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1 Introduction

In 1975, Koornwinder described a general procedure for constructing multivariate
orthogonal polynomials from univariate ones [4, §3.7.2]. The procedure allows for
the construction of seven classes of bivariate orthogonal polynomials from Jacobi
polynomials, some of which were previously known [9]. In this paper, we consider a
four-parameter variant of Koornwinder’s class IV polynomials (the four-parameter
variant was not constructed by Koornwinder) defined as [2]

PYP D, y) = PEEFPFHITLO 0 — 1)1 — )k P (<14 )

1—x
_ 15(2k+b+c+d+1,a)(x)(l _x)kf,k(ab) (L)

ey

n—k T—x

where a, b,c > —1, n and k are integers such that~n >k >0, Pk(a’b) (x) is the

Jacobi polynomial of degree k [7, Table 18.3.1], and Pk(a’b) is the Jacobi polynomial

of degree k shifted to have support on (0, 1). Koornw})nder’s construction derives
a,b,c

the polynomials with d = 0, which we denote by Prf, i ). The polynomials in (1)
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are orthogonal on the right-angled triangle {(x,y) : 0 <x < 1,0 <y < 1 —x}
with respect to the weight function wy p.c.q4(x, y) = x4yP(1 —x — ) —x)4.

The basis P,fflk’b’c) has been used extensively by the spectral element community,
see the overview in [3]. The recurrence relations we derive can be employed to
reduce partial differential operators to sparse matrices, enabling efficient solution of
linear partial differential equations defined on triangles, which will be the topic of a
future paper. This is analogous to the ultraspherical spectral method for solving
ordinary differential equations on bounded intervals [8]. A similar idea using a
hierarchy of Zernike polynomials, which are bivariate orthogonal polynomials on
the unit disk, is used in [13] to develop a sparse spectral method for solving
partial differential equations defined on the disk [13]. On the disk, polar coordinates
allow for radially symmetric partial differential operators to be reduced to ordinary
differential operators acting on Jacobi polynomials [13]. This simplification does
not translate to non-radially symmetric partial differential operators on the disk, nor
partial differential operators on the triangle.

Several of the formulae in this paper have already be derived by directly
employing recurrence relations satisfied by Jacobi polynomials [14]. Our approach
via ladder operators is a more systematic study that derives previously unreported

. (a,b,c) .
recurrence relations for P, ™. We also hope to use ladder operators to derive
sparse recurrence relations for multivariate orthogonal polynomials built from
Jacobi polynomials on higher-dimensional simplices.

Throughout this paper, the recurrence relations hold for choices of the parameters
n, k, a, b, ¢, and d that make the Jacobi polynomials well-defined. Moreover, we
take Pﬁal’b) (x) = 0. Also, note that orthogonal polynomials remain orthogonal after
an affine transformation so the recurrence relations in this paper for (1) on a right-
angled triangle can be extended to any triangle, including triangles with the corners
permuted.

The paper is structured as follows. In the next section, we give 12 ladder operators
for Jacobi polynomials and use them to derive sparse recurrence relations for P,fa’b).
In Sect.3 we give 24 ladder operators for (1) and write down the corresponding
sparse recurrence relations for P,fak’b’c’d). In Sect. 4, we use the ladder operators to
derive a collection of sparse recurrence relations for differentiation, conversion, and
multiplication that are satisfied by Pn(ak’b’c). Section 5 applies these sparse recurrence
relations to efficiently calculating Lai)lacians of functions on the triangle.

2 Ladder Operators for Jacobi Polynomials

We give 12 ordinary differential operators that increment or decrement the param-
eters and degree of Jacobi polynomials by zero or one. Each ladder operator maps
PP (x) to PP (x), where |ii —n| < 1,]d —al < 1,and |b — b| < 1.
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Definition 1 The following operators are ladder operators for Jacobi polynomials:

Liu= 9"

Liu= (1 +xa—1-xbu—(1—x>Hd

Lou = (a+b+n+1)u+(1+x)%

Lhu=@a+ (1 —xmu— (1 —x>)dt

Lyu=(a+b+n+Du—(1-x)d

Liu= @b+ (1 +x)mu+ (1 — 224

Lyw=((1+0)a— (1 =) +n+Du—1—xH £l = —nu+(1+x)9"
Lsu=((1+x)@+n+1) =1 —x0bu—1—xH% £y —put 1 —x)de

L()u:bu—f—(l—l—x)% Lguzau—(l—x)%.

The notation for the ladder operators is chosen so that LILS Pn(“’b) and

LSLI Pn(“’b) are scalar multiples of P,Ea’b) for 1 < s < 6. These ladder operators
are carefully constructed to give rise to sparse recurrence relations for Jacobi
polynomials.

Lemma 1 The ladder operators give sparse recurrence relations for Jacobi poly-
nomials:

LR =3 +a+b+ DR LpP =2+ P

n+1
LPOD = (nta+b+ )P P =2 4 a) Rl
L3P = (n+a+b+ )P@PTD  fIp@h) — o 4 p)pab=D
LiP =2 + 1P LEPEY = (n - p)PTH
LsPD =2 + 1PV LIPED = (n 4 a)PIHD
LePY = (n + b)pettv=D LEPOY = (n+a) P10,

Proof The relationship for £ is a formula for the derivative of P,fa’b) x) [7,
18.9.15] and relationship L}L is equivalent to [7, 18.9.16]. Six more follow from
expressing the left- and right-hand sides in terms of , F; functions using [7, 18.5.7]
and the reflection formula Pn(a’b) x)= (D" P,fb’a) (—x): .EZ and _EI are equivalent
to[7,15.5.3], Lz is equivalent to [7, 15.5.4], L4 and Ls are equivalent to [7, 15.5.5],
and L is equivalent to [7, 15.5.6].
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a-1 a a+1 a-1 a a+1 a-1 a a+1

Fig. 1 Illustration of the 12 ladder operators for Jacobi polynomials in Definition 1

The relationship for £, follows from combining [7, 18.9.5] and [7, 18.9.6]. The
relationships for Lg follows by writing

L=Li+@n+at+b)d—x

and then using [7, 18.9.5] and [7, 18.9.6]. Finally, £3 and Lg follow just as £ and
.ET, using the reflection formula.

Remark 1 We note that the first-order differential operators occurring in Lemma 1
form together an action of the Lie algebra sl(4) [1, 5, 6].

Figure 1 illustrates the ladder operators and how they increment or decrement the
parameters associated to a Jacobi polynomial.
The ladder operators can be easily adapted to the shifted Jacobi polynomials,

denoted by f’k(a’b), which are supported on (0, 1), with x in place of 1 + x, and no

)

factors of 2. The corresponding recurrence relations for ﬁk(”’b are the same as in

Lemma 1, except the multiplicative factors of % and 2 are replaced by 1.

3 Ladder Operators for p@bed
n,k

The 12 ladder operators for the Jacobi polynomials in Sect. 2 allow us to derive 24
ladder operators for Pn(ak’b’c’d). The ladder operators are carefully defined so that
they ma; Prfak’b’c’d) to a scalar multiple of pPbed where the new parameters in

Pf“:b’c’ are n, k,a, b, c or d, respectively, incremented or decremented by O or 1.
i, s . . .
'fo highlight the symmetries of the right-angled triangle and make the recurrences
more convenient to write down, we define

|

1 - — 9 _ 9
zi=1l—-x—-y and 32 = By T x

ot
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as in [14]. Now, the variables x, y, and z have the convenient property that any
affine transformation that maps the triangle onto itself has the effect of exchanging
the roles of x, y, and z.

Definition 2 The following operators are ladder operators for P,ffléb’c’d). The first
set of 12 are:

Mo, 1u = 5% M} 1= (ye — zbyu — vz

Moau = (k+b +c+ Du + y2t Miu=(etk— 5 )u— ez
Mojsu = (k+b+c+lu — x5 M03u=(b+%)u+%zg—§‘
Moau = (yc —z(b+k+ 1)u —yzay Mg,4“ = _%“ + %g_;
Mosu=y(c+k+1)u—zb— yzg—?, Mg’su = %u + (1 — 1’:) 3—;
M()GM—CM—ZgI: M06u—bu+y8”

The second set of 12 are:

__La_“
Miou = fru+ 5% — % X 3y

Migu=(xk+a+b+ct+d+1)—au—x(1—x)5+xyd

Mogu = (n+k+a+b+c+d+2u+ 2 u+x—_l—yg—"
MTOu—(n—i—k—i—b—}—c—l-d—i—l—xn)u—x(l—x)ax—i—xyay
Msou=(n+a+b+c+d+2u—(1-x)5+y5
Mgouz(a—i-xn)u—i—x(l—x)g xy‘g‘;
M40u—(x(n+a+b+c+d+2)—a—n+k—l)u—x(l—x)ax+xya}
M40u—1ku—nu+x@—%3;‘ Ms ou = nu + (1 — x)a“ yﬁ
M50u_x(n+a+b+c+d+2)u—au—x(1—x)dx+xydy
M60M—(lll+l—bl+x —l—yg—”

M gu=(k+b+c+d+Du—(1—x)3k+y5

The notation for the ladder operators is chosen so that the recurrence relations in
Theorem 1 are derived for M o (resp. Mo 3) by applying L or LT to the first
(resp. second) Jacob1 polynomlal in P (x y) for 1 < s < 6. Moreover,

we know that M oM. 0P “ b.c.d Mo M P n(“kb sc.d) .M OMT P(a bed) and
Mos M(T) SP,f“kb et are scalar mult1ples of P<” bed for 1 <s5<6.
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The ladder operators in Definition 2 correspond to 24 sparse recurrence relations
for Pn(ak’b’c’d). To derive these recurrences, we first express the partial derivatives of
Pn(ak’b’é’d) as derivatives of shifted Jacobi polynomials.

Proposition 1 The following relationships hold:

~ n, ~(c /
Pn(2_kk+b+c+d+1,a)(x)(1 —x)k I:Pk(c,b):l ( y ) =q _x)a%Pfk,b,c.d)(x’ v, 2)

T—x
. ) / . . . )
[P,fik;b“ﬁ“'a)] - x)kHPk(C‘b) (ﬁ) = (k +(1-x0< - y%) Pn(f'k’b’“d) (x, ¥).
(3)

Proof The first relationship is immediate. The second relationship follows from the
chain-rule:

-0k (f(x)(l -0k (lix)) = 0 -0 g (1)
—kF @1 =0 e +yf @1 -0 (1)

and an application of (2) to simplify the last term.

The 24 sparse recurrence relations for P,f“k’b’c’d) are given in the following
theorem.

Theorem 1 Lett = a+ b + c + d. The first set of 12 are:

Mo = G e DRI A RS = s R

MoaP o = (k+ b+ + PGP ML PGPCD = (k4 ¢y LGP

MosP "D = (k+b+c+ DPGTHEID ML PEPCD = (k4 p) PGP

MBSO = @R DRI MRS =
Mo P AR e orel
MO.GP,ifljéb’c’d) = (k +C)nyflk’h+l’c_l’d) M$’6Prl(fllc,h,(',d) = (k +b)Pn(fzk,b—l,c+1,d).

The second set of 12 are:

MioPSPOD = (n 4k + 1 +2) P LD

M;oprfi’b’c’d) — (I’l —k+ I)nyi_lylk’b’c’d_l)

MaoP G = (n 4+ k +1 +2) PGP

+ \b,c,d ,b,c,d—1
MG PGP D = (0t k1 —a+ PGP
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M3,0P,f,ak’b’0’d) =n+k+1+ 2)Prf)ak+l,h,c,d)
M;,oPlfflléb,c,d) -k _i_a)Prfka—l,b,c,d)

Mag PGP = (n — k4 1 plabed=D

MY PGP = (0 — -+ @) Pt 4D

Ms POt = (4 k41 —a+ DPTPeD
M;()Prffl,;b’“d) -k + 1)Prfi—1’1k,h,c,d)
MeoPPD = (n — k 4 a) P Ped+D
M;OP”(flléb’c’d) =Mmn+tk+t—a+ 1)Pn(,ak+l’b"¥d71).

Proof We present the proof of My | P,ff'k’b’c’d) =k+b+c+ 1)P,fi’]b'}:’lc+l’d). By
the definition of P\%”“"’ in (1), the chain rule, and the relationship in (2), we have

,b,c.d 5 2k+b+c+d+1, —1r ple,b y
a%vpn(flk c )(x’y): Prf—k+ +c+d+ a)(x)(l_x)k I[Pk(c )]/ (1}?)

I—x

“)

—ktc+bt l)ﬁﬁkk+h+c+d+1,a)(x)(1 _x)k—lﬁk(i-l,lﬂ-l) (L)

where the last equality comes from applying £ in Definition 1. The final expression
in (4) is equivalent to (k + b+ c + l)Pn‘i’f’:l_’fH’d). The manipulations for the
remaining recurrence relations are similar, except with different choices of the

operators L or Lj. and combinations of (2) and (3).

. b
4 Sparse Recurrence Relations for P,f”,; )
b
We can combine the ladder operators in Sect. 3 to derive sparse recurrence relations
between Pn(ak’b’c) polynomials with different parameters and their partial derivatives.
These recurrence relations are analogous to many of the sparse recurrence relations
for Jacobi polynomials [7, §18.9].

4.1 Differentiation

The partial derivatives of Prfak’b’c) can be written in terms of Jacobi polynomials

on the triangle with incremented parameters, which is analogous to a recurrence
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relation for the derivative of a Jacobi polynomial [7, 18.9.15]. A similar recurrence
for Prfflk’b’c) can be found in [14, Prop. 4.6, 4.7, & 4.8].

Corollary 1 The following recurrence relations hold:
Qk+b+c+DEPY) = +k+a+b+c+k+b+c+ )P

+k+b)n+k+b+c+ DPrf(i-i]_.l];If]C-’—l),
)

,b, biletl
%nyfzk o _ k+b+c+ 1)Pn(‘113;10+ ). ©
Qhk+b+c+DEPG) = —m+k+a+b+c+2k+b+c+ )P
+(k+c)(n+k+b+c+I)Prftiwlt’lk,liqlul,c)'

)

Proof The recurrence (5) follows from the fact that (M oMoz + Ma 4Mg U =

QRk+b+c+ l)g—z when d = 0. The relationship (6) is equivalent to the relation
given by My 1 in Theorem 1 when d = 0. Finally, (7) follows from the fact that

My, oMo3 — M(T),sMg,o)“ =—Qk+b+c+ 1.

The derivatives of weighted versions of P,fak’b’c) also satisfy sparse recurrence
relations, which are analogous to an expression for the derivative of a weighted
Jacobi polynomial [7, 18.9.16].

Corollary 2 The following recurrence relations hold:
~@k+ b+ e+ D (x50 RGP ) = 5Ty (Ut o — k4 DR
+k+ D= k+ P ),
% (XubeCP,ffl;;b’C)) = —(k+ l)xayb—lzc—lnyi,lh’;_l’_,lc—l)v
Qk+b+c+ i (xaythPrfflk’b’C)) = x“_lyb_lzc<(k +b)(n—k+ PP
— K+ D0 —k+a RS ).
Proof The first recurrence follows from
Mg M o+ MoaMso)u = 2k + b + ¢ + D(cx — az — xz2)u
=—QRk+b+c+ 1)x1_“z1_c%(x“z"u).

The second recurrence holds since

Mg’lu =(cy — bz — yzaiy)u — _yl—bzl—c%(yhzcu).
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The third recurrence is derived from the fact that
MG M g = MosMsoyu = 2k +b+c+ D(bx —ay +xy( — Z)u

=QRk+b+c+ l)xlf“y]*bzfc;—z(x“ybzcu).

4.2 Conversion

Recurrence relations for conversion allow us to express Prf”k ) in terms of Jacobi

polynomials on the triangle with different parameters. Here, we give the recurrence
relations that increment the parameters, which are analogues of [7, 18.9.3]. Similar
relations can be found in [14, Prop. 4.4].

Corollary 3 The following recurrence relations hold:

Qnta+b+c+DPY"Y = +k+a+b+c+2)poH "
+(n+k+b+c+ DR, )
(2n+a+b+c+2)(2k+b+c+I)Prl(leéb,c)
=(n+k+a+b+c+2)(k+b_|_c+I)Pll(fz’éb+1,c)
—(—k+a)k+b+c+ DR+ k+ O+ k+b+c+ DRI
— (k+ ) —k+ PG, ©
(2n+a+b+c+2)(2k+b+c+1)P,,(flk’b’6)
:(n+k+a+b+c+2)(k+b+c+I)Prf’ak,b,cﬂ)
—(—k+a)k+b+c+ DR — k4 D)+ k+b+ e+ DRI

+ (k4 b)(n — k+ PG (10)

Proof The recurrence relation in (8) follows from the fact that (M3zg + Mso)u =
Q2n+a-+b+c+2)u whend = 0. Since (Ma,o— M} )u = Qn+a+b+c+d+2)u

and (M5 ) — Maou = 2n +a+b +c+d +2)(1 — x)u, we obtain
(Moa Moo= Moo M o =My JME o+ MS ,Maolu = Qk+b+c+1)n+atb+c+d+2)u,
The recurrence relation (10) immediately follows. Similarly, (9) holds since

(Mo,3 Mz —M0,3M2Y0+Ma5M;0 —M$,5M4,o)u = k+b+c+1)2n+a+b+c+d+2)u.
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4.3 Multiplication

Recurrence relations for multiplication allow one to express x P,f“k’b‘c), y P,f“k’b’c), and
an(f‘k’b’c) in terms of a sum of Jacobi polynomials on the triangle with potentially
different parameters. The recurrences in Corollary 4 are analogous to the recurrence
relations for P\*? found in [7, 18.9.6].

Corollary 4 The following recurrence relations hold:

Cn+a+b+c+2xP %" = —k+a) P + =k + PO,
(11)

@k+b+ct+D@n+a+b+c+2yP 4" =+ b +k+b+c+ HPGT

— k+ D —k+a) PG — ket by — ke + DR

+k+Do+k+a+bte+POT 0T

12)

@k+b+c+ D@n+a+b+c+2P%GP) = k+ @ +k+b+c+ HPGHD

+k+ D0 —k+a) PG — (k+ o) —k+ PGP

,b,c—1
~k+Dn+k+a+b+c+ PSP,

13)

Proof The recurrence relation in (11) follows from the fact that (/\/(;0 + M;O)u =
@n+a+b+c+d+2)xu. Since

(M M= M Mg+ Mos Mag— Mos M = k+b+c+1)@n+a+b+c+d+2)yu

holds, we find that (12) is satisfied. Finally, (13) follows from

(M M= My Mag+MoaMby— MoaMag)u = Qk+b+c+1)2n+a+b+c+d+2)zu.
Combining the recurrence relations in Corollaries 3 and 4, we can derive

expressions for xPn(“k’b’C) , yP,fak’b’C), and zP,fak’b’C) in terms of a sum of Jacobi

polynomials on the triangle with parameters (a, b, c). These are analogous to

the three-term recurrence relation for Jacobi polynomials [7, 18.9.2]. Since these
recurrence relations are long, we refer the reader to [2, pp. 80-81].
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4.4 Differential Eigenvalue Problems

The polynomials P,ff’,{’b’c) are eigenfunctions for second-order differential operators
(see [2, (5.3.4)] and [14, Prop. 4.11]), and the ladder operators in Sect.3 make it
easy to derive this fact.

c)

Theorem 2 The polynomial Pn(ak’b’ satisfies two second-order differential eigen-

problems:
& PO+ () (1= 1) = Q+b+oN & PGP = —kk+b+c+1) PG

and

2

92 pla,b,c) 92 (a,b,c) R (a,b,c)
x(1 —x)(,’?Pn!k _ZXyaxayPn,k + y(1 _y)ﬁpn,k

t@atl=(@+b+c+3I0EPS" )+ G+ 1-(@+b+c+3EpPe"

=—n(n+a+b+c+d+2P%" D, y).
Proof The first equation follows from
Moa My PGP, y) =kk+ b+ e+ DPGP D, y)
and the second from

Mo My —k(k +b+c+1)

1—x

T ,b,c,d
+ Mg,oMé’O + M4,0MZ’0 P,fflk ¢ )(x, y)

(a,b,c,d)

=(04+a—-k+n)@B+1+2n)P7 (x,y).

5 Application: Calculating Laplacians

We can use the recurrence relationships in this paper to calculate partial derivatives
too. Slevinsky’s fast triangle transform [11] (which builds on his fast spherical
harmonic transform [10]) as implemented in the FastTransform multithreaded C
code [12] gives an efficient and stable routine for calculating the expansion coeffi-
cients on the triangle in O (d? log? d) operations, where d is the polynomial degree.
The partial derivative recurrences (see Corollary 1) show us how to calculate the
. . ap p - . .
expansion coefficients of 7= and 3% with coefficients associated to the parameters
(a+1,b,c+1)and (a, b+1, c+1), respectively. Moreover, Corollary 3 informs us
how to convert from expansions with parameters (a, b, ¢) to (a+1, b, ¢), (a, b+1, ¢)
and (a, b, c + 1). We can combine these various recurrences relations to compute
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Relative error of laplacian evaluated at (0.1,0.2)

10-11.07

10-11.5,

Relative error

10- 120

10- 125

1 64.0 1 64.5 1 65.0 1 65.5 1 (‘)GAO
N

Time to calculate Laplacian coefficients

101.0,

100.5 [

100.0 [

Execution time

10-1.0,

transform
setup
apply

10-1.5,

1 64.0 1 64.5 165.0 1 65.5 1 de.o
N

Fig. 2 Top: Error when evaluating the Laplacian of f(x, y) = cos(nxy/40) at (x, y) = (0.1, 0.2)
by expanding in degree N = (n + 1)(n + 2)/2 Jacobi polynomials on the triangle with
(a, b, c) = (0,0,0) and using the recurrences. Bottom: Execution times of (1) the fast transform,
(2) constructing the recurrences as 8 banded-block-banded matrices, and (3) applying the matrices

the coefficients of the Laplacian in the basis P,leéz’z) in an optimal complexity of

O(N) = 0(d? operations, where d is the polynomial degree and N = d(d + 1)/2
is the total number of degrees of freedom.

For example, the Laplacian of f(x,y) = cos(nxy/40) can be computed by
first approximating f on the unit right-angled triangle to within machine precision
by a polynomial, and then employing various recurrence relationships to calculate
its Laplacian (Fig. 2). To do this efficiently, we store the recurrence relations
as banded-block-banded matrices to take advantage of fast banded matrix-vector
multiplication.



Recurrence Relations for a Family of Orthogonal Polynomials on a Triangle 91

6 Conclusion

We introduce ladder operators for systematically deriving sparse recurrence rela-
tions for differentiation, conversion, and multiplication of Jacobi and orthogonal
polynomials on the triangle. We use these recurrences to efficiently apply partial
differential operators, in particular for calculating Laplacians. The importance of
these relationships is that they allow general linear partial differential operators with
polynomial coefficients to be represented as sparse operators acting on orthogonal
polynomial expansions. This application will be the topic of a subsequent paper.
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indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.
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