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Abstract. In this paper we consider a novel type of cubature formulas
called operator-type cubature formulas. The notion originally goes back to
a famous work by G. D. Birkhoff in 1906 on Hermite interpolation problem.
A well-known theorem by Sobolev in 1962 on invariant cubature formulas is
generalized to operator-type cubature, which provides a systematic treatment
of Lebedev’s works in the 1970s and some related results by Shamsiev in 2006.
We give a lower bound for the number of points needed, and discuss analytic
conditions for equality, together with tight illustrations for Laplacian-type
cubature.

1. Introduction.

In this paper, we define operator-type cubature formulas as a generalization of
Laplacian-type cubature formulas and classical polynomial-type cubature formulas, and
study the following three topics:

e A Stroud-type inequality for operator-type cubature. Especially a lower bound for
Laplacian-type cubature is given.

e A series of Laplacian-type cubature attaining the bound.

e Generalizing Sobolev’s Theorem on invariant polynomial-type cubature to
operator-type cubature.

A cubature formula is an approximation of the definite integral of a multivariate
function, expressed as a weighted average of the function values at finitely many specified
points within the domain of integration. The term quadrature is often used to refer
to one-dimensional cubature formulas. A t¢-point Gaussian quadrature is a quadrature
formula of degree 2t — 1, meaning, a formula that is exact for all polynomials of degree
at most 2t — 1. A Euclidean t-design, an important research object in combinatorics
and statistics, can be regarded as a cubature formula of degree ¢ for an integral with a
rotational symmetry property; for example, see [4].

A t-point Gaussian quadrature is “tight” among all quadrature formulas of the same
degree, that is, the number of points in any quadrature of degree 2¢t — 1 is bounded from
below by t. This bound is often called Stroud bound in analysis, or Fisher-type bound
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in combinatorics and statistics. It is well known (cf. [6]) that the points of a Gaussian
quadrature are uniquely expressed by zeros of an orthogonal polynomial. Similarly, the
theory of cubature has been developed in analysis and related areas, in parallel with
the study of common zeros of multivariate orthogonal polynomials; for the details, we
refer the reader to the comprehensive textbooks by Dunkl and Xu [6] and Sobolev and
Vaskevich [15]. Specifically, a cubature with equality in the Stroud bound naturally
carries rich algebraic and geometric structures [2], [5], [10], [19].

One of the most important problems in numerical analysis, combinatorics and other
related areas is, to find a cubature formula with the smallest possible number of points for
a rotationally symmetric integral. Many publications have been devoted to this subject
1], [3], [5], [19], [20]. However, only a few such examples have been reported in high
dimension.

In this paper we consider a novel type of cubature formula which we call an operator-
type cubature formula. Such a cubature often has fewer points, compared with the usual
cubature of the same degree; see Remark 3.4 of this paper.

Historically, Turdn [17, Problem XXXIII] has initiated the question of the exis-
tence of a special class of operator-type quadrature formulas, motivated by a classical
work of G. D. Birkhoff on Hermite interpolation. Varma [18] gave a positive answer to
Turan’s problem. Moreover, in higher dimension, Pizzetti’s formula for polyharmonic
functions, a natural generalization of Gauss mean-value property for harmonic functions,
is a particular case of operator-type cubature formulas.

The existence of operator-type cubature formulas was extensively studied by Lebe-
dev [7], [8] who considered the Laplacian operator and found many interesting examples
of such formulas for the uniform measure on the unit sphere S2. Following the work of
Lebedev, Shamsiev [13] took a linear combination of powers of the Laplacian operator
and determined the maximum degree of a “Laplacian-type cubature” on the unit disk
B2. The results by Lebedev and Shamsiev are based on Sobolev’s Theorem for the usual
cubature formula [14].

This paper is organized as follows. In Section 2 we introduce some basic notions
and related facts that are often used throughout this paper. In Section 3 a Stroud-type
inequality is proved for operator-type cubature formulas, which in particular provides the
first theoretic lower bound for Laplacian-type cubature formulas. In Section 4 Sobolev’s
Theorem is generalized to operator-type cubature formulas, to present a systematic treat-
ment of the works of Lebedev and Shamsiev. In Section 5 a new family of Laplacian-type
cubature is given in two dimension, together with a geometric characterization.

2. Definitions.

Let R™ be the n-dimensional Euclidean space and ||z| = /2% + -+ + 22 for x =
(z1,...,2,) € R™. We denote the set of polynomials on R™ of degree at most t by P (R"™).
Let 2 be a subset of R™ and u be a finite, strictly positive measure on €2 defined on the
Borel o-algebra of 2. We assume that for any f € P;(R™), the restricted function f|q is
L'-integrable on (€2, ).

DEFINITION 2.1.  Let ¢t be a non-negative integer and .4 be a subspace of P;(R").
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A pair of a finite subset X of R™ and a set 7 = {7, € Endg(P;(R"™)) | * € X} of linear
operators on Pi(R™) is called an operator-type cubature formula for A if

/ @ (@) = 3 () (@)

zeX
for every f € A; in particular, (X, 7) is said to have degree t if A = P;(R™).

If X is contained in Q and T} is a positive scalar multiplication on P;(R™) for any
x € X, then (X, 7) is the usual cubature formula.

Historically, Turdn [17, Problem XXXIII] has raised the question of the existence
of a quadrature formula of type (0,2) for the Lebesgue measure on the interval [—1,1],
meaning,

/11 flz) da = Z <aif(:1;,-) + bz‘(%;f(x)

) for every f € Pan(R). (2.1)
i=1 T=x;

There are many papers that describe an affirmative answer to Turan’s problem; for
example, see [18]. A quadrature formula of type (0,2) is a special case of Birkhoff-
type quadrature formula whose motivation lies in the study of Hermite interpolation.
Note that, in (2.1), we can never replace the second derivatives d?f/dx? with the first
derivatives, that is, there is no quadrature formula of the form

1 N
[1 f(z) dx = ; <aif(xi) + bl%f(x) . > for every f € Pan(R).

This observation will clarify the importance of which operators we choose, even in the
one-dimensional case.

In higher dimension, Lebedev [7], [8] took the Laplacian operator for T, and con-
structed many examples of such formulas for the uniform measure on the sphere S2. The
points of Lebedev’s formulas are invariant under the Weyl group of type B. Following
the work of Lebedev, Shamsiev [13] took a linear combination of powers of the Lapla-
cian operator at the origin and determined the maximum degree of a “Laplacian-type
cubature formula” on the unit disk B2, with points invariant under a dihedral group (see
Example 4.4 in Section 4).

The following terminology will often appear in this paper:

DEFINITION 2.2. Let us denote the Laplacian on R™ by A = Y7 | (9%/0x7). We
say that an operator-type cubature (X,7) on (€2, u) for A C Py(R") is of Laplacian-type
of order 2s if the following holds:

e 0ecXandTp=T:= ZZ:O M AR for a positive integer s and some real numbers
i, and
e T, is a positive scalar multiplication on P;(R™) for each = € X \ {0}.
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Let us recall Pizzetti’s formula as a typical example of Laplacian-type cubature
formula on the unit ball B™ := {z € R" | |z| < 1} equipped with the Lebesgue
measure:

THEOREM 2.3 (Pizzetti’s formula).

n . 1
f(@) dw = a"/2 kzzo K122FT(n/2 + k + 1) (A%1)

Bn x=0

for each polynomial f with AST1f =0, where I' means the gamma function.

Pizzetti’s formula gives a Laplacian-type cubature formula (X,7) of order 2s and
degree at least 2s, with X = {0} and

u 1
T ={Ty=n"? AF Y.
{0 T kz:%k!?’“l“(n/Q—&-k—i-l)

Tt is easily checked that a Laplacian-type cubature of order 2s and degree 2s with X = {0}
is uniquely determined.

In Section 3.2 (see Corollary 3.8), for fixed positive integers e and s, we give a lower
bound for the cardinality of X in a Laplacian-type cubature (X,7) of order 2s and
degree 2e, when n = 2. In Section 5 we study “tight” Laplacian-type cubature formula
fore—s=2.

3. Stroud-type inequality for operator-type cubature.

In this section we generalize the Stroud bound for classical polynomial-type cubature
to operator-type cubature:

THEOREM 3.1 (The Stroud bound (cf. [16])). Let (X, ) be a cubature formula of
degree 2e on (0, 1). Then

| X| > dimg P.(Q),

where P () denotes the restriction of P.(R™) to a subset ) of R™.

Note that dimg P.(2) < dimg P.(R™) in general.

By Theorem 3.1, for each pair of positive integers e and s, we obtain a lower bound
for the cardinality of X in a Laplacian-type cubature formula (X,7) of order 2s and
degree 2¢ in R? (see Corollary 3.8).

3.1. Stroud-type inequality.

In this subsection we present a Stroud-type inequality for an operator-type cubature
of even degree. We use the notation €2, 1 as in Definition 2.1.

In order to describe our theorem, let us fix a terminology as follows: Let V' be an N-
dimensional real vector space equipped with a (possibly degenerate) symmetric bilinear
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form (-,-). Sylvester’s law of inertia states that there exists a unique triple (p,q,r) of
non-negative integers for which

(i) p+gq+r=N,

(ii) there exists an ordered basis vy, ..., vy such that
0ij  ifi <p,
(’Uz',’Uj)Z —(Sij ifp+1§i§p+q,
0 otherwise,

where 0;; = 1 or 0 according on whether ¢ = j or not. The triple (p,q,r) is called the
signature of the symmetric form (-, -).

Let us take a non-negative integer e, a point @ € R™ and an R-linear operator 71" on
Pac(R™). We define a (possibly degenerate) symmetric form (-, )z on Pe(R™) by

(s, Naa = (T - F)() (3.1)

where f - f’ is the product of polynomials f and f’ on R™. We denote the signature of
(,)er on P.(R™) by (p(e,z,T),q(e,x,T),r(e,x,T)). Note that

dimg P.(R"™) = p(e,x,T) + q(e,x,T) + (e, x,T).

Clearly, (p(e, z,0),q(e, x,0)) = (0,0).
The following inequality for operator-type cubature generalizes the Stroud bound
given in Theorem 3.1.

THEOREM 3.2 (Stroud-type inequality for operator-type cubature). Let e be a non-
negative integer and (X, 7T) be an operator-type cubature formula of degree 2e. Then the
following inequality holds:

> ple,®,Typ) > dimg Pe (). (3.2)

zeX

As a corollary to Theorem 3.2, we give a lower bound of Laplacian-type cubature
formulas on R? (see Corollary 3.8).

Note that if T, is a positive scalar multiplication for any & € X, then the right hand
side of (3.2) is the cardinality of X by the example below. This implies Theorem 3.1.

EXAMPLE 3.3. Let us fix a non-negative integer e, z € R” and A € R\ {0}. If T
is the scalar multiplication A on P.(R™), then

(fs [en = A (@) - ()

for f, f' € P.(R™). Then we have
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(1,0) if A >0,

(ple,z,A),qle,x,\)) = {(071) i\ < 0.

This can be easily seen by taking an orthogonal decomposition
Pe(R") =R{1} @ {f € Pc(R") | f(x) = 0}

with respect to the form (-,-)z x, where 1 € P.(R") is the constant polynomial taking
value 1 everywhere.

REMARK 3.4. Our theorem is designed only for even-degree operator-type cuba-
ture. Then, what a lower bound should be for the odd degree cases? A good answer
for this was given by Moller [10] for classical polynomial-type cubature formulas. In
Appendix A, we give some examples of operator-type cubature of odd degree for Gaus-
sian integrals, all of which have smaller number of points than classical polynomial-type
cubature of the same degree. These illustrations will lead to a question of what a Moller-
type bound should be for operator-type cubature, which will be left for future works.
Just for reader’s informations, cubature for Gaussian integrals are of particular interest
in algebraic combinatorics [1] and probability theory [9].

Now, we prove Theorem 3.2.

LEMMA 3.5. Let VW be finite-dimensional real [resp. complex] vector spaces
equipped with (possibly degenerate) symmetric [resp. Hermitian] bilinear forms (-,-)v
on V and (-, )w on W, respectively. We denote the signature of (-,-)yv and (-,-)w
by (pv,qv,rv) and (pw,qw,rw), respectively. If there exists an R-linear [resp. C-
linear] map L : V. — W such that (v,v")y = (Lv, Lv")w for every v,v' € V, then
pv < pw and qv < qw. Furthermore, if L is surjective, then py = pw and qy = qw .

The above lemma is easy and so proof is omitted.

LEMMA 3.6. Let V be a finite-dimensional real [resp. complex] vector space, and
foreachi=1,...,m, let V; be a copy of V with symmetric [resp. Hermitian] forms (-,);
of signatures (p;, q;,7i). We define a symmetric [resp. Hermitian)] form (-,-)v by

and denote the signature of (-,-)v by (pv,qv,rv). Thenpy <> " p; and gy < Y v, q;.

PROOF. Let us take a direct sum @~ V; of them. Then ", V; has a form
(2 w) = o
=1 =1

=1

where v;,w; € V;. One can easily show that the signature of the form on @:11 V; is
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o s>t giy > e 7). By applying Lemma 3.5 to the diagonal embedding V' —
D", Vi, we have py <> p; and gv < >0 q;. O

LEMMA 3.7.  For a non-negative integer e, consider the restriction map
T:Pe(R") = Pe(R), [+ flo

and define a symmetric form (-,-)r on P.(R™) by

(oS = /Q w(f - ') dp. (3.3)

Then the signature of (-,-), is (dimgr Pe(€2), 0, dimp Ker ).

PROOF. Since any polynomial is continuous on 2 and p is a positive Borel measure
on €, we see that (f, f), > 0 for any f € P.(R"), and (f, f),, = 0 implies that f|o =0
in P.(2). Hence Ker 7 is the radical of (-,-),. Let us fix any complement V' of Kerr in
Pe(R™). Then 7|y : V — P(Q) is bijective and (-,-), is positive definite on V. This
completes the proof of Lemma 3.7. (|

PROOF OF THEOREM 3.2. Since (X,7) is a cubature formula for Ps.(R™),

(o =Y e

xecX

for every f, f' € P.(R™) (see (3.1) and (3.3) for the notation). Thus, the theorem follows
by Lemma 3.6 and Lemma 3.7. (|

3.2. A lower bound for Laplacian-type cubature in two dimension.
In this subsection, we present a lower bound for the cardinality of even-degree
Laplacian-type cubature formulas on R?:

COROLLARY 3.8 (Corollary of Theorem 3.2).  Let us consider 2-dimensional Eu-
clidean space R? and take a measure space (S, ) as in Definition 2.1. Then for any
Laplacian-type cubature formula (X, T) of order 2s and degree 2e on (0, ) (see Defini-
tion 2.2 for the definition of Laplacian-type cubature), the following inequality holds:

1
X\ {0}] > dim Pu(®) — (s + 1)(s +2).
In particular, if Q has an interior point, then
1
X\ {0}] > 5(6—8)(e+s+3). (3.4)

DEFINITION 3.9. A Laplacian-type cubature (X, 7) with equality in (3.4) is said
to be tight.
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REMARK 3.10. (i) As far as the authors know, the bound in Corollary 3.8 is the
first theoretic lower bound for Laplacian-type cubature of even degree. (ii) In (3.4), if
e = s then |X \ {0}| = 0. Recall that Pizzetti’s formula (see Theorem 2.3) gives a
Laplacian-type cubature formula (X,7) with e = s and | X \ {0}| = 0, which is a unique
tight Laplacian-type cubature with X = {0}. In Section 5, we study tight Laplacian-type
cubature formulas in two dimension.

Now, we show that

p(e,0,T) < =(s+1)(s+2) (3.5)

[NoR

for T := > ;_, AA¥ (see Section 3.1 for the notation); if this is the case, then by
combining this with Theorem 3.2, we obtain Corollary 3.8.

To establish (3.5), we need some preparations. For each ¢, we denote the complexifi-
cation of P;(R?) by PE(R?), meaning, PL(R?) is the set of polynomials over C of degree
at most ¢ in variables x and y. By TC we also denote the complexification, which is a
C-linear operator on Py, (R?), of the operator T on Pa.(R?). Then

(f, o = (T - TNO0), 1.1 € PE(R?)
defines a Hermitian form on PE(R?), where f’ is the complex conjugation of the poly-
nomial f’ over C. By (p(e,0,T%),q(e,0,T%),r(e,0,T%)) we denote the signature of the

Hermitian form (-, -)g ¢ on PS(R?). Clearly,

(p(e,0,7°),q(e,0,7°),7(e,0,7%)) = (p(e,0,T), q(e,0,T),r(e,0,T)).

Let us put
0 0 = 0 0
Then A = 90 and
of =of, of =of

for any polynomial f over C. By using the Leibniz rule, we have

B\ /BN o
(T°(f- 1) ZM 2 (z) <j>(alajf)|<z,y>(o,o>'<8k_18k_jf')’<z,y><o,o>

= 0<i,j<k

—Z)‘k Z (z) (J)wa] |(x,y>=(o,0)'th,y):(w

= 0<4,j<k

for f, ' € PS(R?).
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For each integer 0 < k < s, let Iy := {0,1,...,k}. Let C!s*!s be the direct product
of copies of C indexed by I, x I, which is an (s + 1)2-dimensional C-vector space. We
define a Hermitian form (-,-)7 on Cl:*s by

(v,0")r :kio)\k > <f) (f)vﬂ);c_]k_ (3.6)

(4,) €1k x I,

for v := (vij)ijer,, v == (vi ;)ijer, € Cl>*Is. Then the C-linear map
L:PER™) — CIxe fis (0707 )] () =(0.0) isje (3.7)

preserves the Hermitian forms.

LEMMA 3.11.  Let V be a finite-dimensional C-vector space equipped with a (possibly
degenerate) Hermitian form (-,-) of signature (p,q,r). Let U be a totally isotropic sub-
space of V.. Then

dim¢ Uge < min{p, ¢} + .

In particular, p < dim¢ V — dimc U.

PrOOF. Let U be a maximal totally isotropic subspace of V. Then the radical
Vo of (+,-) is included in U, and U/V, is also a totally isotropic subspace of V/Vj with
respect to the non-degenerate form (-,-)y,/y, on V/Vy induced by the form on V. For
simplicity, let V' := V/Vy and U’ := U/Vp. It suffices to show that

dime U’ < min{p, q}.

Since (-, )y~ is a non-degenerate form with signature (p,q), we obtain a decomposition
V' =V, @V, with dim¢ V, = p and dimc V] = ¢, such that (-,-)y- is positive definite
on V; and negative definite on V. By 7, : V! — V] and 7, : V' — V] we denote the
projection with respect to the decomposition. Let us take any u € U’. Then (-,-)y+ = 0.
Let us consider the case where m,(u) = 0. Then u € V, and hence u = 0 since the form
(-,)yr on V; is negative definite. Therefore, m,|¢ is injective and dimc U’ < p. The
same arguments show that m,|y is injective and dime U’ < q. (]

Now we denote the signature of (-,-)r on C's*% by (pr,qr,rr). Since the map L
defined by (3.7) preserves the Hermitian forms, we have p(e,0,7) < pr. Let us take

U:={veCl*k

vi ;=0 for 0 <i+j < s}

Then, dimc U = s(s+1)/2 and

1
dime C'+*1s — dime U = S8+ (s +2).
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Clearly, U is a totally isotropic subspace of C's*!s with respect to (-,-)7. Therefore, by
Lemma 3.11,

(s +1)(s +2),

N =

P(e;OaT) S pr S

which completes the proof of (3.5).

EXAMPLE 3.12. Let us consider the case where £ = 0 € R?, 25 < e, and T = AS.
We shall prove that

(p(e,0,T),q(e,0,T)) = (;(s +1)(s+2), %s(s + 1))

First, note that the map L is surjective since 2s < e. Thus Lemma 3.5 implies that
(p(e,0,T),q(e,0,T)) = (pr,qr). Here we denote the standard basis of C=*!s by {e; ; |
i,j € I}. Then the Hermitian form (-, )7 defined by (3.6) is positive definite on

Vp = Spanc({ei; +es—js—i|i+j <stU{eis |l € L})
and negative definite on
Vy = Spanc{e;; —es_j i | i+ ] < s}

Since CIs*fs =V, ® V,, we have

(6e,0.T).0(e.0.1) = () = 55+ 16+ 2). 3ot 1) ).

REMARK 3.13.  In the proof of the bound (3.4), the choice of the totally isotropic
subspace U is key. Then, what about higher-dimensional cases? In this case, the authors
gave a choice of U in Appendix B, but we suspect that the resulting bound would not be
best and it might be possible to pick up a “better” totally isotropic subspace U. It seems
that to choose a good totally isotropic subspace U is hard, which is thus beyond the scope
of this paper and left for future work. We note that a family of two-dimensional “tight”
Laplacian-type cubature is given, which implies our bound is good in two dimension; see
Section 5 for the details.

4. Sobolev’s theorem for operator-type cubature.

In this section we generalize a famous theorem due to Sobolev [14] on invariant cuba-
ture formulas to operator-type invariant cubature, in order to construct tight Laplacian-
type cubature formulas on R? (see Theorem 5.3).

Let G be a finite subgroup of the orthogonal group O(R"), and let f € P;(R™). We
consider the action of g € G on f as follows:
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—1
flx)=f(=? ), xeR"

A polynomial f is said to be G-invariant if f9 = f for every g € G. By P;(R")¢ we
denote the set of G-invariant polynomials in P;(R™); a similar notation will be used for
other polynomial spaces later.

For a measure space (€, ) in R™ as in Definition 2.1, we say that (Q,u) is G-
invariant if 0 and p are invariant under G, respectively. The similar notation is used for
a pair (X, \) of a finite subset X and a positive weight function A on X.

The following is known as Sobolev’s theorem [14].

THEOREM 4.1 (Sobolev’s theorem).  Let us take a G-invariant measure space (€, )
in R™ and a G-invariant pair (X, ) as above. Then the following conditions on (X, \)
are equivalent:

1. (X, ) is a cubature formula of degree t.
2. (X, ) is a cubature formula for P;(R™)%.

Let us generalize Theorem 4.1 for operator-type cubature formulas.
For a linear operator T on P;(R") and g € G, we define a linear operator 79 on
Pt(R™) by

TIf = (T(f7 )9, [eP/(R").

Note that the Laplacian A = §% /9% + - - - + 0% /9x2 is O(R™)-invariant, i.e., A9 = A for
any g € O(R™).

We say that a pair (X,7) of a finite subset X of R™ and a set of linear operator
T ={T, | x € X} on P,(R") indexed by X is G-invariant if X is a union of G-orbits
and T9 = T for any € X and g € G.

Sobolev’s theorem can be generalized for operator-type cubature.

THEOREM 4.2. Let us take a G-invariant measure space (Q,p) in R™ and a G-
invariant pair (X,7T) as above. Then the following conditions on (X,7T) are equivalent:

1. (X,7) is an operator-type cubature formula of degree t.
2. (X,7) is an operator-type cubature formula for Pi(R™)%.

Since the Laplacian operator A on R™ is O(n)-invariant, we get the following corol-
lary for Laplacian-type cubature formulas:

COROLLARY 4.3.  Let us take a G-invariant measure space (2, p) in R™, a G-
invariant finite subset X' in Q with G-invariant positive weights {\g | € € X'} on X'
and an operator To := T = Y7 _o AeAF for real coefficients A1, ..., \s. Let X := X'U{0}
and T :={)\z | @ € X'} U{To = T}. Then the following conditions on (X,T) are
equivalent:

1. (X,7) is a Laplacian-type cubature formula of degree t.
2. (X,7) is a Laplacian-type cubature formula for P(R™) (see Definition 2.2 for the
notation).
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We recall Shamsiev’s results in [13] as an example of Corollary 4.3:

ExaMPLE 4.4. Let [ and s be non-negative integers no more than k. Sham-
siev found real coefficients A1, ..., Ags, positive weights W1, ..., W, W, .. Wl+k s and
positive radii r1,...,7r, T1,..., fH_k_s such that the following equation holds for every

[ € Pantarr1(R?):

2s
f@)dz =3 MAf(w,y)
k=0

(z,y)=(0,0)
I 4k+1 o
—l—;W mX:Of<7‘1COb4k+2 r,sm4k+2>
l+k—s  4k-+1
_ 2m+ Om 2m+ )7
+ ; Wlmzjof(ncos 2 5 sin o

Shamsiev found the above Laplacian-type cubature formula by implicitly using Corollary
4.3 with respect to the dihedral group G = Dyj2. He also found many other examples
of Laplacian-type cubature formulas in [13].

We shall prove Theorem 4.2.

PROOF OF THEOREM 4.2. The implication “(1) to (2)” is trivial and so we may
assume (2). For f € P,(R"), define

o=

geG

Clearly, ¢ is G-invariant and fQ fdu= fQ ¢ dp. By the assumption, we have

Afduzzgwu

= (T=9)(z)

xcX
EDIPICALSIC
mEX geG
Z Z (T9f)(x9)
aceX geG
:mem
xeX

which completes the proof. O
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5. Some results for tight Laplacian-type cubature formulas in two-
dimension.

In this section, we study tight Laplacian-type cubature on a certain domain in R?
(see Definition 3.9 for the notation).

5.1. A characterization of tight Laplacian-type cubature.
Let a,b be are real numbers with 0 < a < b, and €2 be the annulus domain in R2
defined by

Q:={xcR?|a<|z|<b}

Let W (||x||) be a rotationally invariant probability density function on §2 (cf. [11, p. 325]).

Let e, s be integers with e > s > 0. Let X’ be a finite subset of Q \ {0}, where Q
may not possibly contain the origin, with a positive weight function A on X. Fix a linear
operator T := Y7 _, A\AF. We denote

X:=X'U{0} and T :={To:=T}U{N\s|xe€ X'}

For each non-negative integer I, we write Hom;(R?) for the set of homogeneous
polynomials on R? of homogeneous degree ! and put

Harm; (R?) := {f € Hom;(R?) | Af = 0}.

Sometimes we use the symbol |z||? to mean the polynomial 2 + y? in Homg(R?) (when
a point x € R? is fixed, ||z||?> means the square of the norm).
Then we get the following easy (albeit important) result.

PROPOSITION 5.1.  The following conditions on (X,7T) are equivalent:

(i) (X, T) is a Laplacian-type cubature formula of order 2s and degree 2e for

Jo W(lz]) d.
(ii) For each k,

1 b
=1 G R CEED NN

zeX\{0}
and (X', ) is a cubature formula for the space

s 2s5+1—2k

@ Hom, (R?) @@ @ [|||?* Harm,,, (R?). (5.1)

1=2s+42

We are interested in a Laplacian-type cubature formula (X,7) of degree 2e with
equality in the bound of Corollary 3.8, or equivalently, a cubature (X', \) for the space
(5.1) with
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1X'| = (efs)(e+s+3) (5.2)

points.
Now, we establish a characterization of the Laplacian-type cubature of Theorem 5.3
by investigating the structure of a cubature formula for

2e
@ Hom, (R?)
1=2s+2

with (e — s)(e + s+ 3)/2 points. A useful tool for this purpose is the reproducing kernel
of @;_,,, Hom;(R?). Let us consider a scalar product on P.(R?), defined by

/f W (lzl) dz

For each « € R?, the point evaluation of f is continuous. Hence by Riesz’s representation
theorem, there exists a function f, € @;_, ; Hom;(R?) such that f(z) = (f, fz) for
every f € @;_,,; Hom(R?). The function K : Q x Q — R defined by

K(x,y) = (fo, fy) forz,yeQ

is called the reproducing kernel of the space @,_,,, Homy(R?). Clearly we have
K(z,y) = f2(y) = fy(x).
The following proposition gives a characterization of cubature formulas (X', \) for
l © 9o Homy(R?) with | X'| = (e — s)(e + s+ 3)/2:

PROPOSITION 5.2.  Let X' be a finite subset of Q\ {0}, where Q may not possibly
contain the origin. Let A be a positive weight function on X'. Suppose that (X', ) is a
cubature formula for EBlQiszrz Hom;(R?). Then

1
5(6—8)(64—84—3) < |X'|
and the equality holds in this bound if and only if

VAzde K(x, ') = 0ppr for z,x’ € X'.

The above proposition can also be proved in more general settings [12].

Proor. First, note that

2
669 Hom; (R?) = @ Hom; (R?) - @ Hom; (R?).

[=2s5+2 l=s5+1 l=s5+1
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So (X', \) is a cubature formula for @12225 4o Homy(R?) if and only if the restriction map

p: @ Hom, (R?) — 2(X', \)
l=s5+1

is an isometry, where ¢2(X’, \) denotes the Hilbert space of R-valued functions on X,
with scalar product defined by

(.90 = 3 Aefl@g(@).

rxeX'’

We thus obtain

e

%(e—s)(e—i—s—l—S): > +1)

l=s5+1
e
= dimg @ Hom; (R?)
l=s+1
< dimg £2(X',\) = | X].
The equality implies that p is an isomorphism of metric linear spaces, and so is the

adjoint map p*. It is easily seen that the point-wise Dirac measures 0, for all z € X’
form a basis of £2(X’,)\) and p*(0z) = Mg fz. In summary, for every z,y € X',

VA Aylay = (0z,0y)
= (p"(62), " (8y))
= AaAy(fz, fy)
=AMy K(z,9),

which completes the proof. O

How to use the above result will soon be clear in Subsection 5.2.

5.2. A family of tight Laplacian-type cubature formulas.

In this subsection, we fix an integer e > 2 and provide a family of tight Laplacian-
type cubature (X,7) with e — s = 2, together with a geometric characterization. The
readers may be first interested in what would happen for e — s = 1; the answer will be
given in the next subsection. Remember that Pizzetti’s formula (Theorem 2.3) gives a
unique tight Laplacian-type cubature with e — s = 0 and X = {0}.

Recall that Corollary 3.8 gives a lower bound

| X\ {0}| > 2e+1, (5.3)
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and a Laplacian-type cubature formula (X,7) of order 2e — 4 and degree 2e is said to
be tight if the equation above holds.

THEOREM 5.3.  Let X' be the set of vertices of a regular (2e¢ + 1)-gon inscribed in

the circle of radius \/te/te—1 where
wim [l W (e da.
ze
and X = X'"U{0}. For each 0 <k <e—2, let

1 Wk
Wk = n2ek \*F T ek

and T = {Ty | x € X} be such that

e—2
wpAF if € =0,
T, = { k=0
1 le—1 .
2€+1.LZ} fzeX

Then (X,T) is a tight Laplacian-type cubature formula of order 2e — 4 and degree 2e.

PROOF. We only need to show that (X,7) is a Laplacian-type cubature formula
since | X \ {0}| = |X'| = 2e+ 1. Let G be the cyclic group of 2e 4 1 rotations about the
origin through angles that are multiples of 27 /(2e 4+ 1). Since (X,7) is G-invariant, it
suffices by Theorem 4.2 to show that

S (T f) (@) = / _J@W(a|) do

xcX

for every f € Pa.(R?)Y. Note that
Pac(R?) = Spang {[|2|*™ | 0 < m < ¢},

where we use the symbol ||z||? as the polynomial 22 + y? in Homy(R?). Moreover, by
elementary calculations, we have

(A 22" = (K)?22*65, .

Therefore, it suffices to prove that for every 0 < m < e,

1 Lgfl 2m 262m
E =g || (M) 27wy, = i,
sexr 261 @
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where w,,, = 0 for m = e — 1, e. The theorem thus follows by the definition of X’ and 7.
O

Hereafter we focus on an open unit ball B? := {x € R? | ||z|| < 1}. In this case,

2 2\e m
e 1= + dedy = ——.
L /32(x y°)¢ dedy T

So, our example of tight Laplacian-type cubature formula in Theorem 5.3 has points
consisting the origin and vertices of a regular (2e + 1)-gon on the circle of radius
Vielte—s = \/e[le + 1)

Now, a natural question asks whether there exists other examples of tight Laplacian-
type cubature formulas (X,7) such that X \ {0} is contained in the circle of radius
ve/(e+1). Below we give the following negative answer:

THEOREM 5.4. Let (X,T) be a tight Laplacian-type cubature formula of order
2e — 4 and degree 2e on B? (see Definition 3.9 for the notation of tightness). Suppose
that ||z|| = \/e/(e + 1) for any x € X \ {0}. Then the point set X \ {0} consists of the
vertices of a regqular (2e 4+ 1)-gon and the positive weights Ty, are a constant on X \ {0}.

PROOF. First, for each = (z,y) € B2\ {(0,0)}, let
Zg = Tg €XP (ﬁ@m) =z ++V—-1y € C,
where 75 1= |25| = ||z] and 05 := Arg zz. Note that
(i 2z i=0,...,e,j=0,...,e — 1}

is an orthogonal basis of @;_, , Homj (R?), where Homj (R?) := Hom;(R?)®gC. There-
fore the reproducing kernel is given by

€

!
1
K(z,z') = - E (l+1)§ P L vk
m

l=e—1 =0

:% Z (I+1) r r Zexp 1(2i — 1) (0c gm’))

l=e—1

1 (&
— 1) / (20 —1)(0z — Oz 5.4
- Z + 1)l Zcos i ). (5.4)

l=e—1

Since the point set X’ is contained in the circle of radius /e/(e + 1), the kernel (5.4)
can be simplified as follows: For any distinct @, @’ with ||z| = ||z’ = \/e/(e + 1) and
cosa = (z, ) /(||zl[|="]),
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e—1

7K (x,x') = er2? Z Tai—eqp1(cosa) + (e + 1)r2e Z T5i—c(cos o)
i=0 =0

e—1 e
=z
S — Toi—eq1(cosa) + Z Tsi—c(cos a)}
e—1
(e+1) P 2
ee
::ng;ijgiT(L@—l(cosa)-Flﬂicosa)%

where T;, U; denote the first and second Chebyshev polynomial of degree i, respectively.
We note that

Toeq1(cosa) — 1 = (cosa — 1)(Ug(cosa) + Ue_1(cos a))?,

by suitably “perturbing” x and «’, and by using the fact that U,(cosa) = sin(n +
1)a/ sin . This implies, by Proposition 5.2, that X’ is the set of vertices of a regular
(2e + 1)-gon inscribed in the circle of radius y/e/(e + 1). Finally by using Proposition
5.2 again, we have A\, = Ay for every @, x’ € X', which proves Theorem 5.4. O

5.3. Some results on tight Laplacian-type cubature with e — s # 2.

In the previous subsection we study tight Laplacian-type cubature for e —s = 2, but
the readers may be first interested in what would happen for e—s = 1. In this subsection
we give an answer for this and provide some related remarks.

Before mentioning the main result in this subsection (Theorem 5.6), we give the
definition of Euclidean design. For ¢ = 1,...,p, let .S; be the sphere with radius r;.
Without loss of generality, we may assume 71 > --- > r, > 0. Let S = |J/_, S;, and
X, = X nNS;. By o; we denote the normalized surface measure on S;; in particular when
rp = 0, we let fsp f(x) dop(x) = f(0). The pair (X, ) is called a Euclidean t-design
supported by p concentric spheres S if

S Aef(a) = Z( > ) [ 1@ doa

xeX i=1 xeX; i
for every polynomial f in P;(S).
LEMMA 5.5 ([11]). Let X be a finite subset, which may possibly contain 0, with a
weight function w. Then the following (1) and (2) are equivalent:

(i) (X, ) is a Fuclidean t-design.
(i) Ypex Aaf(x) = 0 for any polynomial f € |z|* Harmy(R™) with 1 < | < t,
0<j<[(t-10)/2].

THEOREM 5.6.  There exists no tight Laplacian-type cubature formula (X,7T) of
order 2e — 2 and degree 2e on B2.

PROOF. Assume there exists a tight Laplacian-type cubature formula (X,7) of
order 2e — 2 and degree 2e on B?. Then, it follows from (5.2) that
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I X'|=e+1,

and

+ ) Aaf(a), (5.5)

xeX'’

e—1
flx) de =) A(A"f)
B2 k=0 w=
for any polynomial f € Pa.(R?).
For each [ > 1, f € Harm;(R?), and m > 1, we have

A([J]*™ f) = 2m(m + 1+ 20)|2|*" D f. (5.6)
Since f(0) =0 and Af =0 for any f € Harm;(IR?), it holds that for 0 < k <e —1,
(A*f)lz=0 =0 (5.7)

for every polynomial f € A := @% ", @7,°™ ||lz|/* Harm;(R?) C Pa.(R?). Thus, by
(5.5) and (5.7), we have

> Aef@) = [ f@) e =0

zeX’

for every polynomial f € A, which implies by Lemma 5.5 that X’ is a Euclidean 2e-
design. However, a lower bound for number of points of a Euclidean 2e-design is given
by

| X'| >2e+1

(cf. [11]), which is a contradiction. O

In general, let us assume that (X, w) is a tight Laplacian-type cubature formula of
(order 2s and) degree 2e on p concentric spheres. Then, by the similar arguments, we can
prove that e < p, and therefore there exists no tight Laplacian-type cubature formula on
2 concentric spheres for e — s = 3 with e > 3. Then, what about other cases of p,e and
s? Though we investigated many triples of small p, e and s, we could not get systematic
results on the existence/non-existence of tight formulas. To study such general cases are
left for future work.

Finally, in Corollary 3.8, we explicitly calculated the Stroud bound only for
Laplacian-type cubature formulas. However, similar calculations will also work for other
types of operator-type cubature formulas. For example, if one considers an operator-type
cubature formula for Ps.(B?) given by

@) dz =) (A)(@), (58)

xecX
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then by the same argument as in Example 3.12 we get

x| s D)
- 6

We shall call (5.8) a cubature formula of type (0,2), following the one-dimensional termi-
nology by Turéan [17].

The authors do not know whether there exists a high-dimensional Turdn-type cuba-
ture formula with equality in the above lower bound.

REMARK 5.7. As mentioned before, there exists no tight Laplacian-type cubature
formula (X, 7) with e — s = 1. But, after many trial and errors, we have found several
examples of a Laplacian-type cubature formula which seem to nearly attain the Stroud-
type bound, some of which are given as follows:

e For the case (e, s) = (2,1), the following holds for every polynomial at most 4:
f(z,y) dedy = Ao f(0,0) + A1 Af (2, Y)| (2,)=(0,0)

B2
2
2l 2l
A — in —
+l:EO 2f<\/Rlcos 3 R sin )

3
2 20+ 1) (24 D)7
+ZA3f \/Rgcosf,\/RgsmT ,
1=0

where 0 < Ao,Al,AQ,Ag <1,0< Ry, Ro, and

A (RiR)2 = Ry — Ry + 3(RiRy)*? | 3(RiRy)'/? —2
0 3(R1R2)3/2 © T 24(RiRy)V2
Ay = ! Az = !
2= 372 ’ 3= [ .3/2 :
IR (VR1 + VRy) IRy (VR1 + VRa)

The constructed formula has 7 points, which is larger than the Stroud-type bound
by 4 points, and which has the structure of tight Euclidean 4-designs without the
origin.

e For the case (e, s) = (3,2), the following holds for every polynomial at most 6:

/32 f(z,y) dedy = Ao f(0,0) + A1 AF (2, Y)| (2,y)=(0,0) + A2 AF (2, Y)|(2,9)=(0,0)

2
2 2
+ ZA3f(\/R1 cos g, Ry sin lﬂ)
1=0

5

5

2
#3 uf (VAzcos HEDT, tpsin BT,
=0
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where 0 < Ag, A1, Ao, A3, Ay < 1,0 < Ry, Ry, and

—R? 4+ RY*\/Ry — Ry Ry + VRIRY? — R% + 4(Ry Ry)"/?

Ao

4(R1Ry)5/2 ’
Ay — —Ri +vVRiRy — Ry + 2(R1R2)3/2 Ay — -3+ 4V R1R>
! 16(R1 Ro)3/2 T 68V R R
1 1
Az = 5/2 ’ Ay = 5/2 :
20R)"“(V/R:1 + V/Ry) 20R,"“(VR1 + V/Ry)

The constructed formula has 11 points, which is larger than the Stroud-type bound
by 5 points, and which has the structure of tight Euclidean 6-designs without the
origin.

A. Some new examples of Laplacian-type cubature.

We give some new examples of Laplacian-type cubature of degrees 7,9, 11 for Gaus-
sian integral

I1f] = / Fla,y)n e @) dady.
R2
e The following holds for every polynomial f(x,y) of degree at most 7:

5
2l . 2w
Zf] = Ao f(0,0) + A A (2, y) | (2,9)=(0,0) + Z Azf(\/ Ry cos - R sin 6)

=0

5
20+ 1 20+ 1
+ ZAgf(\/RQ cos %, v/ Ra sin (—'_6)7T),
1=0

where 3(2—v/2) < R; < 3(2+V2), Ry = 3R /(—3+2R;), and Ay = (—54+36R; +
R})/9R?, Ay = (—18 + 12Ry — R?)/12R2, Ay = 1/2R}, A3 = (=3 + 2R;)3/54R3.
e The following holds for every polynomial f(x,y) of degree at most 9:

7
2l . 2w
I1f] = Ao f(0,0) + A AF(2, )| (2,9)=(0,0) + ZAgf(\/Rl cos -, v/Rusin =~ )
=0

7
20+ 1 20+ 1
+ ZAgf(\/RQ cos %, v/ Ry sin (+8)77>’
1=0

where Ry = 2(3 +/3), Ry = 2(3 — V/3), and Ag = 17/24, A; = 13/16, Ay =
(7T—4v/3)/384, Ay = (T + 4V/3)/384.
e The following holds for every polynomial f(z,y) of degree at most 11:
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7
21 .21
Z() = 80/ (0.0) + M AS (2.9) rp)=00) + Y Ao <\/R1 cos ==, /Ry sin 8“)
=0

7
20+ 1 20+ 1
+ZA3f<\/R2COS(—g)ﬂ-,\/RQSin(—g)ﬂ->
1=0
r 2lw 2l
+§A4f<\/R3cos8, Rgsin8>

where Ry = 5(10 +v/34)/11, Ry = 5, R3 = 5(10 — 1/34)/11, and A = 3334/5625,
Ay = 29/750, Ay = (74222 — 12557+/34)/3060000, A3 = 3/1250, Ay = (74222 +
12557+/34) /3060000.

B. Lower bounds for Laplacian-type cubature in higher dimensional
space.

THEOREM B.1. Let us consider the n-dimensional Fuclidean space R™ and take a
measure space (2, 1) as in Definition 2.1. Then, for any Laplacian-type cubature formula
(X, T) of order 2s and degree 2e on (2, 1), the following inequality holds:

Ls/2]
2¢—4m+n—1(e-2m+n—1
X\ {0} > di () — e T :
| X\ {0}] > dimp P (£2) Z e—2m+n—1< n—1 )

m=0

In particular, if Q0 has an interior point, then

X\ {0} > % 26—4m—|—n—1(6—2m+n—1)

= 1)/2] e—2m+n—1 n—1

By Theorem 3.2, we only need to show

Ls/2]

2e—4dm+n—-1fe—2m+n—1
p(e,O,T)ZZ e—2m—|—n—1( n—1 )

m=0
for T := "7 _o MAF (see Section 3.1 for the notation).
Recall that

Pe(R") = @D Hom (R™)
=0

e [1/2]

= @ @ | ||*™ Harm; _o,, (R™)

=0 m=0
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le/2] e—2m
= @ @ || *™ Harm; (R™).
m=0 5=0
Let us take
le/2] e—2m
U= & P llz|*" Harm;(R")

m=[(s+1)/2] j=0

as a subspace of P, (R"™).
We note that, by recalling (5.6), if m > k,

(A" ([lz]*™ f))le=0 = 0
for any f € Harm;(R"™). So, we can easily check that U is a totally isotropic subspace of
P.(R") for the bilinear form (-,-)o,r. Now, by the argument similar to that of Lemma
3.11, we have
dim U < min{p(e,0,T),q(e,0,T)} +r(e,0,T)
It thus follows that

p(e,0,T) < dimP.(R") — dim U

[s/2] e—2m
= dim @ @ [|)*™ Harm  (R™)
m=0 ;=0
B Wfﬁim(<ﬂn1) B (j+n3>)
=0 = n—1 n—1
LS/2J<(e—2m—|—n—1) (e—2m+n—2>)
! n—1 n—1

_L§J 2e—4dm+n—-1/e—2m+n-—1
_m:O e—2m+n—1 n—1
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