
as follows:

(4.34) Q= U?:lﬁka Q; N Qj =0, 1# 7.
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EER ]

[e
of & 1 of

o 0.5 1 o 0.5 1

F1G. 4.2. Distributions of the collocation points (M = 6). Left: Legendre—Gauss—Lobatto (in &)
and Jacobi-Gauss—Radau (in m); Right: Legendre—Gauss—Lobatto in both directions.

We assume that the decomposition satisfies the following properties:
e cach Q) is spectrally admissible in the sense that there exists Fy, a bijection

of class C, which maps  onto €, where () is either the reference triangle
T or the reference square (—1,1)2, such that its inverse F}, ! is of class C*®
on Qg;

e the decomposition is conforming in the sense that the intersection ) N Q;
(1 <k < j<K) is either empty or a node or a whole side of €, and €;;

e for each common side I'y; of Qi and Qj, which is an image of a side I of Q
through Fj, and IV of €’ through F;, we have the identity

F'(z) = GoFj ' (), Yo € Iy,

where G is the rotation or translation which maps I to T'.
We denote

(4.35) Xi={vm=tmoF, " iy € Rum(T)}  if Qp is a triangle,

or

(4.36) X5 = {vm =m0 Fy 't € Pu(I) x Par()} if Q is a quadrilateral.
Setting

(4.37) Xpr = {’UM € HY(Q) 1 varlo, € XY, 1<k < K} X9, = X N HL(Q),

the combined rational function-Legendre spectral-element approximation to (4.2) is:
Find ups € X§; such that

K K
(438) Y (luar,oan)a, + (Vuar, Voro) = 3 (Thefyonr) o Vo € KBy,
k=1 k=1 2
where I, f € X%, such that 5, f (€8, %) = f(€8,n¥), 0<i,j <M, and (¢F,nF) =
F (e, 7)) with {€FYo<icnr and {AF }o<i< s being, respectively, the Legendre-Gauss—

Lobatto points and Jacobi-(with index (1,0))-Gauss—Radau points considered in sec-
tion 2.
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Then, using the standard error estimates of the projection and interpolation oper-
ators for the Legendre approximation (see, for instance, [2]) and the error estimates of
the projection and interpolation operators for the rational approximation established
in section 3, and following a procedure similar to that in sections 6.1 and 6.2 of [3],
we can prove the following result.

PROPOSITION 4.1. Assuming that the solution of (4.2) u € H}(Q) and ulq, €
H"(Q) for 1 <k < K withr > 1, and that fla, € H*(Q) for 1 <k < K with s > 2.
Then, the approxzimate solution up; of (4.38) satisfies the following error estimate:

K
(4.39) lu—unmlia S Z (Ml g ) + M 73 F 1m0 -
pr

Remark 4.3. It can also be shown that Proposition 4.1 holds if we replace the
inner product in (4.38) in each subdomain by the discrete inner product (cf. Re-
mark 4.1).

5. Numerical results and discussions. To illustrate the convergence rate of
our rational approximation, we implemented the rational approximation to the model
equation (4.1) with two exact solutions and we report our numerical results below.

For a given M, we denote the discrete L2-error by

M M 2
(5.1) Ey = (Z > (unr (& mm) — ul(&,nm))? le> :

=0 m=0
Ezample 1. We consider the equation (4.1) with v = 1 and the exact solution:
(5.2) u(z,y) = ay (em“’ — e) , (x,y)eT.

Since u € H"(T) for any r > 0, Theorem 4.1 indicates that the error will converge
faster than any algebraic order. Indeed, as shown in Figure 5.1 (left), the errors decay
exponentially, typical for a spectral approximation to an analytic function.

Ezample 2. We consider the equation (4.1) with v = 1 and the exact solution:

— o,
(53) U(Zli,y) =Ty (1 _$_y), (x,y) GT, O‘vﬁ> 0.
107
107
100t
i @ 107
o
ugJ 107° I
14 10
107t
1078 - . 107
2 4 6 8 10 12 14 ] 16 24 32 40 48
M M

FiG. 5.1. Mazimum pointwise errors (marked by “o”) and L?-errors (marked by “”) against
various M. Left: Example 1; Right: Example 2 with o = 3.2 and 3 = 2.8.
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TABLE 5.1
L2?-errors and convergence rate.

a=p3=25 a=33and =2
M Env | rate Euv | rate
8 5.935656e—03 — 3.956740e—04 -
16 1.209618e—04 5.62 4.921643e—07 9.65
24 1.535837e—05 5.09 3.218648e—08 6.73
32 3.634080e—06 5.01 4.817740e—09 6.60
48 4.814852e—07 4.99 3.349831e—10 6.58
56 2.234979e—07 4.98 1.216786e—10 6.57

As discussed in Remark 4.2, we expect the error estimate (4.13) with r given by (4.12)
with o and/or 3 being noninteger, assuming that the integrals in (4.26) are computed
exactly. If a, 8 € N, we expect that our numerical solution converges exponentially to
the exact solution. In Figure 5.1 (right), we plot the maximum and L2-errors versus
various M with o = 3.2 and 8 = 2.8 in the log-log scale. The algebraic convergence
rate is evidenced by the near straight lines in the plot.

We also tabulated in Table 5.1 the discrete L2-errors and the approximate con-
vergence rate defined as

IDEMk —ln.E]wk_*_1
lan — lan+1 '

We note from the table that the asymptotic convergence rate is about 5 in the
case of « = f = 2.5 and about 6.6 in the case of @ = 3.3 and = 2. Since we used
a quadrature rule to compute the integrals in (4.26), these rates of convergence are
about one-order less than the rate given in (4.13). This difference can be attributed to
the interpolation error which is not taken into account in (4.13). Hence, our numerical
results are in good agreement with the error estimates in Theorem 4.1 (cf. Remark
4.2).

Concluding remarks. We introduced and analyzed in this paper a rational
approximation in the triangle. The rational basis functions in the triangle are obtained
from tensor product of 1D polynomials in the reference square through the collapsed
coordinate transform (3.2). We derived optimal error estimates for the L?- and H}-
orthogonal projections with upper bounds expressed in the original coordinates in
the triangle. These fundamental approximation results are then used to derive error
estimates for the spectral-element method using a combination of rational functions
in triangles and polynomials in quadrilaterals.

Our error analysis indicates that the rational approximation leads to error esti-
mates which are as accurate as the polynomial approximation in the triangle. Fur-
thermore, these rational basis functions appear to be easier to deal with, both in
analysis and in practice, than the polynomial basis functions in (1.1). Hence, this ra-
tional approximation represents a viable alternative to the polynomial approximation
for triangular domains, despite the drawback induced by the clustering of collocation
points around the singular vertex.

We provided implementation detail for the rational spectral-Galerkin approxima-
tion to a Poisson-type equation, and show that the resultant linear system is sparse
and can be efficiently solved, for example, by a sparse solver. We also presented
illustrative numerical results which are in agreement with the theoretical estimates.

This work is the first step towards developing a spectral-element method for
complex geometries using rational functions in triangles.
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Appendix A. Proof of Lemma 2.2. We collect below some properties of Jacobi
and generalized Jacobi polynomials. Recall that the classical Jacobi polynomials with
indexes «, 3 > —1 satisfy the following recurrence relations (see [1] and [23]),

(A1)

TP (Q) = (=1)"I7(=¢), @8> —-1, n>0,
(A.2)

T8 Q) = TP = I, @, 8>0, n >0,
(A.3)

a,3 _ 7’L+ﬁ a,3—1 n+ o a—1,8

Jn (C)_TL—FOZ—FﬁJn (C)—'_TL—FO[—Fﬁn (C)v a,ﬁ>0,n20,
(A4)

(1= QI (Q)

2n+a+1) 4 2(n+1)

©) - IR, @8> -1, n>0,

T ntatpr2” n+a+pB+2
(A.5)
1
DI (Q) = PO L jos () ps 1 iz,
(A.6)

— w0 (OO (Q))
=n(n+a+f+1)J77C), a,f>-1,n>0

By (A.5), (A.4), (A.2), and (A.3), we also derive that for any o > 0,8 > —1,
n >0,

(A7)
0c (1= T(Q) = (1= Q7 (~adi () + (1 = QAT ()

- 1= 00 (~arpo + R AR 1 gueio)
a1 B n+a+pB+1
=(1-9 1( Tt et 1

(0 + 7250 - w7 *1(0)) )

(1= (— a0 + gt 2 (k)

nn+B8+1)\ .53 n+a+pf+1
_ARTET ) e srTaeTrT S
n+o¢+ﬂ+1> " (C)+2n+a+ﬂ+1

(- e ) o)

=—(n+a)(1 =M H(Q),
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Now we resort to [11], and define the generalized Jacobi polynomials
(A.8)

o . ) )
(C_gl) %1 Jn+c7)t+%(<)’ a€Z 7562 y nzno(O[,ﬁ) = —Oé—ﬁ,

o= 14 (F) IO acZn g ol nzm(ad) = a

n _B -
cgﬁ (%) Jﬁ;gﬁ(é‘), a>-1,6€Z, n>ngla,B) = -0,
JB(C), a>-1,6> -1, n>mng(a,B) := 0,

with the normalization coefficient
'n+a+1I'(n+5+1)

(A9) P =T+ DI (n+a+p+1)
1, otherwise.

a>-1,0€eZ ;orB>—-1, acZ,

As it is known in [11], J&?(¢),n > ng(a,3) are mutually orthogonal with respect
to the weight (1 — {)*(1 + ¢)? for any a,3 > —1 or being negative integers. By
such a definition, the generalized Jacobi polynomials maintain most of the recurrence
relations of the classic Jacobi polynomials.

LEMMA A.1. Let a, 8 > —1 or negative integers. Then for any n > ng(a, 8),

(A.10)
JEP(C) = (1) TP (=0),

(A.11)

ﬁ a,B _F(n+0€+ﬁ+g+1) +a,0+3

e )= Bt e O mzezl
(A.12)

d d
(1) g (#7420 5 I2(0) = ot S eI 00522 ()

Proof. (A.10) is an immediate consequence of the definition (A.8).
Note that for each admissible integer n,

1\ @ -8 )
(%) (C%l) Ty 50), a,pezm udo},
o, 3 g e J—oz,ﬁ c Z— U 0 - _1
(A].B) Jg’ﬁ(c) — Cn ( 2 )ﬁ n+a (C), « { }, ﬁ ,
e () T, > 1 3ez- U0,
T, a>—1,0>-L
Thus, by (A.5), (A.6), and (A.13), we get that for a, 5 € Z~,

(A.14)
0T () = (=120 (1= O™ (1 = 7,230
_1\)a9a+B+1
= B o (- 07— O~ )
(=1)> 12040 (n a4+ B4+ 1)1 — )11 — g)—ﬁ—ljgf;jbﬁfl(g)

1
%Jgﬁﬁﬂ(q
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while by (A.7), (A.13), we have that for « € Z7, 5 > —1,

0T (Q) = 270 (€= V7,2 (0))

—— —a—1, n (6% ) .
— 201n0275(< _ 1) 1Jn+a 1 ﬁ-‘rl(é—) — §Jnj—11 5+1(C)7

(A.15)

we also get from (A.10) and (A.15) that for a > 1,5 € Z~,
(1)
2

A combination of (A.14), (A.15), (A.16), (A.5) yields that for o, 5 > —1 or being
negative integers,

« n (6
JIHLeN ¢y = et ).

(A16) DT3P (C) = (—1)"0c T (=¢) = = g1

n+a+pf+1

(A1) eI =

JEELBHLC), > mg(a, ).

Hence, a recursive using of (A.17) eventually leads to (A.11).
Moreover, by (A.17) and (A.13), we get that for any o, 5 € Z~,

(A.18)
(w0 ()) = B0 (O )
_ (_1)a+12a+ﬁ+1(n+ OZ—Fﬂ—I— 1)8<J;f(;i7ﬁjrﬁlfl(<)
= (D)2 (n + a + B+ nd, 550

= —n(n+a+ B+ Dw™?()JIP(C).

Further by (A.17), (A.7), and (A.13), we have that for any o > —1 and 8 € Z~,

O (w1 (O T3P () )

= PTG (I (0))
Fn+a+1)(n+6+1) ot radl—f—1
NmFm+a+ﬁ+1)@(“_C)H%wa @D

== F(n+a+1)(n+ﬂ+1)n o Ao ga,—B
=Y T rargrn Mot AE D00

= —n(n+a+ 8+ 1w (O)J2P(Q).

(A.19) =2

By using (A.10) and (A.19), we also have that for any 8 > —1 and ae € Z~,
28 (w"‘“’ﬁ“(C)@cJSﬁ(C)) = (=1)"9¢ (W (=)D T (—C))
(4.20) = (=)™ 'n(n -t at 5+ D (=01 ()
= —n(n+a+ B+ DwP)JP Q).

Now we derive from (A.18), (A.20), (A.19), and (A.6) that for any «, 3 > —1 or being
negative integers,

(A.21)
o (w““ﬁ“(oac Jsﬁ(o) = —n(n+a+ 4+ Hw" (I (C), n>mnola,B).
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Finally, we deduce from (A.21) and (A.11) that

08 (wte e ()

~ TI'nt+a+B+0) 1 ato,B ato—1,8+0—1
SETE 1F(n+a+ﬁ+1)ag e ( +obte()g. g0t ng o— (C))

T(n+a+B40+1) 001 ato 1840 1/r rato—1,8+0—1
20~ 1F(n+a+5+1)8 ( (QR b (C))

— — (= o+ D tat B+ o (Wt (o A ()

—(n—-o+1)

and conclude by induction that
08 (272102170 ()

wm et ey a0
_(cpyelnF DlntatB+otl)
r

(mn—o+1I'(n+a+5+1)

YOI (<)

This ends the proof. O
Now let us concentrate on the proof of Lemma 2.2. From the expansion

Zw”f’“ﬁ ,

we derive
ar = ar
A.23 il ( —]1) ()= — ey L
( ) dcﬂ ( ) k§+1 k dc‘u ( )
Hence, by (A.11) and the orthogonality of the Jacobi polynomials,
iz 2
G (% -1 \
dCN wu+avﬁb+ﬁ)[
k=N-+1 dC” wu+a,u+ﬁ71
i C(k—p+1)(k+a+B+o+1) AM‘ & 2
Sy D= o+ Dl +a+ B+ p+1) d¢e e T
0o 2
S N2u—20 Aaﬂ} H »ﬁ )
Z dC" k wotao+8 |

k=N+1

Using the orthogonality and the definition of the projection operator leads to we get
that
2

2
a,f
d¢o "k

2
~a,f3
|

o, 47
Z B<0k

k=N+1

s

>

k=N+1

woteo+B [

wotao+B |

)
wa+a,a+ﬁ,]
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which gives the first inequality in (2.10). The second inequality is an immediate
consequence of (2.6). Therefore, we complete the proof of (2.10).
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