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Discrete orthogonality relations for Hall-Littlewood polynomials are employed so as to derive cubature
rules for the integration of homogeneous symmetric functions with respect to the density of the circular
unitary ensemble (which originates from the Haar measure on the special unitary group SU(n;C)).
By passing to Macdonald’s hyperoctahedral Hall-Littlewood polynomials, we moreover find analogous
cubature rules for the integration with respect to the density of the circular quaternion ensemble (which
originates in turn from the Haar measure on the compact symplectic group Sp(n;H)). The cubature
formulas under consideration are exact for a class of rational symmetric functions with simple poles
supported on a prescribed complex hyperplane arrangement. In the planar situations (corresponding to
SU(3;C) and Sp(2; H)), a determinantal expression for the Christoffel weights enables us to write down
compact cubature rules for the integration over the equilateral triangle and the isosceles right triangle,
respectively.

Keywords: cubature rules; Hall-Littlewood polynomials; random matrices; compact classical Lie groups;
Haar measures.

1. Introduction

It is well known that the Haar measures of the classical compact Lie groups (Simon, 1996; Procesi,
2007) yield the densities of ubiquitous random matrix ensembles (Mehta, 2004; Forrester, 2010). A
crucial issue, from the point of view of applications, is the development of techniques that permit to
perform efficient numerical integration with respect to the densities in question. In recent years, Gauss-
like cubature rules were constructed serving this purpose (Munthe-Kaas, 2006; Li & Xu, 2010; Moody
& Patera, 2011; Moody et al., 2014; Hrivnak & Motlochova, 2014; Hrivndk et al., 2016), with the
aid of a fundamental toolset based on the use of orthogonal polynomials (Stroud, 1971; Hoffman &
Withers, 1988; Beerends, 1991; Sobolev, 1992; Cools, 1997; Sobolev & Vaskevich, 1997; Cools et al.,
2001; Dunkl & Xu, 2014). For the pertinent class of integrals at issue the cubature nodes arise in this
picture from the zeros of characters of irreducible representations of the underlying Lie group. These
characters are given explicitly by Schur polynomials, and the aim of the present work is to generalize the
corresponding construction from Schur polynomials to Hall-Littlewood polynomials (Macdonald, 1995;
Macdonald, 2000/01; Nelsen & Ram, 2003). To this end we exploit discrete orthogonality structures
for the Hall-Littlewood polynomials originating from mathematical physics (van Diejen, 2006;
van Diejen, 2007; van Diejen & Emsiz, 2017). Our approach entails cubature rules for the integration
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2 J. F. VAN DIEJEN AND E. EMSIZ

of rational symmetric functions with prescribed poles on a complex hyperplane arrangement, controlled
by the orthogonality measure of the Hall-Littlewood polynomials. In the special case of a rank-one Lie
group, we reproduce in this manner particular instances of known quadrature rules stemming from the
Bernstein—Szegd polynomials (Daruis et al., 2006; Bultheel ez al., 2009; van Diejen & Emsiz, 2018a),
which were conceived to integrate rational functions with prescribed poles against the Chebyshev weight
functions. The material is organized as follows.

In Section 2 we formulate our cubature rule stemming from the Hall-Littlewood polynomials. The
formula in question serves to integrate homogeneous symmetric functions with respect to the density of
the circular unitary ensemble (CUE), given by the Haar measure on the special unitary group SU(n; C).

In Section 3 we provide an analogous construction based on Macdonald’s hyperoctahedral Hall-
Littlewood polynomials. The corresponding cubature rule is designed to integrate symmetric functions
with respect to the density of the circular quaternion ensemble (CQE), which is given in turn by the
Haar measure on the compact symplectic group Sp(n; H).

In both situations the cubature nodes turn out to be located at common roots of an associated family
of quasi-orthogonal polynomials. An explicit formula for the quasi-orthogonal polynomials of interest
is derived in Section 4.

The Christoffel weights of our cubature rules are encoded by squared norms determined by discrete
orthogonality relations for the (hyperoctahedral) Hall-Littlewood polynomials from van Diejen (2006,
2007) and van Diejen & Emsiz (2017). In Section 5 we formulate a compact determinantal formula
for these Christoffel weights in the case of planar integrals (associated with SU(3; C) and Sp(2; H)).
The corresponding cubature rules serve to integrate over the equilateral triangle and the isosceles right
triangle, respectively.

Section 6 concludes our presentation by pointing out how various previous cubature rules studied
in Munthe-Kaas (2006), Li et al. (2010), Li & Xu (2010), Moody & Patera (2011), Hrivndk &
Motlochovad (2014), Moody et al. (2014), Hrivndk et al. (2016), van Diejen & Emsiz (2019), van
Diejen & Emsiz (2018b) can be seen as parameter degenerations of those considered here. The Hall-
Littlewood polynomials specialize at the parameter values of interest to (symplectic) Schur polynomials
or to symmetric monomials, respectively.

Note: Below we will occasionally refer to the dominance partial ordering of vectors in R”":

X<y<=x+-+x <y +--+y *k=1...,n. (1.1)

We will also employ the following notation for counting the multiplicity of x € R inside x =
(xy,...,x,) € R*"

m(x) = [{l =j<n|x;=x}| (1.2)

2. Cubature rules associated with Hall-Littlewood polynomials

In this section we present a cubature rule for the evaluation of integrals of homogeneous symmetric

functions in the variables Z = e (G =1,...,n), over the fundamental domain
AW =&, E) R & > & > - > &, > & — 21} 2.1
for the hyperplane
Ry :={(,...§) eR" | & +---+&, =0} 2.2)
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 3

Here the integration is with respect to the density of the CUE

0. (&) = H e — ik |2 = 2n(—D H sin? (ngk) (2.3)

1<j<k<n 1<j<k<n

stemming from the Haar measure on the special unitary group SU(n;C). The coordinates & :=
(&;,...,&,) correspond in this picture to the angles of the eigenvalues.

2.1 Hall-Littlewood polynomials

The Hall-Littlewood polynomials constitute an important orthogonal basis for the space of symmetric
functions in n variables, which has been studied intensively from the point of algebraic combinatorics
through its connections with the representation theory of affine Hecke algebras. For our purposes it
suffices to collect only a few elementary properties extracted from the standard references Macdonald
(1995, Chapter III), Macdonald (2000/01, §10) and Nelsen & Ram (2003).
A convenient way to label Hall-Littlewood polynomials is by means of dominant weight vectors
AY ={lo +- -+ 1, o, |1,

s bp—

| € Zsp} (2.4a)
that are generated by the SU(n; C) fundamental weight basis (cf. (Bourbaki, 1968, Planche I))

wj=e 4+ +e—Lle,+-+e) (=1...n—1) (2.4b)

spanning the hyperplane Rj. (Here the vectors ey,...,e, refer to the standard unit basis of R".)

Specifically, for any n = (uy,...,u,) € Ag') the corresponding Hall-Littlewood polynomial is given
explicitly by

P, (:q) = z CoEsps- - 66, @) exp(iy g + -+ + 16, [1y), (2.5a)
oeS,
where
1 —ge &5
CoEphe ) =C(&:q) = H (m ; (2.5b)
1<j<k<n

and the summation is meant over all permutations o = ( 011 022 o ) comprising the symmetric group

S,. For —1 < g < 1 Hall-Littlewood polynomials are known to obey the following fundamental
orthogonality relations, cf. e.g., Macdonald (2000/01, §10) or Nelsen & Ram (2003, Section 3) (with
the root system R of type A, _;):

1 D e, N —
(271')"_1711/2 ~/A(") Pa;M(E;Q)Pa;v(E;Q)|Ca(§;Q)| sz (26)
_gltk=i
H]§j<k§n llek,J/ ifv= M,
= W= k=0
0 ifv#£p

(v e AL,

020z AelNl 9z uo Josn Yjod NL Mesuiolqig Ad 21 G8ESS/L L OBBIP/WNUBWIEE0L 0 L/I0PAdESqR-8]o1Ie-20UBAPE /e UfEWY/WOD dNO"olWapeoe)/:SdRy WOI) POPEOJUMOQ



4 J. F. VAN DIEJEN AND E. EMSIZ

REMARK 2.1 In the orthogonality relations (2.6) the integration is meant with respect to the Lebesgue
measure d§ stemming from the standard volume form associated with the (n — 1)-dimensional euclidean

space R{}. In particular: [ AD dé = Vol(A;”)) _ @ny a2

n!

2.2 Finite-dimensional orthogonality relations
Given a fixed positive integral level m we consider the following finite alcove in Af—f):

AP = ALoy+ A Lo,y [ el € g L4+ 1, < m). 2.7

In van Diejen (2006) a lattice Laplacian on A(am’") was constructed (with Robin-type boundary

conditions involving the parameter g) for which P,. u (&) (viewed as a function of € Agn’")) constitutes
(m,n)
EN

YIS A(am’") parametrizing the eigenvalues. For —1 < g < 1 the construction in question gave rise to
a novel finite-dimensional orthogonality relation for the Hall-Littlewood polynomials of the form (van
Diejen, 2006, Section 5.2):

an eigenfunction provided the spectral variable & € Ag’) belongs to a discrete set of nodes &

D P (BN )P (EL: )80 (@) =0 i a #k (2.82)
MEA(am,n)
(h, k€ A where
1 — C]k_j 1— qn—k+j
(m,n) — I R

L@ = 1 = p [T — et (2.8b)
1<j<k<n 1<j<k<n
Hj— k=0 Hj—Hk=m

2.3 Positions of the nodes

At general parameter values —1 < g < 1 explicit formulas for the positions of the spectral nodes
& ;";n) YIS A;m’") are not available unfortunately. Instead, we will recur to a simple numerical algorithm
stemming from van Diejen (2006, Section 4), where the eigenvalues of the underlying discrete Laplacian
were characterized in terms of the critical points of an associated family of Morse functions, by means
of a powerful mathematical toolkit that is known in mathematical physics as the Bethe Ansatz method
(cf. e.g. (Korepin et al., 1993; Mattis, 1994; Gaudin, 2014) and references therein). Specifically, for any
—l<g<landA=(Ay,...,4,) € A;’”’”) the explicit position of the pertinent node & ;’;”)1") turns out to

be given by the unique global minimum of an auxiliary semi-bounded Morse function V;ﬁ’n) R* - R:

&i—&k
e = > [ oo (38 - 2wt a)g). @
1<j<ksn”0 1<j=n
where |
0aji= 5 (1H1-2)  G=1l.oom) (2.9b)
and

1-— q2
1 —2gcos(6) + ¢’

o
vq(ﬁ‘) ::/0 uq(Q)dG with uq(G) = (2.9¢)
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 5

Notice in this connection that the existence of this global minimum is guaranteed because Vg’;:n) &) —
400 as |&| — 0o, whereas the uniqueness follows by convexity:

HU (8) = 0,0, VI (&) (2.10)

m+ Y i<i<ny(§—§) ifk=j
I#j

—u, (& — &) ifk #J,
so (for any (x,...,x,) € R")
> HID @ = > md > uyE— ) — )
1<j.k<n 1<j<n 1<j<k<n
>m Z xf.
1<j<n

The numerical positions of the nodes can now be conveniently computed from the equations for the
(m 1) .
critical point BE Vo (&) =0:

mE+ > v —&) =20 +0,)  (G=1,....m), @11
1<k<n

ki

by means of a fixed-point iteration scheme such as Newton’s method. At this point numerical integration
for the evaluation of v (S ) is to be avoided, since it is much more efficient to invoke the explicit formula

v, (¥) = 2arctan (H" tan( )) for —m < ¥ < 7, in combination with the quasi-periodicity v, (& +

271) =v,(?) + 27 for ¥ € R. At the special parameter value ¢ = 0 equation (2.11) degenerates into

a linear system, the solution of which is given explicitly by §; = W, = 1,...,n; this explicit

solution at ¢ = 0 serves as a suitable initial estimate for starting up the Newton 1terati0n at general
parameter values —1 < g < 1 (cf. Remark 2.3 below).

REMARK 2.2 It is instructive to observe that the nodes & (a’?){”), A e A belong to the domain A
(2.1). Indeed, by summing the n equations in equation (2.11) characterizing the position of & (a’;"l’"), one
sees—upon exploiting that v, () is odd in ¥—that the critical point in question lies on the hyperplane

Rfj. Furthermore, by subtracting the kth equation from the jth equation:

(& =60+ D (v — &) — v (& — &) =270y — Ay +k =), (2.12)

1<i<n

it is manifest that at & = & (ar;")l") the inequality 27 > §; — & > O holds when 1 < j < k < n. Here one
uses the monotonicity and the (above) quasi-periodicity of v, () in ¢, together with the observation that

in this situation 0 < &; — &, < m (because A € ALy,
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6 J. F. VAN DIEJEN AND E. EMSIZ

REMARK 2.3 Since 5 +Iq: =u,0) < M for 6 € R, the following bounds for the position of the node

&= é(m (). € A" are immediate from equation (2.12) via the mean value theorem:

2k —j+ A — Ap) 2k —j+ A — Ap)
L g g < ik (2.13a)
m+k,._(q) m+ K., (q)
for 1 <j < k < n, where
1- |qz|)il
K...(q) = n( . (2.13b)
= 1+ gl
These bounds confirm that
27(h +0,)
(m n) _ a (m,n)
= ———— re A s 2.14
Sl |o=0= 0w (€ A"™) (2.14)
where o, 1= (0, .- - -, 04,)- Moreover, since at £ = % (A € AU the inequalities in equations

(2.13a),(2.13b) are satisfied for any —1 < g < 1, this special point provides a convenient initial estimate
when computing the position of the node E;ﬁ") numerically from equation (2.11) via Newton’s method.

2.4 Cubature rule

Let
Hp(am,n) = SpanMEA(am,n) {Ma;u(s)}, (215)
with
M, (®) = Z exp(ib, ity + -+ + ik, I1,) (2.16a)
a MogeS,

normalized such that each exponential term on the RHS occurs with multiplicity one:

l+k—j

N, = H = (2.16b)

1<j<k<n

Hj—Hk=0
Notice that the space ]P’g"’") is isomorphic to the (m+”_1)-dimensional space of symmetric polynomials
of degree at most m in each of the variables zj= ¢ (j € {1,...,n}) subject to the relation 21z, =1L
THEOREM 2.4 (Hall-Littlewood cubature). For g € (—1,1) and m € Z_, the following cubature rule

holds true for any symmetric polynomial £ (&) in P&~
1 _
Gyl ! ®1CaE )] ME= D fEIM)ALY, (2.172)
reag™

020z AelNl 9z uo Josn Yjod NL Mesuiolqig Ad 21 G8ESS/L L OBBIP/WNUBWIEE0L 0 L/I0PAdESqR-8]o1Ie-20UBAPE /e UfEWY/WOD dNO"olWapeoe)/:SdRy WOI) POPEOJUMOQ



CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 7

with Christoffel weights given by

A% = ( > P

ueAlmn

—1
(g(m)hn), Q)‘ 28(m n) (C])) . (2.17b)

Proof. 1Tt is immediate from the discrete orthogonality relations in equations (2.8a), (2.8b) that the

following matrix is unitary:
Vo2 @r. 60 /327

By ‘column-row duality’ this means that for any &, v € AY™™ (cf. (van Diejen, 2007, Theorem 1)):

poe AL

- (m,n) .
(m,n) . (m,n) < (m,n) /8 (61) ifv= M,
5 1q)ALT = . 2.18

Z(I;”l) (E A q) av( aA ) asA [O lfv 75 . ( )
reAy

If we compare this formula with the standard orthogonality relations for the corresponding Hall-
Littlewood polynomials in equation (2.6), then it is clear that both scalar products are equal if v
(say) is restricted to AY"~"”. Hence, since P, (&;¢q) = Pot & @) and (—v,,...,—v)) =
L,_qo1+1, s, +---+ljw,_{ whenv = liw; +Lhw, +---+1,_jw,_;, we conclude that the asserted
cubature rule is valid for all symmetric polynomials f(&) of the form

fE& =P, &P, (E:q with pue Al veAl ", (2.19)

The products in question actually span P;zm_l’") (because the monomial expansion of f(&) (2.19)

contains M., ., (§) and monomial symmetric functions M., (§) corresponding to dominant weights

« that are smaller than u + v in the dominance partial order). The cubature rule thus follows for general
. . . (2m—1,n) . .
symmetric polynomials f(&§) in P by linearity. (]

The following corollary interprets Theorem 2.4 as an exact cubature rule for the integration of a
class of rational symmetric functions against density of the CUE.

CoRrOLLARY 2.5 (Cubature in CUE). For g € (—1,1) and m € Z_, one has that

/Anga(E)pa(«S)dE= > RL(EL)pa (E05) ALY (2.20)

(Zn)"_lnl/z =~
m.n
AEAS

with A;’?)’L") =|C, (‘g'(m "), q)|2A;";1)1n) and R, (§) := Of g ° where the denominator is of the form

0,¢:9) = [ (1-2gcos—£)+4%)

1<j<k<n

and the numerator £ (&) is allowed to be any symmetric polynomial in ]P’;zm_l’n).
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8 J. F. VAN DIEJEN AND E. EMSIZ

Proof. Immediate from Theorem 2.4 via the identity

IC,(&:9)1 7% = p,(§)/0,(&:9).
O

REMARK 2.6 When n = 2 Theorem 2.4 boils down to a special instance of the quadrature rule on m + 1
nodes presented in van Diejen & Emsiz (2018a, Theorem 5) (viz., with d = d = e, = E+ =0,
€_ =¢é_=1land o) = & = —q, respectively). The corresponding degree of exactness is D = 2m — 1,
which is off by two from the optimal Gaussian degree 2m + 1. More generally, via a change of variables
of the form (cf. e.g. (Munthe-Kaas, 2006, Section 3.4), (Li & Xu, 2010, Section 5.1) or (Hrivnak et al.,
2016, Section 3)):

L (Mo ® + My, ®) ifj= 1o 1250,
X = \%Ma;wj(g) ifj=1%, (2.21)
51 (Mo ®) = Moy, ®) iFj =51 on— 1.

Theorem 2.4 can be reformulated as an exact cubature rule for f e IT®"~1"=D gsupported on
dim(IT"=DY nodes, where IT®"~D refers to the (D+g_1)-dimensional space of all polynomials in
Xy,...,X,_, of total degree at most D:

n

pa(Xls X )

— S&Xps . X ) dX;.--dX,_ (2.22)
(rv2)" " et 0, Xy, Xz
(m,n)\ A (m,n)
z f(Xa;A )Aa;)» .
reAw
Here p, and O, refer to the transformed functions expressed in the new coordinates X;,...,X,_; and

AL = (@), X, ®) 1§ AP,

X(mn) . (Xl(g(mn) n l(g(mn) )

To perform this coordinate transformation one uses that on the hyperplane &, + --- + §, = 0 the
Jacobian is given by )% - (%)'1_1,/pa &) (cf. (Li & Xu, 2010, Lemma 5.5) or (Hrivndk ez
al., 2016, Proposition 4)) and the volume form reads d§ = (/nd§, - --d§,_,. The linear isomorphism

between the spaces IP’(aD’") and IT®”~1 induced by this change of variables reveals that the number of

nodes to achieve the exact integration for all f € szm_l’") is bounded from below by the (Gaussian)

value dim (P n=Lm) ) (cf. e.g. (Dunkl & Xu, 2014, Chapter 3.8)). The number of nodes employed by the
cubature rule in Theorem 2.4 thus exceeds this lower bound by

n+m-—2

dim (P4 — dim (P~ = (
m

) = dim (P D).
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 9
REMARK 2.7 The symmetric functions R_(§) = 0{: g) D admit simple poles supported on the zero
locus of the denominator O, (&;¢q). For 0 < ¢ < 1 the pole locus in question consists of the complex
hyperplanes

§ — & =ilog(g) mod 27 (1 <j#k<n),

whereas for —1 < g < 0 it consists of the complex hyperplanes
Ej—‘f;‘k:n—i—ilog(—q) mod 27 (1 <j#k<n).

At the boundary of the parameter domain —1 < ¢ < 1 this complex hyperplane arrangement
approximates itself to the closure of the integration domain Ag") (2.1). Indeed, for ¢ — 1 the pole

locus intersects the closure of Agl) at the boundary hyperplanes §; — &, =0( =1,...n— 1) and
& — &, = 2m, while for ¢ — —1 the intersection stems from the hyperplanes passing through the

interior: éj —§&=n(1<j<k<n).

3. Cubature rules associated with hyperoctahedral Hall-Littlewood polynomials

In this section the above construction is adapted for the compact symplectic group Sp(n; H). The
pertinent Haar measure corresponds to the density of the CQE

Py (&) == on(n+1) H (1 — Cos2(§‘j)) H (Cos(gj) — COS(fi-'k))2 3.1)

1<j<n 1<j<k=n

on the fundamental domain

AV =t =(,....6) eR |n>& >&> > >0}, (3.2)

Macdonald’s hyperoctahedral Hall-Littlewood polynomials produce in this situation cubature formulas

for the integration of symmetric functions in zj = cos(éj) (G = 1,...,n) over the fundamental domain

Agl) with respect to the density oy, (§).

3.1 Hyperoctahedral Hall-Littlewood polynomials

Macdonald’s hyperoctahedral Hall-Littlewood polynomials are a variant of the Hall-Littlewood
polynomials associated with the hyperoctahedral group of signed permutations, which can be retrieved
from Macdonald (2000/01, §10) upon picking the root system R of type BC,. The polynomials in
question are labeled by Sp(n; H) dominant weight vectors

AP = () €y 2 2y, 2 0} (3.3)
that are non-negatively generated by the fundamental basis e; + --- +¢;,j = 1,...,n (cf. (Bourbaki,

1968, Planche III)). Here we restrict attention to a two-parameter subfamily of these polynomials given
by

PoE:qiqo) = D Cul€rbys - s 685:4-0) eXPliE &y 1ty + -+ + i€,E, 1L,), (3.4a)

oeS,
ee{l,—1}"
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10 J. F. VAN DIEJEN AND E. EMSIZ

with € A" and

Cp(§y,---.6,39,90) = Co(§59,90) (3.4b)
1 — 1—gpe™ —i§j 1 —ge &~ 1 — ge iEten)
- H _ —215, H 1 — e—iG—80) 1 — e~ i+ -
14<n lJ<k§n

The symmetrization is now with respect to the action of the hyperoctahedral group of signed permuta-
tions, which involves summing over all o = (,,11 (,22 T A)eS,andalle = (e,...,€,) € {1,—1}". For
—1 < ¢,qy < 1the polynomials P, (§: ¢, ) satisfy the followmg orthogonality relations (Macdonald,

2000/01, §10):

) 1_q1+k—j X _
P (Ea o0 2 [Ti<j<k<n TFT ifv=pu,
/(n) Py, (§:9,90) Py, (§:9.90)1C (839, q9) | "d§ = Y 1k =0 3.5)
A .
’ 0 ifv#u

1
2m)"

(1.v € AD).

REMARK 3.1 In the orthogonality relations (3.5) the integration is meant with respect to the standard
Lebesgue measure d§ = dé; - - - d&, for R”. In particular: [, ) d& = Vol (Aé")) = ()" /n!.
b

3.2 Finite-dimensional orthogonality relations
In the same spirit as before the construction of an appropriate lattice Laplacian (with Robin-type
boundary conditions) on the finite alcove

AP = () €L My 2 >, > 0} (3:6)

of level m € Z_,, has given rise to a novel finite-dimensional orthogonality relation for the
hyperoctahedral Hall-Littlewood polynomials of the form (van Diejen & Emsiz, 2017, Section 11.4):

D Poy B854 0) Poy (650 40)805" (@) = 0 ik # 2 (3.7a)
;LEAI(D'"’")

A,k € Ag"’")), where

(m n) 1- qk_j

S @ = 1 (3.70)
1<j<k<n
i— k=0

In the current situation the positions of the nodes Ef)mkn), A € A" parametrizing the eigenvalues of

the lattice Laplacian turn out to depend on three parameters in the interval (—1, 1): g, (which governs
the boundary condition at the wall p, = 0), g (which governs the boundary condition at the walls
wj = tjr1>J € {1,...,n — 1}) and an additional parameter ¢; (which governs the boundary condition
at the affine wall ; = m) (van Diejen & Emsiz, 2017).
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 11

3.3 Positions of the nodes

In the absence of explicit formulas for the positions of the nodes in equations (3.7a), (3.7b) at general
values of the parameters ¢,¢qy,9; € (—1,1), we recur again to a characterization in terms of the
minimum of an auxiliary Morse function from van Diejen & Emsiz (2017, Section 10.1) so as to enable
numerical computations.

(m.n)

Specifically, the position of the node &, 1 € AU turns out to be governed by the unique global

minimum of the following semi-bounded Morse function Vk(f_';:") R - R:

gk gt
Vg = 3 (/O’ kvq(ﬁ)dz?+/0 kvq(ﬁ)dﬁ)

1<j<k<n

&
+ > ((m+ D& — 27 (0 + 1)E; +/0 (v ) +v,, (ﬁ))dﬁ), (3.82)

1<j<n
where vq(z?) is of the form in equation (2.9c) and

Opj=n+1—j (G=1....n). (3.8b)

As before, the existence and uniqueness of the global minimum E(m ) V(m ") (&) is ensured by the

unbounded radial growth Vfﬁ”) (§) — o0 for |&] — o0, in combination with the convexity:

2(m+1)+uy, (&) +u,, (;,)+Zlil§n (1, (&+E) +u, (5 — &) ifk =
]

g &+ &) — g (& — &) itk #)
3.9)

(n,m) . (n,m)
Hb;].’k = 85 9, Vi &=

(with Uy (0) taken from equation (2.9¢)), so

HGR = 2 (20m+ 1)+ g, )+, ) F

1<jk=<n 1<j<n

> (180G + 1) (6 — £ — x?)

1<j<k<n

>2m+1) ) x.

1<j<n

The equations 85 V(m ) (&) = 0 for the numerical computation of the position of the node E(m )
using Newton’s method now become:

20m+ D + vy, ) 10, &) + D (v &+ 80+ v, & —§)) =27(0py + 7). (B.10)
1<k<n

k]
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12 J. F. VAN DIEJEN AND E. EMSIZ

forj = 1,...,n. A corresponding suitable initial estimate stemming from the explicit solution of this
7 (Aj+0by)

system at the linear point (¢, ¢, ¢;) = (0,0,0) in parameter space is given by §; = —--=5,

j=1,...,n(cf Remark 3.2 below).

m,n)

REMARK 3.2 Upon adapting Remarks 2.2 and 2.3, it is deduced from equation (3.10) that & fm € A](o")
(3.2) forany A € Ag"’") (3.6) and that at § = Eg;"k’"):

n(n+1—j+4)
m+ 1+ Ky, (4,90, 91)

n(n+1—j+4)
<g < (3.11a)
m+ 1+ ky. (4. 90-91)

forl <j<nand

wk—j+ A —A) wk—j+ A —A)
LT g < ;T (3.11b)
m+1+ky,._(9,90.91) ~ - m~+ 1+ k., (9,90, 91)
for 1 <j < k < n, where
L(1=lgl\* 1 (1=lail\™ A
K, (q,q,q):=—( + = +m-1) . (3.11¢)
I 2 T 4 1y 2 \1+]q] L+ 1]
These bounds confirm that for vanishing parameter values:
(m,n) _ 77()‘ + Qb) (m,n)
b |4a00=0= 1 (AeAST), (3.12)
where 0, := (0y, 1, - - - » 0p,,)- Moreover, since at § = % (A€ Ag"’”)) the inequalities in equations
(3.11a)—(3.11c) are satisfied for any —1 < ¢,q,,q; < 1, this special point provides a convenient initial

estimate when computing the position of the node & gflk’") numerically from equation (3.10) via Newton’s

method.

3.4  Cubature rule

Let
IP)gn,n) = SpanMeAémm {Mb;u &}, (3.13)
with
1 : :
My, &) 1= ~— D explie Ey iy + -+ i€,E, 1t,) (3.14a)
biu  ses,

eell,—1}"

normalized such that each exponential term on the RHS occurs with multiplicity one:

1 +k—j
Nb;pL = 2m0('u) H k—_J (314b)
1<j<k<n
mj— k=0
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 13

(cf. equation (1.2)). Notice that Pf)m’n) amounts to the (mr:") -dimensional space of symmetric polynomi-
als of degree at most m in each of the variables zj = cos(éj) Gell,...,n}.

THEOREM 3.3 (Hyperoctahedral Hall-Littlewood cubature). For g, ¢q,q; € (—1,1) and m € Z_, the
following cubature rule holds true for any symmetric polynomial (&) in ]P’ézm’"):

@ o’ EIC,(E:q.q0)12dE = D f(EI) ALY, (3.152)
° AGAL’”‘")

with Christoffel weights given by

—1
a7 = (X [Pl a5 @) G.150)
;LEAS”’")

Proof. 1t is immediate from the discrete orthogonality relations in equations (3.7a), (3.7b) that the
following matrix is unitary:

[\/ S ()P (B 4.40) AAS;"A’")}

phe A
By ‘column-row duality’ this means that for any u,v € Ag"’”):

sl @ ity =p,

0 if v # u. (3.16)

D Pou(” 4 0)Poy (605" .40 A" = {
reAl™”

Upon comparing with the standard orthogonality relations for the corresponding hyperoctahedral Hall-
Littlewood polynomials in equation (3.5), it is seen that the asserted cubature rule is valid for all
symmetric polynomials f(§) of the form

F&) =Py, (5:q.q90)Py, & . q9)  with v e AL (3.17)
(where we have used that Py, (§:9,q)) = Py, (§:9.4p)). Since the products in question span P

(because the monomial expansion of f(§) (3.17) contains M, v (§) and symmetric monomials M, (§)

with « smaller than © + v in the dominance partial order), the cubature rule again follows for general
. . . 2m,n) . .

symmetric polynomials f(§) in IP; by linearity. t

Theorem 3.3 can be reinterpreted in turn as an exact cubature rule for the integration of a class of
rational symmetric functions against the density of the CQE.
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14 J. F. VAN DIEJEN AND E. EMSIZ

CoroLLARY 3.4 (Cubature in CQE). For ¢, qy,q, € (—1,1) and m € Z_ one has that

1
@y /A(,,) Ry E)pp®)dE = D> Ry (E1S")pp (") ALY (3.18)
° real™”
with Ag?/{n) =G, x4, ‘10)|2AA£T){I) and R, (§) := %, where the denominator is of the form

Op(E:q.q90) = [] (1—2qcos — &) +q*)(1 —2qcos(& + &) + 47
1<j<k<n

x [T (1 = 2gpcos&) + ).
1<j<n

and the numerator f(£) is allowed to be any symmetric polynomial in ]P’gm’").

Proof. Immediate from Theorem 3.3 via the identity

1Cy (830, 90)| ™% = py(§) /0y (&5 4, qp).-
O

REMARK 3.5 For n = 1 Theorem 3.3 recovers another special instance of the quadrature rule on m + 1
nodes presented in van Diejen & Emsiz (2018a, Theorem 5) (viz., with d = d= l,e, =€, =1and
o) = —qy, &; = —q, respectively). Its degree of exactness D = 2m is only one shy of the optimal
Gaussian degree 2m + 1. For general n we can proceed as in Remark 2.6 and perform a change of
variables of the form

X o= My oy &), j=1,...m (3.19)

(cf. e.g. (Hoffman & Withers, 1988, Section 7), (Moody & Patera, 2011, Section 3) and (Hrivndk et
al., 2016, Section 3)), so as to recast Theorem 3.3 in the form of an exact (Gaussian) cubature rule for
f € M@ supported on dim(/7™™) nodes:

1 pb(X]"'°9Xn) (m,n) (mn)
f&X,. . X)) dXx,---dX, = F X )Ap s (3.20)
T S G Ky T 2 A
rEAYT
where p,, and O, refer to the transformed functions expressed in the new coordinates X, ..., X, and

AV = {(x,®.....X,®) 1§l
X(m") . (Xl(g(mn) X (E(m”) )

AL
Patera, 2011, Proposition 3.3) and (Hrivnédk et al., 2016, Proposition 4)). The upshot is that in the

present situation it is seen from this change of variables that the number of nodes employed by the

Here we have used that the Jacobian is now of the form )M V(&) (cf. e.g. (Moody &
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 15

(2m,n)
b

cubature rule in Theorem 3.3—achieving the exact integration for all f € P —coincides with the

(Gaussian) lower bound dim(]P’](Om’")) (cf. e.g. (Dunkl & Xu, 2014, Chapter 3.8)).
REMARK 3.6 The locus where the symmetric functions Ry, (§) := % admit simple poles stem-

ming from the denominator Oy (§; g, qy) is given by the following complex hyperplane arrangement:

-k = %(1 — sign(q)) + ilog(lgl) mod 2
T

5 (1 —sign(q)) £ ilog(lg]) mod 27

Sj‘l‘%—k:

(1<j<k<n)and
T . :
£ = E(1 — sign(qy)) +ilog(lgyl) mod 27

(1 < j < n). At the boundary of the parameter domain —1 < ¢,q, < 1 this pole locus approximates

the closure of the integration domain Ak()") (3.2) via: (i) the boundary hyperplanes § — &, = 0
(G=1,...n—1)when g — 1, (ii) the boundary hyperplane &, = 0 when g, — 1, (iii) the hyperplanes
passing through the interior: §; £ § = 7 (1 = j < k =< n) when ¢ — —1, and (iv) the boundary
hyperplane £, = w when g5 — —1.

4. The positions of the (hyperoctahedral) Hall-Littlewood cubature nodes as roots of associated
quasi-orthogonal polynomials

In this section the cubature nodes are shown to be common roots of associated quasi-orthogonal
polynomials in PY"! \ PY™ (where ¢ = a or ¢ = b), cf. Proposition 4.1 (below).
4.1 Statement of the result

For 1 € A(amH’") \ A;’"’") let

Qa;//,(é) = PaQM (&:q) — qmm (ymy,, (M)Pa;ufwa;ﬂ &9 (4.1a)
with
min(my, (1),my, (1))
wa;u = Z (em;l,l (n)+1-j - en*m;m (M)+j)’ (41b)
j=1

and for u € Al(omH’") \ A}(Jm’") let

1 —1) My ()
Qb;,u(g) = Pb;#(g;q, q0) — qzmu](l/-)(mul(l/v) ])‘11 i

Pb;u—wb;u ¢:9,99) (4.2a)
with

@y = et ey, (4.2b)
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16 J. F. VAN DIEJEN AND E. EMSIZ

These definitions ensure that 4 — .., € Aém’n) and that Q.. (§) enjoys the following quasi-
orthogonality property: the polynomial in question is orthogonal—with respect to the inner products
(2.6) and (3.5), respectively—to the finite-dimensional subspace of ]P’(cm’") spanned by the monomials
M c;v(,f ) withv € A(cm’n) smaller than p — ey in the dominance partial order (c € {a, b}).
PropOSITION 4.1 (Cubature nodes as roots of Q. " (&)). For ¢ € {a,b} the (hyperoctahedral) Hall-

(m,n) m4ne

Littlewood cubature nodes Ec;k , A€ A(Cm’n) are common roots of the (m +1) polynomials Q.. " &),
uw e A(cmﬂ’”) \ A(cm’n), where n_ :=n — 1 and ny, :=n.

REMARK 4.2 It follows from Proposition 4.1 that at g; = 0 one has that Oy, " &) = Py, M(& 34, 490)
for u € Agnﬂ’") \ Ag"’n). Hence, the cubature nodes are in this situation common roots of the
hyperoctahedral Hall-Littlewood polynomials Py, (§;¢,qo), i € Ag"H’") \ Ag"’"). The equality
between the inner products in equations (3.5) and (3.16) then extends to all i € Ak()m“’") andv € Al()m’").

The upshot is that at ¢; = O the cubature rule in Theorem 3.3 is valid for all f(§) in Pi’"“’”, i.e., the
degree of exactness then jumps to the optimal Gaussian value 2m + 1.

4.2 Proof of Proposition 4.1 for c = a

To derive the proposition it is convenient to temporarily extend the definition of P, " (&;9) (2.52), (2.5b)
to any u € Spany(wy,...,w,_;). The corresponding Hall-Littlewood polynomials are known to obey
the following straightening rule (cf. e.g. (Macdonald, 1995, Chapter III §2, Example 2)).

LEmMMA 4.3 (Straightening rule). For any u € Spany(w;,...,w,_;) one has that
W= =—-1= Py &) =qPy e o (E@) Gefl,...,n—1)).
Proof. Forj e {1,...,n— 1} let rj act on the components of § = (£;,...,&,) by transposing Ej and
&1
rj(sls e ’sn) = (Els e ’Ej_lv gj.’-l’é" §j+29 R 9En)'

Then

C.q) _ q— e

Ca(rj‘;‘;q) T 1= qei(Sj—SjH)’

and thus

C.(E:q) + Co(rE:q) 575D = gC_(§: 9) G54 4+ ¢C,(1rj6: 9).

Multiplication of both sides of the latter identity by exp(i§;u; + --- + i§,u,), with u €
Spang (@y, ..., w,_;) such that p; — w; = —1(sorju = u +¢; — e;, ), gives rise to the asserted
straightening rule upon symmetrization with respect to the permutation action (on &). g

Moreover, at the cubature nodes & = E;’,’l)i"), A€ Ag"’") a system of algebraic relations between the

variables &, ..., &, is satisfied:

- _ 1 —qgelGi—8) '
&M = (—1)"! H (m G=1,...,n). 4.3)

1<k<n

ki
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 17

Indeed, equation (4.3) is immediate from equation (2.11) after multiplying by the imaginary unit and
exponentiation of both sides with the aid of the identity

1— i
exp (- iv,(#)) = (ﬁ) (—1<gq<1).

In this situation the Hall-Littlewood polynomials turn out to obey an additional affine analogue of the
above straightening rule (cf. (van Diejen, 2006)).

LEMMA 4.4 (Affine straightening rule). For any u € Spany(wy,...,w,_;) and variables § satisfying
equation (4.3) one has that

/’L] - /-’Ln =m + 1 - Pa,ﬂ(g’q) = an;ll«_el"Fen(E;q)'
Proof. Let r, act on the components of § = (&§,,...,£,) by transposition of £, and &,:
ra€pn ) =66y 810 D

Then equation (4.3) implies that

pm@—t) _ Carafia) (1 — qe"@ls”))

Ca (S, q) q — ei(sl _sn)
and thus
Ca€:q) + Colra85.9) VO™ = gC_ (85.9) 775 4+ C(r &3 ) ™™ ETH,

Multiplication of both sides of the latter identity by exp(i§;u; + --- + i§,u,), with u €
Spany (wq,...,w,_1) such that u; — u, = m+1(sor,u = pu — (m+ 1)(e; — ¢,)), gives rise
to the asserted affine straightening rule upon symmetrization with respect to the permutation action
(on &). Il

Proposition 4.1 now follows by iterated use of the straightening rules in Lemmas 4.3 and 4.4. Indeed,
if we first apply the affine straightening rule in Lemma 4.4 to P, (§;¢) with . € A;m+1’") \ Ag"’"),

and subsequently rearrange the components of ¢ — e; + e, in weakly decreasing order through iterated
(m,n)

transpositions employing the straightening rule of Lemma 4.3, then it is readily seen thatat § = §_.;",

A e A,
- ) — (w)+my, (1)—1 .
Pa;u(g’ CI) - qmﬂl e () Pa;u—emul (W Fen—my, ()+1 (g’ q)'

Iteration of the latter relation entails that at § = E(ar."i"), Ae A,

Pa;u (5’ q) — qmul (nymy,, (M)Pa;ll*wa;ﬂ (E, q),

which completes the proof of the proposition for ¢ = a.
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18 J. F. VAN DIEJEN AND E. EMSIZ

4.3 Proof of Proposition 4.1 for c = b

The above proof for ¢ = a is readily adapted to the case ¢ = b. Specifically, after temporarily
extending the definition of Py, M(E; q,qp) (3.4a), (3.4b) to any u € Z", we first verify the corresponding
straightening rule (cf. (Nelsen & Ram, 2003, Proposition 2.1)).

LEmMA 4.5 (Straightening rule). For any u € Z" one has that
W= g1 =—1= Py, (8:9,90) = qPryrei e, (E:9590) G e{l,....n—1}).
Proof.  With the notation as in the proof of Lemma 4.3 we again have that

Col6:q:90) _ q— G5
Cp(ri€;q.q9) 1 —qel&5+)

Gell,....n—1)).

The straightening rule thus follows in the same manner as before, except that now pu € Z" (with u; —
#jp = —1) and we symmetrize instead with respect to the signed permutation action (on &). g

The additional algebraic relations between the variables &, ..., &,, which are satisfied at the nodes
&= g](o"fk’"), S A](om’n), are similarly deduced by exponentiating equation (3.10):

simng _ (1= 409 (1 —q1€% 1 —gqe &t (1 —ge'G .1
¢ = ), ) | e oG—E) =L....m.
0 1 l1<k<n q q

k#j
4.4)

We now arrive at the following affine straightening rule.

LEMMA 4.6 (Affine straightening rule). For any u € Z" and variables & satisfying equation (4.4) one
has that

py=m+1= Py, (§:9.90) = q,Pp,_., (§:9,9)-

Proof. Let r, act on the components of § = (§,,...,&,) by flipping the sign of &;:

rn(€1,...,8,) = (=§1,6,,...,8).

Then equation (4.4) with j = 1 can be rewritten as

Q2im+DE _ Co (€9, 90) ( 1 | et )
Cp(§:q.99) \qre® —1

which implies that

Cb(ﬁ;q, C]o) + Cb(rb’é;q, qo) e 2imTDE ‘I1Cb(§§q, Q()) e 1 + qlcb(”bé.;q’ qO) e~ iCmFDEL
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Multiplication of both sides of the latter identity by exp(i&§;u + - - - + i&, 1), with i € Z" such that
wy = m+1(sory,u = u—2(m+1)e;), entails the asserted affine straightening rule when symmetrizing
with respect to the signed permutation action (on &). (]

Upon applying first the affine straightening rule of Lemma 4.6 to Py, (§: ¢, q,) with 1 € A}(Jmﬂ ) \

A](Dm’"), and then rearranging the components of & — e; with the aid of Lemma 4.5 in weakly decreasing

order, one infers that for § = & k()mxn), S A(m .

Py (&30, 90) = g™ (M)_I%Pb;ufemm ) (€:9.40)-
By iterating the process in question we get

my, () (m/"l (n)— 1) mlt] (n)

Py, (§:9,90) —g? P, (834:90)

which completes the proof of the proposition for ¢ = b.

5. Specialization to planar domains: determinantal formula for the Christoffel weights

In order to convert the cubature rules of Corollaries 2.5 and 3.4 into effective numerical tools compact
expressions are desired for the Christoffel weights A( n) . For n, = 1 explicit formulas achieving this
purpose can be read-off upon specializing (van Dlejen & Emslz 2018a, Theorem 5) (cf. Remarks 2.6
and 3.5). In this section we generalize the corresponding formulas for the Christoffel weights to the
planar situation: n, = 2. The cubature formulas of interest are designed to integrate (trigonometric)
rational functions over the equilateral triangle and the isosceles right triangle, respectively, as such they
fit within a rich tradition of cubature rules on triangular domains in polynomial spaces (cf. e.g. (Cowper,
1973; Lyness & Cools, 1994; Papanicolopulos, 2016)) and trigonometric polynomial spaces (cf. e.g. (Li
et al., 2008, 2010; Munthe-Kaas, 2006)), respectively.

5.1 Integration on the equilateral triangle

For n = 2 and n = 3 the fundamental domain A(a") (2.1) consists of a line segment and an equilateral
triangle, respectively. In these situations the following proposition provides a determinantal formula for

the Christoffel weights in Corollary 2.5.
ProposITION 5.1 (Determinantal formula for A;mA"), n, < 2).Forn, = n—1 < 2 the Christoffel
weights in Corollary 2.5 are of the form

—1
(mn) _ M [ (m,n) (m n) ]
Aa;k = (det Ha,]k (CDry | <iken R (5.1)

with H] (m ") v (£) taken from equation (2.10).

Proof. The asserted determinantal formula is immediate from the expressions of the Christoffel weights
in Theorem 2.4 and Corollary 2.5 upon invoking the determinantal evaluation formula in van Diejen
(2007, Proposition 3). O
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20 J. F. VAN DIEJEN AND E. EMSIZ

REMARK 5.2 In the planar situation the cubature of Remark 2.6 in the coordinates X; = cos(§;) +
cos(&,) +cos(§; +&,), X, = sin(&;) + sin(§,) —sin(§; +&,) (with (§,,§,) € R? such that £ —-& >0,
& +2&, > 0and 2, +&, < 2m) becomes a rule for the integration over the interior region bounded by
Steiner’s deltoid of area 27 (cf. e.g. (Koornwinder, 1974b, Section 3))

\/,Oa(Xl,Xz) Z F(x £ )A Am3)

f(X] ’XZ) 1 dX2 aslio1+hwr asljw1+hwy’

— 5.2
272 JA® 0.(X1,X5:q) ©2)

11,0p>0
li+h<m

where

AD ={(X}. X)) e R* | p,(X}.X,) > 0},
p.(X1,Xy) =8(X; — 3X,X3) — (X7 + X5 + 9)* + 108,
0.X1.Xp;9) =1+ ¢° = (q+ ) (X] + X5 - 3)
+ (@ + M (6 = 5(X3 + X2) + 20X — 3X,X3))
— (X + X3 +3)% —4(X; — 3X,X3) — 16),

(m,3)
~(m,3) _ Pa (Xa l1w1+l2w2) (m,3)
aslio+hoy — (m,3) . aslio+hwy’
o (Xa shoy+hay? )

and f(X,X,) is allowed to be any polynomial of total degree at most 2m — 1 in X;,X,. Forg = 0
the cubature rule (5.2) can be found in Li er al. (2008, Section 5.2) (cf. also Section 6.1 below) and
for ¢ — 1 in Munthe-Kaas (2006, Section 3.4), Li et al. (2008, Section 5.3) and Hrivnék et al. (2016,
Section 4.1) (cf. also Section 6.3 below).

5.2 Integration on the isosceles right triangle

The fundamental domain A](D") (3.2) boils down to a line segment and an isosceles right triangle,
respectively, when n = 1 and n = 2. The corresponding Christoffel weights in Corollary 3.4 are then
given by the following determinantal formula.

PropOSITION 5.3 (Determinantal formula for A](Om)\"), ny < 2). For ny = n < 2 the Christoffel weights

in Corollary 3.4 are of the form

—1
(m n) __ (m,n) (m n)
AL (det [Hb (g ] 3JM) , (5.3)

with H . (m ") « () taken from equation (3.9).

Proof. The idea of the proof is to provide a corresponding determinantal evaluation formula for the
representations of the Christoffel weights in Theorem 3.3 and Corollary 3.4. To this end one uses that
at the cubature nodes & ém)\n), A € AU the relations in equation (4.4) are satisfied. Specifically, from

the explicit formula for the hyperoctahedral Hall-Littlewood polynomial in equations (3.4a), (3.4b) it
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 21

follows that
(&3, 90)|” bo (830:90) | “0p (g 4a
|Gy (E:¢..q0) 7 Py (8:q.90) | 280" (q) (5.42)
MGA}(::n,n)

Z Cb (Elégls"',enégn;q’qo)
o,0'eS, Cb (Gigol/’ cee 6}/1%-0,’,;% qO)

e, efl,—1}"

/ /
Gb (61501 - Glgal” s en‘i:an - énéa,;) >

where

Gp(EpaoonB) = D 0 (q) st titndn (5.4b)

(m,n)
neAy

For n = 1 this simplifies to

Co(§159,9¢) Cy(—£&159.90)
2m+ 1) + 22207 G g ) 4 22 2RI G_og ) (5.5a)
Co(—&53q,q0) ! Co(&1:9.90) :
with
Gog) = > Mo, (5.5b)
0<pi=m
whereas for n = 2 one arrives at
Cy, (€164, €264, 9> 90)
> ( L Gy (€160, — 1601 €265, — €60y (5.60)
o,0'eS) Cb (61501” 62502’; q-90
€,€'e{l,—1)?
with
) . 1 ) .
GpEp )= D matiah g T > gmbitink (5.6b)
m>pu1>u2>0 q m>py=p2>0

In both situations summation of the pertinent geometric series and subsequent elimination of all
instances of et (j = 1,...,n) by means of the relations in equation (4.4), gives rise to a

(cumbersome) expression that can be rewritten as det [Hl(zz) (g)] O

1<jk<n
REMARK 5.4 In the planar situation the cubature of Remark 3.5 in the coordinates X; = 2cos(§;) +
2cos(&y), X, = 2cos(& + &) + 2cos(&, — &) (with (£,,&,) € R? such that 7 > & > & > 0)
becomes a rule for the integration over the region bounded by the parabola X12 —4X, = 0, and the lines
—2X; + X, +4 =0and 2X; + X, +4 = 0 (cf. e.g. (Koornwinder, 1974a, Section 3)):

1 VX1, X5)

_ (m,2) A (m.2)
472 A<2>f(X1’X2) 0y (X1, X534, q0) dx, dX; = Z f(Xb;(M,Az))Ab;(MJ»z)’ 5.7
S X239,

m=i1=i=0
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22 J. F. VAN DIEJEN AND E. EMSIZ

where

AP =((X|,X,) e R? | X} —4X, > 0, —2|X,| + X, + 4 > 0},
0p (X1, Xp) =(X7 — 4X,) X, + X, + 4)(=2X; + X, + 4),
0, (X1, X530.99) =(1 +¢* — (g + )X, + £ (X — 2X, — 2))

x (1+ d6 — (o + )X, + G3(Xy + 2)),

(m,2)
~(m,2) _ Py (Xb;()xl ,)»2))

) A(maz)
bi(A1,h0) 2 k
0, (X )5 4-40)

bi(A1,42)°

and f(X;,X,) is allowed to be any polynomial of total degree at most 2m in X;,X,. For g € {0,1}
and g, € {0, 1} the cubature rule (5.7) falls within class of planar cubatures studied in greater generality
in Moody & Patera (2011), Xu (2012), Moody et al. (2014) and Hrivndk et al. (2016, Section 4.2) (cf.
also Sections 6.2 and 6.4 below).

5.3 Numerical test of the determinantal formula for A(C’.")l") withn_ > 2

It is expected that the determinantal formulas for the Christoffel weights in Propositions 5.1 and 5.3
in fact persist for n, > 2, but a direct confirmation along the lines of the above proofs for n, = 2
would quickly turn into a very tedious computational tour de force. On the other hand, for f(§) = 1
we can evaluate the multivariate integral under consideration explicitly in closed form by means of the
orthogonality relations in equations (2.6) and (3.5) (with . = v = 0), in combination with Macdonald’s
constant term identity (cf. (Macdonald, 2000/01, §10))

1— ql+k7j 1— Q‘I
P9 = Ppo(§:9,99) = H - = — (5.8)
1 g ! 1<j<n 1 4

1<j<k<n

By comparing with the (exact) value of the integral produced by the cubature rule this entails the
following identity for the Christoffel weights:

1 —
Z (mn)y (=2 4 (m,n) H 4q
|Cc (Ec’;n)»n )| Ac’;n)»n = . 1—d (59)
AGA(cm’n) 1<j<n

<

(where C_(§) := C,(§;9) (2.5b) if ¢ = a and C_(§) := C,(§;q,q,) (3.4b) if c = b). For m = 1 the
identity under consideration specializes to

- l1-g¢
2 ICEEn ) ag), = 11— (5.10)

ijfnc lijfn q]
where w; := w; (24b)if c = aand w_; := ¢| + - - +¢; if c = b, with the convention that w, := 0.
Tables 1 and 2 provide numerical examples for m = 1 and n, = 3 that exhibit the cubature

nodes, the values of the Christoffel weights predicted by the determinantal formula and the values of
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 23

TABLE 1 Hall-Littlewood cubature on the tetrahedron Ag)(Z.l): cubature nodes, Christoffel weights

(via the determinantal formula (5.1)) and orthogonality measure for n, = 3 and m = 1, with g = %

£l AL, Ca LD )12
j=0 (1.7848,0.58020, —0.58020, —1.7848) 2.6453-1073 50.892
j=1 (2.9276,0.21398, —0.99059, —2.1510) 2.6453-1073 50.892
j= (2.5614,1.3568, —1.3568, —2.5614) 2.6453 - 1073 50.892
j=3 (2.1510,0.99059, —0.21398, —2.9276) 2.6453 - 1073 50.892

TABLE 2 Hyperoctahedral Hall-Littlewood cubature on the tetrahedron AS)(3.2): cubature nodes,

Christoffel weights (via the determinantal formula (5.3)) and orthogonality measure for n, = 3 and

. 1 1 1
m:l,wn‘hng,qoz§,ql:7

(1,3) (1,3) 1,3) | —
Eb;wb;/ Ab;wb;/ |Cb(§b;wb;,-)| 2
j=0 (1.6920, 1.1134,0.56095) 9.1533 - 10~ 98.915
i=1 (2.3903, 1.1508, 0.57998) 1.0877 - 1073 232.57
j=2 (2.4257, 1.7964, 0.60785) 1.1607 - 1073 212.18
j=3 (2.4470, 1.8327, 1.2423) 1.1394 - 1073 72.198

1.4

TaBLE 3 Euclidean distance between the node &) = and the Newton iterates of equation (2.11)

starting from the initial estimate 2?”(60&;; +0,), withg = %

0 1 2 3 4
j=0 1.57-107! 8.49.107% 9.32-1078 1.08-1071 1.53.10731
j=1 idem
j=2 idem
j=3 idem

the (hyperoctahedral) Hall-Littlewood orthogonality measure at the nodes. The data in these tables
were computed in Maple using floating point arithmetic with a precision of 8 digits. The quadratic
convergence of Newton’s method for the computation of the nodes in question via equations (2.11), and
(3.10) is illustrated by Tables 3 and 4, respectively; in order to be able to show the convergence up to
the fourth iteration we relied on a high precision computation in Maple of 50 digits.

The data of Tables 1 and 2 are compatible with the equality in equation (5.10) (within the numerical
precision of the tables). Indeed, when ¢ = a the LHS yields 0.53850, which coincides with the value

% on the RHS in five decimals. Similarly, when ¢ = b the LHS yields 0.67205, which differs from
125

the value {3z on the RHS by a unit in the fifth decimal (caused by the rounding error stemming from
the precision of the data in the table).

As a second check we have tested the cubature rules in question with the determinantal expressions
for the Christoffel weights beyond the domain of exact integration. To this end the function

exp(}cosé| + -+ L c0s§,)/0, (& q) (5.11a)
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24 J. F. VAN DIEJEN AND E. EMSIZ

(1,3)

TABLE 4  Euclidean distance between the node &), O and the Newton iterates of equation (3.10)

starting from the initial estimate %(wbj + 0p,), withq = %, qo = %, q; = %

0 1 2 3 4
j=0 2.50- 107! 3.35.1073 7.49-1077 40210714 12910728
ji=1 1.69 - 107! 8.19. 1074 4.82-1078 1.66 - 10716 2.11-1073
j=2 1.26-107! 2.70-1074 3.12-107° 6.72-1071° 3.15-10738
i=3 8.56 - 1072 2.03-1074 9.34.10~1° 4.86-10~20 1.60 - 10=40

TABLE 5 Comparison for m = 1 of the Hall-Littlewood cubature HLC (Corollary 2.5) using
the determinantal formula (5.1) and the Schur cubature SC (Proposition 6.1), when integrating the
testfunction (5.11a) with g = é against p,(§)

ny, =2 n, =3
Value Relative Value Relative
integral error integral error
Maple 0.7317 0.5825
HLC 0.7450 1.8-1072 0.5926 1.7-1072
Ne 0.6862 6.2-10°2 0.5452 6.4-10—2
TABLE 6 Comparison for m = 1 of the hyperoctahedral Hall-Littlewood cubature HHLC

(Corollary 3.4) using the determinantal formula (5.3) and the symplectic Schur cubature SSC (equation
(6.4)), when integrating the test function (5.11b) with g = é, qy = % and q; = % against p,(§)

n, =2 ny =3
Value Relative Value Relative
integral error integral error
Maple 1.17979 0.964386
HHLC 1.18029 42-1074 0.964801 43.1074
e 1.11198 5.7-1072 0.905819 6.1-1072

TABLE 7 Comparison of the relative cubature errors when integrating the testfunction (5.11a), (5.11b)
against p_(§) forn, =2 (qg = %, gy = % and g, = %)

m=1 m=2 m=73 m=4
HLC 1.8-1072 3.2.107* 24.107° 9.8.107°
SC 6.2-1072 1.3-1072 25.1073 54.107%
HHLC 42.107* 1.8-107° 1.4-1077 5.7-10"10
SSC 5.7-1072 6.7-1073 751074 8.3-107°

(= exp (%Re(Ma;wl(g))) /O, (;9)) with ¢ = 1 was integrated in Maple with a precision of 8 digits
against the weight function p, (), both for n = 3 (when the determinantal expression is justified by
Proposition 5.1) and for n = 4 (when the determinantal expression is conjectural). Table 5 shows for
m = 1 that in both cases the corresponding Hall-Littlewood cubature from Corollary 2.5 performs
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 25

somewhat better than the corresponding Schur cubature from Proposition 6.1 (below). Similarly, the
function

exp(cos&; + .-+ +cosé&,)/0,(&;9,q,) (5.11b)

(= exp (%Mb;wl(g))/Ob(E;q, q0)) with ¢ = £, gy = % and ¢; = 1 was integrated in Maple with a

precision of 8 digits against the weight function p, (§); Table 6 reveals for m = 1 that the corresponding
hyperoctahedral Hall-Littlewood cubature from Corollary 3.4 significantly outperforms the symplectic
Schur cubature from equation (6.4) (below), both when n = 2 (with the determinantal expression being
justified by Proposition 5.3) and when n = 3 (with the determinantal expression being conjectural).

Table 7 illustrates that by augmenting the number of nodes there is a clear tendency in both examples
for the planar (hyperoctahedral) Hall-Littlewood cubature to perform significantly better than the
(symplectic) Schur cubature (by producing roughly twice as many significant digits). To achieve the
required accuracy the latter table was computed in Maple with a precision of 12 digits.

6. Degenerations: g =0and g = 1

The (hyperoctahedral) Hall-Littlewood cubatures of Theorems 2.4 and 3.3 turn out to unify several
previous rules from the literature. In this section we identify a few examples stemming from the
specializations ¢ = 0 and g = 1.

6.1  Schur cubature for c = a

At g = 0 the Hall-Littlewood polynomial P,., (§;¢) (2.52), (2.5b) simplifies to a Schur polynomial.
Theorem 2.4 (in its its algebraic reformulation of Remark 2.6) then reduces to a more elementary
cubature rule from Li & Xu (2010); Moody & Patera (2011). In the present formulation this rule is
well suited to integrate homogeneous symmetric polynomials against the density of the CUE.

ProposITION 6.1 (Schur cubature: ¢ = a). For ¢ = 0 (and m € Z_)) the cubature rule in Theorem 2.4
specializes to

1 . 1 2 (0, +A) 2m (o, +A)
Qm)—1nl/2 Agl)f(’é)pa(E)dE T n(n+myn=! ) %;M)f( m+n ) a( m+n

), (6.1)

where 0, = (0,15 - -»04.,) and f(§) denotes an arbitrary symmetric polynomial in Pf’"*"”).

21 (Qa+A)

Proof. As argued in Remark 2.3 when ¢ = O the nodes are positioned at: E;’;'L)i") = ==

(r e Agm’")). The corresponding Christoffel weights simplify in this situation to

Ca(zn@aH);O)z 5 Pam(h(aaH);O)
I

m—+n m-+n
(m,n)
Az

-1

2

(m,n)
A as

-1

(5 oo (st ey .
e Al mn 1pksn
1
- n(n + m)r—1
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26 J. F. VAN DIEJEN AND E. EMSIZ

(where the last step relies on well-known discrete orthogonality relations for the antisymmetric
monomials, cf. e.g. (Kac, 1990, §13.8), (van Diejen, 2007, Section 4.2) and (Moody & Patera, 2011,
Section 7.4)). It remains to infer that at ¢ = O the cubature formula extends from f € ]P’(aszl’") to
f € IP’;Z’"H’”), which is done by carefully reviewing/adapting the proof of Theorem 2.4. Indeed, if

pe ATTED N A hen P, (M; ) — 0 forall A € A”" (by Proposition 4.1). So at g = 0

m+n
the equality between the orthogonality relations in equations (2.6) and (2.18) (and thus the cubature
rule with f(&) of the form in equation (2.19)) is in fact valid for any u € A;’”“’") and v € A;’”’") (cf.
Remark 4.2). O

Up to rescaling (of the underlying root— and weight lattices) by the (index) factor n the cubature
rule in Proposition 6.1 boils down to that of Li & Xu (2010, Theorem 5.8). Moreover, the cubature in
question can also be seen as a special case of Moody & Patera (2011, Theorem 7.2) corresponding to
the root system R = A,,_; (cf. also (Munthe-Kaas, 2006)).

REMARK 6.2 Proposition 6.1 elucidates in particular that at ¢ = 0 the degree of exactness jumps to the

optimal Gaussian value 2m + 1. Indeed, as emphasized in the above proof: Proposition 4.1 recovers the
21(QatM)
m-+n

polynomials Py, &;0),u € A;mﬂ’") \Ag"’") (cf. (Li & Xu, 2010, Theorem 5.7) and (Moody & Patera,
2011, Section 5)).

known fact that the ¢ = O cubature nodes ,AE Agm’") consist of common roots of the Schur

REMARK 6.3 Proposition 6.1 confirms that at ¢ = 0 the determinantal formula for the Christoffel
weights in Proposition 5.1 persists for arbitrary n, = n — 1 > 1. Indeed, for this special parameter
value:

tnm
det[HUD @) = det[om+msy, — 1],

1<j <jk=n

= m(m+ n)""!

(where & ik refers to the Kronecker delta).

6.2 Schur cubature for c = b

At g = 0 the cubature rule in Section 3.4 becomes of a type studied in van Diejen & Emsiz (2018b).
The rules in question are designed to integrate symmetric functions, with prescribed poles at coordinate
hyperplanes, against the density of the CQE.

PROPOSITION 6.4 (Schur cubature: ¢ = b). For ¢ = 0 (with gy, g; € (—1,1) and m € Z_ ) the cubature
rule in Corollary 3.4 specializes to

) /A o Ry (§)p,(§)dE = Z( )Rb( Y p (B ALY, (6.22)
reAg™"
where
f@)

R, (&) = (6.2b)

[Ti<j<n(1 = 249 cOS(E) + q5)°
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CUBATURE RULES FROM HALL-LITTLEWOOD POLYNOMIALS 27

with f(&) denoting an arbitrary symmetric polynomial in }P’](ozm’n). The corresponding cubature roots and
Christoffel weights then take the form

b = (B ) ) (6.20)
and
( ) (m—+n)
m H Ak’fﬂ"ﬁ, (6.2d)
1<j<n
respectively, where
—1
A("’H’") — A(WH'" L) (2(]’” + }’l) + M (E(WH'")) (%-l(m‘f‘n))) (626)
and §, (mtn) =& (mtn=1.D genotes the unique real root of the transcendental equation
2m+n)§ + v, (§) +v, (6) =2+ 1) (6.2f)
O <l<m+n).

Proof. 1t is immediate from equation (3.10) that at g = 0 the nodes are of the form in equation (6.2c)
with & l(m+n) solving equation (6.2f). Moreover, we have that (cf. (van Diejen et al., 2018, Remark 3.7))

det[pn_ﬁ_ﬂj G a0)]y <jk<n

P,(§:0,q0) = ,
w O Tli<jeken(2cOS(E) — 2cos(8,))
with
ilE —ilt 1—gpe™
Pi&:qp) = c(§:q0) €7 + c(=E:q0) e 7, c(&:1q0) = T 5 (6.3)
The corresponding Christoffel weights thus take the form
-1
A}(:,mkn) :|Cb(§£mxn), 0, ‘I())|2< Z ‘Pb;u gémkn)’ 0, QO)‘ 2)
'ueA(bm,n)
(mtn) (m+ 2\~
m—+n 2 m+n)
= H C(Sn k+Ak’q0) x ( Z (det[pn—j+uj($n k+Ak’ q())]l_] k<n) )
1<k<n MEA{)m,n)
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28 J. F. VAN DIEJEN AND E. EMSIZ

The sum in the denominator can be rewritten as:

(m+n) 2
z (det[pn—j-HLj (én—k+kk ’ qO)]lgj,kfn)

(m,n)
neAy

2
+
= Z (det[pvj ("E,ET](_CRI{’ 510)]15/,1(5,1)

m+n>vy>>...>v,>0

0) + +
= det Z (S(m 3 140)Py, (Er(lkarnAk’ 90)

O<v<m+n 1<jk<n

D Get diag Z

O<v<m+n

(m+n) 2
pp(sn_k_;'_)\k’qo) ’
1<k<n

where we relied on the Cauchy-Binet formula (i) and on a special instance of the orthogonality in
equation (3.7a) corresponding to a single variable on m + n nodes (ii).
The upshot is that the Christoffel weights factorize at ¢ = 0 as follows:

A7 =TT A

n—j+a
1<j<n
with
-1
A§m+n) ‘ (E (”H’") ) ‘]()) ‘ Z ‘pu (E (m+n) s qO) ‘
O0<v<m+n
-1
(m+n—1,1) _ (m+n) (m+n)
= AU = (20m 4 ) + g, (67) + iy, (7))
where the last equality hinges on the formula in Proposition 5.3 (with n,, = 1 and m + n nodes). d

The rule in Proposition 6.4 boils down to a special case of van Diejen & Emsiz (2018b, Theorem
2)withd = d = 1 and €, ,&, = 1. It fits within a general framework due to Berens, Schmid and Xu
designed to promote Gaussian quadratures to cubature rules for symmetric functions, cf. Berens et al.
(1995, equation (8)). If in addition g, = ¢q; = 0 then our rule simplifies further:

(0, + )\)) (n(gb + )\))

1 1
Tt Jy PO = Z( )f(m+n+1 (Lt
reAy™

(6.4)

where ¢, := (0p.1»---»0p;,) and f(£) denotes an arbitrary symmetric polynomial in IP’}(:?'"H’"). As

before the jump to the optimal Gaussian degree of exactness 2m + 1, at vanishing parameter values, is
7(op+A)
m+n+1"

the (symplectic) Schur polynomials Py, u (§;0,0,0), u € Ag"“ ) \ A](Om ) (cf. Remark 4.2). In fact, the

a consequence of the fact that the pertinent cubature nodes S A(m ") are common roots of
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(symplectic) Schur cubature rule in equation (6.4) can be identified as a special case of the Gaussian
cubature rule in van Diejen & Emsiz (2019, equations (9.2a), (9.2b)) with €, = 1. Closely related
cubature rules were discussed in Hrivnak & Motlochova (2014, Section 5).

REMARK 6.5 Proposition 6.4 confirms that at ¢ = O the determinantal formula for the Christoffel
weights in Proposition 5.3 persists for arbitrary n, = n > 1 since for this special parameter value:

det [Hg ” (g)] gy = el (diag[Z(m 1)+ uy, (5) + u,, (gj)]lﬁfn)

=[] @n+n +u, @) +u, ).

1<j<n

6.3  Monomial cubature

At ¢ = 1 the Hall-Littlewood polynomial degenerates to a symmetric monomial P, (§;1) =

Ny, M., &), n e Ag"’"). The corresponding cubature rule can be found in Li & Xu (2010, Section
5.3) in the algebraic formulation of Remark 2.6 (upon rescaling the variables with the index n) and in
Munthe-Kaas (2006, Section 3.2) and Hrivnak er al. (2016, Section 3.2) (upon specialization to the root
systemR=A,_,):

— 1 2T A (m,n)
Qm)y—1nl/2 (n)f(E) §= z f( p” ) 8.5 (1) (6.52)
real™
for (&) in PE" ", where
k—j n—k+j
(m n) J J
=11 = Il (6.5b)
I<j<ks=n T+k—j 1<jcken T I—k+j
Aj—r=0 Aj—Ak=m

REMARK 6.6 By adapting the proof of Theorem 2.4 the cubature in equations (6.5a), (6.5b) can be
readily inferred independently. To this end it suffices to replace the orthogonality relations in equations
(2.6) and (2.18) by the corresponding ¢ = 1 degenerations:

1 S 20 \p (2 1) 1) = 17887 (1) ifv=p
nmn—l =~ a;u m ’ av 0 lf\)#M
reAg™"

(cf. e.g. (van Diejen & Vinet, 1998, Section 5.2)) and

1 _ N,., ifv=pu
— [ P (&DP, (E;DdE=] "~
Q2m)r—1nl/2 /Ag,m an (8 DPa, G D 8 [o ifv £ p

(v € AT,
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6.4 Symmetrized quadrature

For g = 1 the multivariate hyperoctahedral Hall-Littlewood polynomials can be conveniently expressed
in terms of the corresponding univariate polynomials:

Po & 1g9) = [] puEia0) (6.6)

1<j<n

(where p;(§; q) is taken from equation (6.3)). Our cubature rule then becomes an n-fold product of
quadratures restricted to the space of symmetric functions:

1
o /A o Retere 6 [T m@)ag (6.72)

l<j=n

1 1 1 1 ,
= 2 R s T eul Al ) s .

(m,n) 1<j<
AEAY sj=n

where the integration measure determined by oy (§) = 4(1 — cos2(£)), the Christoffel weights A;mH)

S(WH’ )

and nodes are governed by equations (6.2¢e) and (6.2f) and

k—i
(m 1) J
e 1 | | _— 6.7b
W= 1l 7777 (6:7b)
1<j<k<n
Aj—A=0

The cubature rule in question is exact for symmetric rational functions with prescribes poles of the form

f&,....8)
Ry(5),... &) = L n -, (6.7¢)
[Ti<j<n(1 — 2g4 cos(&) + gp)
where f(&,,...,&,) denotes an arbitrary symmetric polynomial in P (or in P17 if g, = 0, cf.

Remark 4.2).

REMARK 6.7 As before (cf. Remark 6.6) the cubature in equations (6.7a) to (6.7¢) is readily verified by
adapting the proof of Theorem 3.3. The relevant ¢ = 1 degenerations of the orthogonality relations in
equations (3.5) and (3.16) read:

1 1 1 1
D (Pon B L) P (0 L) (1)
realmm

(m,n) .
). -2 (m+l) 178y, (1) ifv=upu,
X ; A,
II le(§), q0)| ) [0 iy %

1<j<n
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and

/,w Poy oo 1) P Er B L) [ 1o a0)| 2

2m)" I<j<n

Cfsray ity =g,
o if v # u.

REMARK 6.8 The cubature rule in equations (6.7a) to (6.7c) amounts to a particular example of the
symmetrized n-fold quadrature rule in Berens ef al. (1995) (cf. the formula in loc. cit. on the middle
of page 31). The pertinent underlying orthogonal polynomials p,(&; ¢,) (6.3) can be identified as one-
parameter Bernstein—Szegd polynomials of the second kind (Szegd, 1975, Section 2.6). For specific
values of the parameter g, one reduces to Chebyshev polynomials of the second kind (g, = 0), of
the third kind (g, = —1) or of the fourth kind (g, = 1), respectively (cf. e.g. (van Diejen & Emsiz,
2019, Remark 6.1)). When specializing g, in the same way the associated quadratures stem from the
orthogonality relations of standard discrete (co)sine transforms: DCT-2 (¢, = 1, ¢; = 1), DCT-4 (¢, =
1,q, = —1),DCT-8 (g; = 1, g; = 0), DST-1 (¢y = 0, ¢; = 0), DST-2 (g5 = —1, q; = —1), DST4
(go =—1,9;, =1),DST-5 (g9 =0, q; = —1), DST-6 (g5 = —1, q; = 0), DST-7 (g, = 0, g; = 1), cf.
e.g. (van Diejen & Emsiz, 2018b, equation (3.8)). A systematic study of some of these and other closely
related symmetrized n-fold quadrature rules was carried out in Hrivndk & Motlochova (2014), Moody
et al. (2014), Hrivnak et al. (2016).
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