GAUSS QUADRATURE FOR QUASI-DEFINITE LINEAR
FUNCTIONALS

STEFANO POZZA *, MIROSLAV S. PRANIC T, AND ZDENEK STRAKOS #

Abstract. The Gauss quadrature can be formulated as a method for approximation of positive
definite linear functionals. The underlying theory connects several classical topics including orthogo-
nal polynomials and (real) Jacobi matrices. In this paper we investigate the problem of generalizing
the concept of Gauss quadrature for approximation of linear functionals which are not positive defi-
nite. We show that the concept can be generalized to quasi-definite functionals and based on a close
relationship with orthogonal polynomials and complex Jacobi matrices.
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1. Introduction. Let £ be a linear functional on the space of (complex) poly-
nomials, £ : P — C. The functional L is fully determined by its values on monomials,
called moments,

L(z*)=my, k=0,1,.... (1.1)
We say that 7o, 71, ..., 7 is the sequence of formal orthogonal polynomials if
m; € P;  and E(pﬂj):O, Vp € Pj_1, for j=1,2,...,k,

where P; is the space of polynomials of degree at most j.

In the classical case (see [17], [33], [8], [9] and [50]) £ is the Riemann, the
weighted Riemann or the more general Riemann-Stieltjes integral with respect to
a non-decreasing distribution function p defined on the real axis having finite limits
at oo and infinitely many points of increase. Since p is of bounded variation, the
integral [ fdp exists for every continuous function f. Moreover, under these assump-
tions, and with £(f) = [ fdpu, formal orthogonal polynomials 7; have some additional
properties: they exist, they are unique up to a nonzero constant factor, they satisfy
three-term recurrence relation, m; is of degree j and ﬁ(?‘(‘?) #0for j=0,1,... These
properties allow us to approximate the integral [ fdu for every integer n by the unique
n-node quadrature that has algebraic degree of exactness 2n—1, the well-known Gauss
quadrature rule.

The classical theory of Gauss quadrature can be found in many books; see, for
example, [52, Chapters IIT and XV], [7, Chapter I, Section 6], [19], [18, Chapter 3.2],
[36, Section 3.2]. It can be described via orthogonal polynomials or Jacobi matrices
which store the coefficients of the associated three-term recurrences and are typically
defined as real, tridiagonal, symmetric matrices with positive sub-diagonals (here the
last property is not essential; see [56, pp. 335-336]). The n-th Jacobi matrix J,, is

*Department of Mathematics, University of Padova, Via Trieste 63, 35121, Padova, Italy. E-mail:
spozza@math.unipd.it. Research supported in part by INdAAM, GNCS (Gruppo Nazionale per il
Calcolo Scientifico).

tDepartment of Mathematics and Informatics, University of Banja Luka, Faculty of Science, M.
Stojanovi¢a 2, 51000 Banja Luka, Bosnia and Herzegovina. E-mail: pranic77m@yahoo.com. Research
supported in part by the Serbian Ministry of Education and Science (Research Project: “Methods
of numerical and nonlinear analysis with applications” (#174002)).

fFaculty of Mathematics and Physics, Charles University in Prague, Sokolovskd 83, 186 75
Praha 8, Czech Republic E-mail: strakos@karlin.mff.cuni.cz. Research supported by the ERC-CZ
project LL.1202.



thus determined by the first 2n moments of the measure p. Moreover, the (1,1) entry
of the i-th power of J,,, el (J,,)% ey, is equal to the moment m; for i = 0,...,2n — 1,
which is known as the moment matching property.

In this paper we want to see how far we can go with generalization of the Gauss
quadrature as an approximant for an arbitrary linear functional. We will show that it
is possible to define Gauss quadrature whenever the corresponding sequence of formal
orthogonal polynomials satisfies some particular properties that naturally hold in the
classical case.

In Section 2 we recall properties of (formal) orthogonal polynomials. As a ba-
sic reference we consider, besides the classical monograph by Szegé [52], the beautiful
summary of the general theory by Chihara [7]. Section 3 describes the spectral proper-
ties of complex Jacobi matrices. In Section 4 we give a proof of the moment matching
property for complex Jacobi matrices and quasi-definite linear functionals. Known
results generalizing the Gauss quadrature under restrictive assumptions are summa-
rized in Section 5. The results described in Sections 3 and 4 lead to the fully general
extension of the n-node Gauss quadrature rule in Sections 6 and 7. This rule extends
the main properties of the classical Gauss quadrature to the case when the functional
L is quasi-definite. If the linear functional is not quasi-definite, then an analogous
generalization can not be established. Demonstration of this fact concludes the paper.

2. Orthogonality and quasi-definite linear functionals. The term orthog-
onal polynomials is usually used for polynomials orthogonal with respect to an inner
product (i.e., with respect to an integral with the positive Borel measure). More
generally, given the linear functional £, we will use the following definition.

DEFINITION 2.1. A sequence of polynomials mg, w1, .., 7 satisfying the condi-
tions

1. deg(m;) = j (mj is of degree j),
2. E(ﬂ'iﬂ'j) =0,1:<jy,
3. L(7F) #0,
is called a sequence of orthogonal polynomials with respect to the linear functional L.
The conditions (2) - (3) are equivalent to the following:

L(pm;) =0, ¥p € Pj_1, and L(pm;) # 0, if deg(p) = J.

Moreover, mo(z) # 0 and, providing that they exist, m,(z), n = 1,2,...,k, are
uniquely determined up to a nonzero constant factor.

The question of existence of orthogonal polynomials is considered, for example, in
[7, Chapter IJ; for the case of classical orthogonal polynomials see also Theorem 2.1.1
and pages 24 and 25 of [52]. In the following we will use the Hankel determinants A;
of the matrices of moments (see (1.1)),

mo mq m;
mi ma mj41

A; = : : (2.1)
m;  Mj41 . maj

DEFINITION 2.2. A linear functional L for which the first k + 1 Hankel deter-
minants are nonzero, i.e., Aj # 0 for j = 0,1,...,k, is called quasi-definite on the
space of polynomials Py of degree at most k.

In the same spirit we define positive definite functionals (see, e.g., [7, Chapter I,
Theorem 3.4]).



DEFINITION 2.3. The linear functional L is said to be positive definite on Py, if
ms ER for s =0,...,2k and A; >0 for j=0,...,k.

The following statements are equivalent (see Chapter I Theorem 3.4 and Chapter
IT Section 3 in [7]):

e [ is positive definite on Py.
e L(p) > 0 for every nonzero and nonnegative real polynomial from Py.
e There exists a positive non-decreasing distribution function p supported on
the real axis such that £(p) = [ p(z)dp(z) for all p from Pay.
Hence, the classical theory of orthogonal polynomials concerns positive definite linear
functionals. For the existence of orthogonal polynomials in the sense of Definition
2.1, the positive definiteness of L is, however, not needed.

THEOREM 2.4. [7, Chapter I, Theorem 3.1] A sequence {Wj}?:o of orthogonal
polynomials with respect to L exists if and only if L is quasi-definite on P.

It is also shown in [52, Section 3.2] and [7, Section 4] that monic orthogonal
polynomials (from now on = is always used for monic orthogonal polynomials) with
respect to a quasi-definite linear functional have the following properties:

e They satisfy the three-term recurrence relation ([52, Theorem 3.2.1] and [7,
Theorem 4.1])

Tn(x) = (& — 6p1)Tn—1(z) — Mp—17n—2(x), n=1,2,... (2.2)
where we set 19 = mg, while the other elements are defined as
L(zm:_y) L(m7_1)
Op1 = ——m—t =2t £ _ =0 =1;
n—1 E(’/Tzfl) y  Nn—1 ,C(7T272) 7é , T 1(I) aﬂ-O(I) )

e They satisfy the Christoffel-Darboux identitites ([52, Theorem 3.2.2] and [7,
theorem 4.5 and 4.6])

(@) (y) L T ()7 () — T () (2)

;O PR p—— L on>0,  (23)
n 7T]2(x) 1, )
Y = e @m@) — mn @ @) azo. (24)

with Kj:ﬁ(ﬂ?):nonl...nj,j:O,...,n.

Unlike in the positive-definite case, for £ quasi-definite the coefficients of the
associated orthogonal polynomials are not necessarily real, the coefficients in the
three-term recurrence relation are, in general, complex, and zeros of the orthogonal
polynomials can be complex and multiple.

Normalizing polynomials 7; we can get the sequence of orthonormal polynomials
pj. They are unique up to multiplication by (—1), and one particular sequence within
the whole family can be expressed as

pi(z) = —2 - J ,j=0,1,... .k, (2.5)
! £(x2) Mo -7

where we take arg(y/c) € (—7/2,7/2], i.e., consider the principal value of the square
root. This means that if there exists a sequence of monic orthogonal polynomials
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70, - .., Tk, then there are 281 associated sequences of orthonormal polynomials which
differ in executing the complex square roots of the individual coefficients nqg, ..., 7.
The three-term recurrence relation for orthonormal polynomials pog, ..., pn, 7 < k,
can be written as

Po(w) Po() 0
~1 X ~1 €T 0
N U I - B (26)
Pn—1(z) Pn—1(7) Pn()

where J, is the (complex) tridiagonal symmetric matrix

do /M
N TRRY/)

Ty = ViR G . (2.7)

. nnfl
L Tn—1 571—1 _
From (2.6) we see that the zeros \;, i = 1,...,n, of p,, are the eigenvalues of J,,, with
wi = [Bo(Ai), PL(N), -y Bar(N)]TL i=1,..m, (2.8)

the associated eigenvectors. Moreover, we see that the first entry of every eigenvector
of J, is different from zero.

In general, any sequence of orthogonal polynomials pg,p1,... satisfies the three
term recurrence relationship of the form

6npn(x) = (1' - anfl)pnfl(z) - f}/nflpn72(x)7 for n= ]-7 2; LR (29)

where we set v9 = 0, p_1(z) = 0, po(x) = ¢ (c is a given complex number different
from zero) and

L(zp?_ L(xpn_1pn L(xpn—opn—_
Ap—1 = ﬁ( Qn 1) 6n = (5 21p )a Tn—1 = (5 22p 1); (210)
(pnfl) (pn) (pn72)
(see [52, Theorem 3.2.1], [7, p. 19], [3, Theorem 2.4]). Providing that po,p1, ..., pn €x-
ist, all coefficients Oy, ..., B, and v1, ..., yn—1 are different from zero. The recurrences

(2.9) can be written in the matrix form

po(x) po(x) 8
- plffﬂ) _T plffﬂ) +8, | . (2'11)
Pn1(®) Pn1(®) pa(z)

Now, T, is a tridiagonal complex matrix

ag B

T, = Y1ooa1
ﬁn—l

Tn—1 Qnp-—1



On the other hand, as shown in [7, Chapter I, Theorem 4.4], in the survey [37,
Theorem 2.14] and firstly for the positive definite case by Favard in [13], if we consider
any sequence of polynomials satisfying

bnpn(z) = (& — an—1)pn-1() — cn—1Pn—2(x), n=1,2,..., (2.12)
where
p-1(z) =0, po(z) =¢, co0 =0, an,bn,cn,c € C, by, cpn,c#0,
then there exists a quasi-definite linear functional £ such that pg, p1, ..., are orthog-

onal polynomials with respect to £. In other words, providing that c,b,,c, # 0,
polynomials generated by (2.12) are always orthogonal polynomials. In addition,
they are orthonormal if and only if ¢, = b, and pg is such that £(p2) = 1.

This also means that for any tridiagonal matrix T;, without any zero components
on the sub- and super-diagonal there exists a linear functional £ quasi-definite on P,,_1
such that T;, is determined by the first 2n moments of £. The following proposition
clarifies the nonuniqueness of determining 7, from the moments of L.

PROPOSITION 2.5. Let T), and T, be two tridiagonal matrices without zero com-
ponents on the sub- and super-diagonal. Then, T,, and T, are determined by the first
2n moments of the same linear functional which is quasi-definite on Pp_1 if and only
if Ty, and fn are similar matrices such that T,, = D*Ian, where D is an invertible
diagonal matriz.

Proof. The proof uses formula (2.11) and the observation that two sets of poly-
nomials pg,...,pn—1 and Po,...,Pn—1 are orthogonal with respect to the same linear
functional if and only if

b () Pri (@)

where D is an invertible diagonal matrix.
We first assume that T, and T}, are two matrices determined by the same moments
of the linear functional £ quasi-definite on P,_1. The matrices T;, and T,, determine

two sequences of orthogonal polynomials that we name respectively py, ..., pn—1 and
Do, - -+, Pn—1. Using the recurrence relation (2.9) we can define the polynomial
gn = (1' - Ofnfl)pnfl — Yn—1Pn—2, (2]—3)

and analogously the polynomial §,,. The recurrence relation (2.11) for the polynomials
Doy - - -y Pn—1 and G, then gives

po(z) po(x) 0
aD : =T,D ; +1 . (2.14)

Prn—1() Pn—1(x) Gn ()

Hence, we obtain that T,, = D’lan and ¢, = §n/dn, with d,, the last diagonal
element of D. N
Vice versa, putting T,, = D~!T,,D in (2.11) and multiplying from the left by D
we get (2.14) which means that we obtain two sequences of orthogonal polynomials
such that [ﬁo, e ,ﬁn_l]T = D[po7 ...,pn_l]T. 0
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REMARK 2.6. Using (2.13) and (2.11) we get that g, has degree n and its zeros
are the eigenvalues of T,, (analogously to the positive definite linear functional case in
[36, Sections 3.2.1 and 3.4.1]). Moreover, qy, is orthogonal to Prn_1.

In the following the elements of fn are marked with a hat.

COROLLARY 2.7. Let T,, and T,, be two tridiagonal matrices without zero com-
ponents on the sub- and super-diagonals. T, and T, are determined by the first 2n
moments of the same linear functional if and only if

o a; =q; fori=0,....,n—1;
o Bivi= 0% fori=1,....,n—1. R

Proof. By Proposition 2.5 we know that T}, and T;, are determined by the first
2n moments of the same linear functional if and only if T,, = DT, D, with D =
diag(ds, . ..,d,) an invertible diagonal matrix. We first assume that T,, = D~T, D.
Comparing the corresponding entries of matrices T}, and D’lanD we get a; = &, for
1=0,...,n—1,as well as v; = (d;/d;+1)%: and B; = (d;j41/d;)B; fori=1,...,n— 1.
Thus we see that v;3; = %Bi fori=1,...,n—1.

Vice versa, if a; = @; for ¢t = 0,...,n — 1 and F;y; = Bz"% fore=1,...,n—1,
then the diagonal matrix D = diag(dy,...,d,) whose elements are d; = 1 and
di7ﬁ1ﬁ2"'ﬁi—1:7172"'%—1’ fori=2... .n.

BB Bion M2 v

gives Tp, = D_lan. O
In addition, every tridiagonal matrix 7;, with nonzero entries on sub- and super-
diagonal is similar to a complex tridiagonal symmetric matriz J,. Indeed, the diagonal

matrix D = diag(ds, ..., d,) whose elements are
Y1v2 - Yi-1 1z
di=1, di=|—2""— , fori=2,...,n, 2.15
! (ﬁlﬁQ : --ﬁi—1) (2.15)

provides the desired similarity transformation. This result is well known in the case
of positive definite linear functional, for which J, is a real tridiagonal symmetric
matrix ([56, pp. 335-336]). However, we remark that in the case of quasi-definite
linear functionals the matrix J, is, in general, complex. Hence J,, is symmetric but
it may not be a Hermitian matrix.

Finally, Corollary 2.7 implies (analogously to the nonuniqueness of the sequences
of orthonormal polynomials mentioned above) that there exist 2"~ different tridiag-
onal symmetric matrices J,, determined by the moments my, ..., ms,—1. In fact, two
symmetric tridiagonal matrices J,, and JA'n with nonzero entries on the sub-diagonal
(or super-diagonal) are determined by the first 2n moments of a linear functional if
and only if they have the same diagonal and 3; = j:@- fori=1,...,n—1.

3. Complex generalization of Jacobi matrices. For the positive definite
linear functionals the matrix J, given above is often called Jacobi matrix. Since
for quasi-definite functionals J,, is complex symmetric but generally not Hermitian,
we find useful to recall some classical results on Jacobi matrices and investigate its
complex generalization.

In literature one can find several different definitions of Jacobi matrices. Most
frequently, Jacobi matrix is defined as a real, symmetric, tridiagonal matrix with pos-
itive elements on the super-diagonal ([1, p. 2], [10, p. 72], [21, p. 13], [36, p. 30]).
Jacobi matrices are important objects both in the field of matrix computations (ap-
proximating eigenvalues and eigenvectors or solving linear algebraic systems) and in
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approximation theory (approximating functions and integrals). They were named af-
ter Carl Gustav Jacob Jacobi (1804-1851), one of the most prolific mathematician of
the 19th century. In [32] he showed that using a linear transformation with determi-
nant equal to 1 it is possible to reduce any quadratic form with n variables into a
particular quadratic form defined by 2n — 1 coefficients, now expressed in terms of
the n x n Jacobi matrix. The first Jacobi matrix appeared probably on page 202 of
[26]. In this work Toeplitz and Hellinger studied the relationship between quadratic
forms with infinitely many unknowns and the analytic theory of continued fractions
by Stieltjes [50]. A review of the general theory of the unitary analogue of Jacobi
matrices, the CMV matrices, can be found in [47]. For a detailed history of Jacobi
matrices we refer to [36, Section 3.4.3].

Other definitions of Jacobi matrices can be found in [16, Vol. 2, p. 99] (a real
tridiagonal matrix), [31, p. 86] (a tridiagonal matrix with a real diagonal and such
that the product of the corresponding elements of the sub- and super-diagonal is non-
negative), [27, p. 103] (a tridiagonal symmetric matrix with a complex diagonal and
with nonzero real elements on the sub- and super-diagonal). In this paper we use the
definition by Beckermann from the paper about spectral properties of complex Jacobi
matrices [2].

DEFINITION 3.1. A square compler matriz is called Jacobi matrix if it is tridi-
agonal, symmetric and has no zero elements on its sub- and super-diagonal.

Probably the first study of a class of this kind of matrices appeared in [54,
p. 226], where Wall investigated the convergence of complex Jacobi continued frac-
tions (J-fractions). We remark that a (complex) Jacobi matrix is Hermitian if and
only if it is real.

3.1. Real Jacobi matrices. Here we summarize some well-known properties
of real Jacobi matrices. Any real n x n Jacobi matrix J, can be orthogonally diago-
nalized, i.e.,

T W = Wdiag(\1, ..., ),

where Aq,..., A, are the eigenvalues of the matrix J, and W = [wy,...,w,] is an
orthogonal matrix whose columns are the normalized eigenvectors of .J,,, WIW =
wwt =1.

THEOREM 3.2 (see, e.g., [36, Theorem 3.4.3 on p. 114]). The following properties
stand for every real Jacobi matrix:

1. Eigenvalues are real and distinct;
2. The first and the last component of each of its eigenvectors are nonzero.

Let Ji,...,J, be Jacobi matrices such that J; is the leading principal ¢ X ¢ sub-
matrix of J, for ¢ = 1,...,n — 1. From now on Ji,...,J, will always denote the
described sequence of Jacobi matrices.

THEOREM 3.3 (Interlacing Property, [36, Theorem 3.3.1, p. 92 and Remark 3.4.4,
p. 115]). Let Ji,...,J, be real Jacobi matrices as described above. Let k and ¢ be

integers with k+1 < ¢ <n and let )\Z(-k) fori=1,... k be the eigenvalues of Ji,. Then
at least one of the eigenvalues of Jy is contained in any of the k 4+ 1 open intervals

(=00 %) (AN (M2 AR ) (A, +o0)

As a trivial consequence we get the strict interlacing property for the eigenvalues of
two subsequent Jacobi matrices Ji and Jiy1 and, equivalently, the strict interlacing
property of the roots of two consecutive orthogonal polynomials.
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We recall that Jacobi matrices are linked with Krylov subspace methods via the
(Hermitian) Lanczos algorithm. This method was introduced by Lanczos in [34, 35]
(for a description of the method and its properties we refer, for example, to [14,
Section 4], [21, Section 4.1], [36, Section 2.4.1] and [39]). Given a Hermitian matrix
A and a starting vector vy such that ||vi|| = /vivy = 1, the n-th iteration of the
(Hermitian) Lanczos algorithm gives an orthogonal matrix V,, = [vi,...,v,] such
that

Jn = VAV,

where J,, is a n X n real Jacobi matrix. The matrices Ji,...,J,_1 obtained by the
previous iterations are the leading principal submatrices of J,.

The polynomials py, ..., pn_1 whose three-term recurrence relation is associated
with J,, satisfy v;11 = p;(A)vy for i =0,...,n — 1. Moreover, they are orthonormal
with respect to the functional £ given by L(z?) = viAlvy = ef'(J,) e for i =
0,1,...,2n — 1 that can be seen as the Riemann-Stieltjes integral with respect to a
piecewise constant distribution function; see, e.g., [14, Example 2.1.2-b, p. 23] and,
in particular, the remarkable description in the paper by Hestenes and Stiefel on the
method of conjugate gradients [28, Section 14]. The columns of V,, form a basis for
the Krylov subspace

Kn(A,v1) = span{vy, Avy, A%vq,..., A" v}

Any real Jacobi matrix J,, is a result of the n-th iteration of the (Hermitian) Lanczos
algorithm. In fact, it is sufficient to apply the algorithm to the matrix J,, itself with
the initial vector e, the first vector of the canonical basis.

In the following subsections we will discuss possible extensions of the proper-
ties given above to complex Jacobi matrices. In particular, we will describe some
properties of the associated Jordan canonical form.

3.2. Complex tridiagonal matrices. The first statement of Theorem 3.2 is
reduced in the following straightforward way.

THEOREM 3.4. Every tridiagonal matriz T € C™*"™ with nonzero elements on its
super-diagonal (or sub-diagonal) is non-derogatory, i.e., its eigenvalues have geometric
multiplicity 1.

Proof. Let A be an eigenvalue of the tridiagonal matrix 7" with the nonzero super-
diagonal (the other case is analogous). Deleting the first column and the last row of
T — M gives a lower triangular non-singular matrix. Thus, the null space of T — A\I
has dimension 1 because its rank is not smaller than n — 1. O

COROLLARY 3.5. FEwery tridiagonal matriz T € C™*™ with nonzero elements
on its super-diagonal (or sub-diagonal) is diagonalizable if and only if it has distinct
eigenvalues.

It is well known that the eigenvectors corresponding to the eigenvalues of the
geometric multiplicity one can be expressed using the adjoint matrix (sometimes it
is used the term adjugate to avoid confusion with the Hermitian adjoint). Indeed,
if A is an eigenvalue with geometric multiplicity one, then rank(A — AI) = n — 1.
This implies that adj(A — AI) is not identically zero, i.e., it has at least one nonzero
column, say adj(A — AI)e;. Using (for later convenience we consider any £ € C)

(A— &) adj(A — £1) = det(A — €1) I,
8



the i-th column gives
(A—&Nz(§) = det(A — €D )ey,

where z(§) = adj(A — &I)e;. For £ = X we get (A — A\I)z(\) = 0 which finishes the
argument. Please notice that the same eigenvector (apart from the normalization) is
given by any nonzero column of adj(A — AI).

Now, as done in [12], differentiating j times (A — &I)z(§) = det(A — &I)e;, we
obtain

(4= €129 (€) = jaI(€) + g5 det(A - Dy

Denoting
wo(§) =0, wi(§) =z(§), w;1(§) = %W}(ﬁ) = %Zm(ﬁ), j=12..., (31)
we get
(A—&Dw;1(&) =w, (&) + ld—jdet(A —¢&I)e;, where j =0,1
Jj+1 = Wy j'dfj iy 7=0,1,....

If A is an eigenvalue with geometric multiplicity 1 and algebraic multiplicity s, then
this gives

(A=ADw;p1(A) =w;(A\) for j=0,...,s—1. (3.2)

Therefore wi(A) is the eigenvector and w;(A) for j = 2,...,s are the generalized
eigenvectors of A (Jordan canonical vectors of A) corresponding to A. Since wq(A) #
0, (3.2) implies that wa(A),...,ws(A) are also nonzero vectors.

Now, let z(§) = adj(T,, — &I)e,, where T, is a tridiagonal matrix of dimension
n X n. Direct computation shows that

B1- Bn-1
—B2- - Pn-101(§)

z(§) = : , (3.3)
(71)n72ﬂn71¢n72(£)
(=)™ n-1(€)

where (1,..., 8,1 are the elements of the super-diagonal and ¢;(§) = det(T; — £I),
with 7; the i-th leading principal submatrix of T,,. This result was shown for Her-
mitian tridiagonal matrices by Wilkinson in [56, Chapter 5, Section 48]. Providing
that T}, has no zeros on its super- and sub-diagonal, ¢;(£) = (—=1)'m;(£), i =1,...,n,
where 7y, ..., T, is the sequence of monic orthogonal polynomials corresponding to
T,. The following property was presented in the lecture of Ipsen at the ILAS 2005
conference.

ProposITION 3.6. Let T,, € C**™ be a tridiagonal matriz with nonzero ele-
ments on its super-diagonal. Let X be an eigenvalue of algebraic multiplicity s and
wit1(A), for j = 1,...,s — 1, the corresponding generalized eigenvectors satisfying
(T, = AD)wjt1(N) = w; () (with wo = 0, w1 = z(\) from (3.3)). Then we can give
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the following explicit formulation

Oj,1
Bj-Bn-1
1 (*1)jﬂj+1~~6n71¢§]_1)(k)

(—1)"" 2801653 (N)
(~1)" 1650 ()
where Oy is the zero vector of length £, B1,...,Bn_1 are the elements of the super-
diagonal of T, and ¢;(N) = det(T; — NI ), with T; the i-th leading principal submatriz

of Tp,.

Proof. Since 1,82, ..,0n—1 # 0, every eigenvector of T;, corresponding to the
eigenvalue A can be expressed as a nonzero multiple of z(\) from (3.3). Using (3.1)
we obtain the form of w;()) in the statement. O

As for the generalization of the second statement of Theorem 3.2, we can give
the following results. The formula (3.3) for z(\) shows that for any complex tridi-
agonal matrix with nonzero elements on its super-diagonal the first elements of its
eigenvectors are nonzero. In order to prove the same for the last eigenvector elements,
we must prove ¢,_1(A) # 0, i.e., that the eigenvalues of T,, and T,,_; are distinct.
Using the standard argument, if A\ is a root of both the orthogonal polynomials ¢,
and ¢p_1, then by (2.9) it is also a root of ¢,,_. Hence, by induction, ¢y = 0, that
is a contradiction.

3.3. Complex symmetric matrices. Unlike real symmetric matrices, complex
symmetric matrices may not be diagonalizable. This fact is linked with the existence
(in the complex field) of isotropic vectors. An isotropic vector is a vector x such that
xTx = 0 and x # 0 (for example (1,4)7). In [11, Theorem 3] Craven proved the
following theorem.

THEOREM 3.7. If A is a complex symmetric matriz, then the following statements
are equivalent:

1. There exists a (complex) nonsingular matriz V such that V=1 = VT and
VT AV is a diagonal matriz;
2. Every eigenspace of A has a basis vy, ...,vs without isotropic vectors and
such that vIv; =0 fori#j.
Moreover, [46, theorems 1 and 3] give the following equivalence.

THEOREM 3.8. A singular symmetric matrix contains an isotropic vector in its
null space if and only if the trace of its adjugate vanishes.
We will use it in the following lemma.

LEMMA 3.9. Let A be an eigenvalue of a complex Jacobi matriz J and v an
associated eigenvector. Then, v is isotropic if and only if X has algebraic multiplicity
greater than 1.

Proof. Given a matrix A(§) depending on a parameter £, Jacobi’s formula states

that
d B e GAE) N
d—gdetA(g) = tr(adj(A(€) a ));

for a proof see, e.g., [38, Theorem 1 at p. 149]. If A() = &I — J, then the previous
formula becomes

d .
d—gqﬁ(«f) = tr(adj(¢I — J)),

10



where, ¢ is the characteristic polynomial of J. Let A be an eigenvalue of J, then
(M — J) is a complex symmetric matrix such that

det(A] — J) =0 and tr(adj(A — J)) = ¢'(\).

Since ¢'(\) = 0 if and only if the algebraic multiplicity of X is greater than 1, by
Theorem 3.8 the eigenspace of J corresponding to A contains an isotropic vector if
and only if the algebraic multiplicity of A is greater than 1. Since by Theorem 3.4
any complex Jacobi matrix is non-derogatory, the proof is finished. O

We will summarize the situation in the following proposition.

ProposiTIiON 3.10. If J is a Jacobi matriz, then the following properties are

equivalent:
1. J is diagonalizable;
2. There exist a (complex) nonsingular matriz V. such that V=' = VT and
VT JV is a diagonal matriz;
3. None of the eigenvectors of J is isotropic.

Proof. The second and the third properties are equivalent by Theorem 3.7. Ob-
viously the second one implies the first one. So it remains to prove that if J is diag-
onalizable, then no eigenvector is isotropic. Since J is non-derogatory, using Lemma
3.9 finishes the proof. O

In the rest of this section we recall the relationship between Jacobi matrices and
non-Hermitian Lanczos algorithm (for details we refer to [3, Section 2.7.2], [21, Section
4.2], [36, Section 2.4.2] and [44, Chapter 7]). The input of the algorithm consists of a

matrix A and two vectors wi, vy such that ||vq|| = 1 and wjv; = 1. Assuming that
the algorithm does not breakdown before the n-th iteration, we obtain as the result
of the first n iterations the matrices V;, = [vy,...,v,] and W,, = [wy,...,w,] whose

columns form bases of the Krylov subspaces K, (A, vy) and K,,(A*, wy) respectively
with the biorthogonality property W V,, = I. The associated tridiagonal matrix T,

T, = W} AV,

is not, in general, symmetric, and therefore it does not represent a Jacobi matrix. Let
D0, - - -, Pn—1 be the sequence of polynomials determined by T),; see Section 2. Then
they are orthogonal with respect to the quasi-definite functional £ such that

L(z") = wi*A'vy = ||wi]|||[vi]| el (T,) er, fori=0,1,...,2n — 1.

Furthermore, w; 11 = p;(A*) wy and v; 41 = p;(A) vy fori = 0,...,n—1. The Lanczos
vectors can be normalized in different ways. In particular, they can be normalized in
such a way that the matrix T, is symmetric and therefore a Jacobi matrix; see (2.15).

We have assumed no breakdown of the non-Hermitian Lanczos algorithm in steps
1 through n. The complicated issues related to the breakdown are outlined, e.g., in
[36, p. 33], with the detailed exposition presented in [42, 4, 5, 24, 40, 25].

4. Moment Matching Property for Jacobi matrices. If the values of the
linear functional on monomials are defined by L(z%) = v*Alv,i = 0,1,..., where
A is a Hermitian matrix and v is a nonzero vector, then the associated orthogonal
polynomials are given by the Lanczos (Stieltjes) algorithm; see, e.g., [21, Chapter 7]
or [36, Section 3.5]). Then

E(mi) =v*Alv = ||v||2 elT (Jn)iel,: mo elT (Jn)iel, 1=0,1,...,2n—1,

11



where J,, is the Jacobi matrix associated with the first n steps of the Lanczos process.
Using the Vorobyev method of moments [53, in particular Chapter III], this property
can be easily extended, assuming existence of the first n steps of the non-Hermitian
Lanczos process, to a general complex matrix A; see [51]. Here we will prove an
analogous property for Jacobi matrices determined by quasi-definite linear functionals.

THEOREM 4.1. [Moment Matching Property] Let L be a quasi-definite linear
functional on P, and let J,, be the Jacobi matrix of coefficients from the recurrence
relations for orthogonal polynomials with respect to L; see (2.6). Then

Lz =moel (J,) e, i=0,...,2n—1, (4.1)

where mo = L(x).
We will give the proof of this theorem using two lemmas.

LEMMA 4.2. The polynomials pg, . ..,pn—1 associated with the three-term recur-
rence relation whose coefficients are given by the Jacobi matrixz J,, are orthonormal
with respect to the functional L defined by

[:(:E’) =my elT (Jn)Z e,

with mo = 1/p3.

Proof. Let J, be the Jacobi matrix associated with the polynomials pg, ..., pn—1-
We note that for i =0,...,n — 1 the (i + 1)-st entry of the vector (.J,,)%e; is nonzero.
Moreover, for i = 0,...,n — 2, the entries i + 2,...,n of (J,)’e; are zero. Hence the
canonical basis eq,..., e, is an orthonormal basis of Ki(J,,e1), k = 1,...,n, ie,
e, = pr—1(Jn) €1 for some polynomial py_1 of degree k — 1.

The polynomials pr—1 = pr—1/y/mo, k = 1,...,n, are orthonormal with respect
to L. Indeed,

L(pip;) = mo el pi(Jn)p;(Jn) er = ele;.

From e; = po(Jy,) e1 we get pp = 1, i.e., po = 1//mg = po. Finally, we prove that
pr =pi for k=1,...,n— 1. Notice that

L(zpip;) = mo el pi(Jn)Jnp; (Jn)er = (Jn)ij-

Therefore, by (2.6) we see that the coefficients from the three-term recurrence relation
for xpg,...,xp,_1 are the same as those for zpg,...,xpnr_1. O
The following lemma gives the remaining part of the proof of Theorem 4.1.

LEMMA 4.3. Let L and L be linear functionals such that there exists a sequence
of polynomials p;_ for i = 0,...,n — 1 that are orthogonal with respect to both L and
L. Let L(2°) = L(2°). Then

L(z') = L(z) fori=0,...,2n—1. (4.2)

Proof. We prove it by induction. Using (2.10),

Llapd@) _ L) . om i

= €.,

LOR@) 7 L) mo g’

Since we have assumed mg = mg, we conclude m; = my. Let m; = m; for i =
0,...,2k — 3. Using (2.10) we have

Lapr@pea(@) __ Llopea(@)pea(@)

L) T T L,@)
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Rewriting

2k—2 2k—4
xpp—1()pr—2(x) = Z aix’  and  pi_,(z) = Z bix',
i=0 =0

the induction assumptions gives mog_o = Mop_2. Repeating the same argument with
the coefficient a1 finishes the proof. O

A different normalization of the orthogonal polynomials is associated with a tridi-
agonal matrix T}, such that J,, = D~'T}, D, with D the diagonal matrix with elements
given in (2.15) (see also Proposition 2.5). Hence, the statement of Theorem 4.1 re-
mains valid for any tridiagonal matrix T;, associated with a sequence of orthogonal
polynomials defined by the functional L.

5. Quasi-definite linear functionals and Gauss quadrature under re-
strictive assumptions. Positive definite linear functionals naturally lead to the
well-known Gauss quadrature. Let us recall some of its basic properties:

e G1: The n-node Gauss quadrature attains the maximal algebraic degree of
exactness 2n — 1.

e (G2: The n-node Gauss quadrature is well-defined and it is unique. Naturally,
the Gauss quadratures with a smaller number of nodes also exist and they
are unique.

e G3: The Gauss quadrature of the function f can be written in the form
mo el f(J,)e1, where J, is the Jacobi matrix containing the coefficients from
the three-term recurrence relation for orthonormal polynomials associated
with £; mg = L(z9).

Since the degree of exactness is larger than n—1, the Gauss quadrature is interpolatory
quadrature, i.e., the weights w; satisfy

wzzﬁ(&), 1= 1,...,n, (51)
where ¢;(x) is the Lagrange interpolation polynomial, defined as

(l‘*)\l)(1’7)\1,1)(1'7>\1+1)(l‘7>\n) o 7Tn(£L')

51‘ xXr) = = .

( ) ()\i_)\l)---()\i_)\i—l)()\i_)\'H-l)---()\i_)\n) (I—)\z)ﬂ';l()\l)

The nodes of the Gauss quadrature are the eigenvalues of J,, and the weights are given
as the squared first entries of the associated normalized eigenvectors of J,, multiplied
by mo; see, e.g., [55, Sections 2.5 and 2.9] and [22].

We will now revisit the situation for the functional £ that is only quasi-definite.
We start with the usual form of an n-node quadrature

n

L(f) =D wif (\) + Ra(f), (5.2)
i=1
where the nodes Aq,..., A, are distinct and the last term stands for the quadrature

error.
THEOREM 5.1. The quadrature (5.2) is exact for every f from Pan—_1 if and only
if it is interpolatory and the polynomial

on(z) = [J(@—N) (5.3)



satisfies L(pnp) = 0 for every p € Pp_1.
Proof. Assume that (5.2) is exact for every f from Pa,,—1. Then for every p € P,,_1
we get R, (pnp) = 0 and therefore, using ¢, (N\;) =0 for i = 1,...,n,

L(pnp) = wan(&)p(&-) =0.

Inversely, assume L(p,p) = 0 for all p € P,_;. Since any f € Pa,—1 can be written
in the form f(z) = ¢, (z)g(x) + r(x) for some ¢ and r from P,_1, L(f) = L(r). An
interpolatory quadrature on n nodes must have algebraic degree of exactness at least
n — 1. Therefore £(r) = Y., w;r()\;). The standard argument r(\;) = f()\;) for
i =1,...,n completes the proof. 0

Theorem 5.1 can be interpreted in the following way. Let the monic polynomial
n, of degree n that is orthogonal to the space P,,—; with respect to the linear func-
tional £ quasi-definite on P, has n distinct roots A1,...,A,. Then the interpolatory
quadrature with the nodes A1, ..., A\, has algebraic degree of exactness at least 2n—1.
So, the quadrature rule (5.2) has the properties G1 and G2 if and only if the following
conditions simultaneously hold:

1. There exists a sequence of orthogonal polynomials py, ..., p, with respect to
the linear functional £ (i.e., £ is quasi-definite on P,,);
2. Zeros of the individual polynomials p;, 7 = 1,...,n, in the sequence are
distinct; i.e., the matrices J;, j = 1,...,n, are diagonalizable.

The standard argument then shows that the quadrature rule (5.2) can be expressed in
the form mq el f(J,,) ey, i.e., the property G3 is generalized in a straightforward way;
see [19, p. 153], [45, p. 267-268]. Quadrature (5.2) was considered (to our knowledge)
for the first time by Gragg in [23] for real valued linear functionals. A generalization
for complex valued functionals was considered by Saylor and Smolarski in [45]. Due to
the assumption on distinct roots (see Property 2 above) this construction is restrictive.

Indeed, if £ is quasi-definite on Py, then the orthogonal polynomials in the se-
quence pi,...,pr can have multiple zeros. Hence it can happen that for some values
£, £ < k, the ¢-point interpolatory quadrature defined by

0
L(f)~ Z%‘f@\i)

cannot be properly defined (i.e., it represents an interpolatory quadrature on strictly
less than ¢ distinct points) and it cannot achieve the algebraic degree of exactness
2¢ — 1. This is illustrated in the following example.

Example 1. Consider the linear functional £ defined by a sequence of moments
with the first seven terms given by

1, 3, 8, 20, 52, 156, i.
Then L is quasi-definite on Ps3, since
Ag=1, A1=-1, Ay=-4, As=2128— 4.
The associated monic orthogonal polynomials are

mo=1, mx)=2-3, m(z)=a>—4zx+4, m(x)=2a>—"T2>+ 202z —24.
14



The zeros of 79 are Ay = Ay = 2, which means that the 2-node quadrature (5.2) which
is exact on Ps3 does not exist. However, the zeros of w3 are Ay = 3, Ay = 2 — 2¢ and
A3 = 2+ 2i, which means that there exists the 3-node quadrature (5.2) which is exact
on Ps. The corresponding Jacobi matrix is

3 ¢ 0
Js=1| 1 1 2
0 2¢ 3

The matrix Js is diagonalizable, whereas its leading principal 2 x 2 submatrix is not.

6. Gauss quadrature for general quasi-definite linear functionals. In or-
der to avoid restrictions to quasi-definite linear functionals that produce diagonalizable
Jacobi matrices, and allow full generality, we have to modify the quadrature concept
presented in relation (5.2). In particular, we will consider the n-weight quadrature
formula

4 Sifl

L(f)= Z Z wij fON) + Ru(f), (6.1)

i=1 j=0

where n = s; + ...+ s;. Note that the rule (5.2) is the special case of the rule (6.1)
when £ = n and s; = ... = s, = 1. So we generalize the rule (5.2) in the way that
incorporates, in addition to the functional values f(A1),...,f(\¢), also the values
of the derivatives of f at the points A1,...,A\;. The generalization (6.1) therefore
requires more smoothness of the argument function f in £(f) to be approximated.
The following theorems justify the given construction and tell us how to choose the
values of s1,...,s;, when we want to achieve the maximal degree of exactness.

THEOREM 6.1. Let L be an arbitrary linear functional on P. The quadrature
(6.1) is exact for every f from Paon_1 if and only if it is exact on Pn_1 and the
polynomial

on(z) = (= A)% (= A2)*2 .. (= Np)™ (6.2)
satisfies L(onp) =0 for every p € Pn_1.
Proof. Following [49] we consider for each root A\;, i = 1,..., ¢, of ¢, the following

s; polynomials of degree n — 1

z—A\)V [T (= 2 1L\
hi,j(x)z%{ Z ( y!) <gi($)>

v=0

gl(x)7
x_/\i} (6.3)
7=0,1,...,8 — 1,

where g;(z) = (x — A¢)®t. As proved in [48, Section 3], from (6.3) we obtain

1
%

il

¢
t
hgtj)()\k) =1 for Ay =); and t = j,
hJ(Ak) =0 for Ay # Ai or t # ,
where k = 1,2,...,¢, and t = 0,1,...,s; — 1. Defining the generalized (Hermite)
interpolating polynomial (see [48])

L s;—1

hoa(@) =) FPN)hi (),
i=1 j=0
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we get that the formula (6.1) is exact for any polynomial f of degree at most n — 1 if
and only if

¢ s;—1 ¢ s;—1
L =D wigfON) =" L(hi)fP (M),
i=1 j=0 i=1 j=0

i.e., if and only if the weights of the quadrature (6.1) are given by
wi,j = E(h%])

The rest of the proof is fully analogous to the proof of Theorem 5.1. O

We say that the n-weight quadrature (6.1) is unique if the nodes and the weights
are uniquely determined by £ and n.

THEOREM 6.2. Let £ be an arbitrary linear functional on P. The n-weight
quadrature (6.1) of degree of exactness at least 2n — 1 exists and is unique if and only
if the n-th Hankel determinant (2.1) is nonzero, i.e., Ap_1 # 0.

Proof. Theorem 6.1 says that the n-weight interpolatory quadrature (6.1) is of
degree of exactness at least 2n — 1 if and only if the monic polynomial

on(x) =2™ + en12" V...t e+

given by (6.2) is orthogonal to the space P,_1. The conditions L(z7¢,) = 0, j =

0,...,n — 1, are satisfied if and only if the linear system
mo mi mMp—1 Co —Mnp
mi ma Mp C1 —Mn+1
= . (6.4)
Mp—1 Mp ... M2p_2 Cp—1 —M2p—1

has a unique solution, which gives the statement. 0

Finally, the following theorem gives the condition under which the degree of ex-
actness of (6.1) is exactly 2n — 1 (i.e., it does not exceed 2n — 1). This issue has no
counterpart in the positive-definite case where the n-node Gauss quadrature cannot
have algebraic degree of exactness larger than 2n — 1.

THEOREM 6.3. Let L be an arbitrary linear functional on P and let the n-weight
quadrature (6.1) has degree of exactness at least 2n—1. Then the degree of exactness of
the quadrature (6.1) is (exactly) 2n—1 if and only if the (n+1)-st Hankel determinant
(2.1) is nonzero, i.e., A, # 0.

Proof. Since the n-weight quadrature (6.1) has degree of exactness at least 2n—1,
the polynomial ¢,, given by (6.2) is orthogonal to P,_1. Moreover, ¢, is orthogonal
to Py, if and only if £(p?2) = 0 in which case the degree of exactness of (6.1) is at least
2n. Thus we conclude that the quadrature (6.1) has degree of exactness larger than
2n — 1 if and only if £(pn2?) =0 for j =0,...,n, i.e., if and only if there is a vector
[co,- -+, cn_1,1]T such that

mo Mmi My co 0
m1 M2 Mn41

Cp—1 0
My, Mpt1 Moy 1 0



in which case A,, = 0. O

COROLLARY 6.4. The quadrature rule (6.1) has the properties G1 and G2 if and
only if L is quasi-definite on P,,.

Proof. The n-weight quadrature (6.1) is unique and of degree of exactness 2n—1 if
and only if both A, _; and A,, are nonvanishing. The property G2 requires the same
for all j-weight quadratures with j = 1,...,n — 1, and thus all Hankel determinants
Aj, j=0,...,n have to be nonvanishing; i.e., £ has to be quasi-definite on P,. O

We say that a function f is defined on the spectrum of the given matriz J if for
every eigenvalue \; of J there exists f(j)()\i) for j =0,1,...,s; — 1, where s; is the
order of the largest Jordan block of J in which \; appears (see [29]). Let A be a Jordan
block of J of the size s corresponding to the eigenvalue A. The matrix function f(A)
is then defined as

_ ’ (2) (s—1) 9
R
/A 5—2 A
ORI
fA) = :
')
1!
L 0 0o f

Denoting
J = Wdiag(Ay,...,A,) W !
the Jordan normal form of J, the matrix function f(J) is defined by
() = Wdiag(f (A1), ., F(A)W L.

Let J, be an n x n Jacobi matrix, with A; its eigenvalues of the algebraic multi-
plicities s;, @ = 1,...,¢. By Theorem 3.4 the matrix J,, is non-derogatory. Denoting
the first row of W as

W = W10y ey W15y —15W2,05 -+ s Wosy— 1y e s WE0s -+ We,5p—1]5
and the first column of W1 as
W= (01,0, -y Whsy—1, W20y -y Wsy—1se ey We,05e ey Wesy—1)"
we get
eI f(Jn)er = ef Wdiag(f(A1),..., f(A) W "es
=wldiag(f(A1),..., f(Ae)) W

14
= Z[wiﬁo, ey wiﬁsi,l]f(Ai)[zDiyo, ey ’Ii)iﬁsifl]T.
=1

Using (3.3) and Proposition 3.6, the first elements of the columns of the matrix W
are zero except for the columns that are eigenvectors of J,,. Therefore, the individual
terms in the previous sum can be rewritten as

"N (i =D N
FOw) f((fl(y) Wi,0
. A Y] wW;
[wz 0;07“ aO] 0 f()\l) (si=2)! .71
0 .0 fN) Wi si-1
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Hence we have

¢ s;—1 ¢ s;—1
I T CISED 3) SERFELS NN
=1 j=0 =1 5=0
with
wjz% fori=1,....0, j=0,... 8 —1.

Using w; j = mow; ; in (6.6) we get

L s;—1

moel f Z Z Wi j @) (6.7)

=1 j5=0

Now we are able to state and prove the following corollary.

COROLLARY 6.5. The quadrature rule (6.1) having the properties G1 and G2
satisfies also the property G3.

Proof. The right-hand side of (6.7) is of the form (6.1). It remains to prove that the
weights w; ; are indeed equal to £(h; ;), where polynomials h; ; are defined by (6.3);
see the proof of Theorem 6.1. Since the quadrature (6.1) satisfies the properties G1
and G2, by Corollary 6.4 the functional L is quasi-definite on P,,. Using Theorem 4.1,
its values on monomials z° must then be equal for i = 0,1, ...,2n—1 to the right-hand
side of (6.7) with f()) replaced by the same monomials. Consequently, the right-hand
side of (6.7) represents a quadrature with the algebraic degree at least 2n — 1. From
uniqueness it must be equal to the quadrature (6.1) with the weights £(h; ;) and the
proof is finished. O
We will summarize the characterization of the n-weight quadrature formula (6.1) in
terms of the associated Jacobi matrix as a theorem.

THEOREM 6.6. Let £ be an arbitrary linear functional on P and mo = L(xP).
There exists a Jacobi matriz J,, of dimension n such that

L(z") =mge] (J) e, fori=0,...,2n—1,
L(z*") # mgef (Jn)" e,

if and only if L is quasi-definite on P,,.

Proof. Let J,, be the Jacobi matrix satisfying (6.8) and (6.9). Then, by (6.7) there
exists the n-weight quadrature (6.1) whose degree of exactness is (exactly) 2n — 1.
By Theorem 6.3 it follows that A, # 0. To prove that £ is quasi-definite on P, it
remains to prove that £ is quasi-definite on P,_;. By Lemma 4.2 the polynomials
D0, - - -y Pn—1 associated with the three-term recurrence relation whose coefficients are
given by J, are orthonormal with respect to the linear functional

L(f)=moel f(J,)e1, for feP.

They are also orthonormal with respect to £ by (6.8), which means, using Theorem
2.4, that L is quasi-definite on P, _1. The statement in the opposite direction follows
directly by corollaries 6.4 and 6.5. O

The presented construction (6.1) and the statements proved throughout this sec-
tion show that it is possible to construct the n-weight quadrature (6.1) having the
properties G1-G3 of the classical Gauss quadrature whenever the linear functional
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is quasi-definite. In order to avoid confusion, it should be stressed that the Gauss
quadrature proposed in this paper (the quadrature (6.1) satisfying G1-G3) is differ-
ent from the Gauss quadrature with multiple nodes considered in [6] and [43], and
later in [20]. The latter assumes positive-definite linear functionals and its degree of
exactness is equal to

(the number of weights) + (the number of nodes) — 1.

The Gauss quadrature proposed in this paper is constructed for quasi-definite linear
functionals and it has the degree of exactness

2 x (the number of weights) — 1
that is larger than in the previous case.

7. Conclusion. In Section 6 we saw that quasi-definitness of £ is not only suffi-
cient but also necessary condition for the n-weight quadrature (6.1) to have all three
properties G1, G2 and G3. For non-definite linear functionals all three properties
cannot hold.

Let £ be a linear functional such that the n-th Hankel determinant (2.1) is equal
to zero, i.e., A,_1 = 0. Using Theorem 6.2, the n-weight quadrature (6.1) having
degree of exactness at least 2n — 1 either does not exist (the system (6.4) has no
solution), or there are infinitely many of them (the system (6.4) has infinitely many
solutions). Thus the property G2 cannot be satisfied. If there exist infinitely many
n-weight quadratures (6.1), then A,, must also be equal to zero. Indeed, using (6.4),
the first n rows of the matrix of the system (6.5) are linearly dependent. Hence by
Theorem 6.3 the degree of exactness of the n-weight quadratures (6.1) is then at least
2n and the property G1 is not satisfied as well.

Furthermore, assuming that n is the smallest index such that A,_; = 0, there
exists an unique (n — 1)-weight quadrature @, —1 of the form (6.1) having degree of
exactness at least 2n — 3. However, by Theorem 6.3 it does not satisfy the property
G1 since its degree of exactness is larger than 2n — 3. In the quasi-definite case
the degree of exactness is uniquely determined; see theorems 6.2 and 6.3. With
the (n — 1)-weight quadrature @, the situation is different. If we only know the
moments my, ..., Ma,_2, then we cannot determine the degree of exactness of Q,,_1.
Indeed, if Q,,_1(2?"~1) # ma,_1, then the degree of exactness is 2n — 2. However, if
Qn,l(xQ"’l) = may,_1, then the degree of exactness of (J,,_1 is at least 2n — 1, and
so on. The following example demonstrates this fact.

Example 2. Consider the linear functional £ from Example 1 in Section 5 defined
by a sequence of moments with the first seven terms given by

1,3, 8, 20, 52, 156, 4,

which is quasi-definite on P3. We saw that the 2-node quadrature (5.2) of degree of
exactness 3 does not exist since the zeros of my are 1 = xo = 2. Instead of the 2-node
quadrature (5.2) we can use a 2-weight quadrature of the form (6.1), i.e., A1 f(2) +
Asf'(2). Since Ay # 0, by Theorem 6.2 the nonlinear system A;27 + jAzz7~1 = m;
for monomials 1, z, 22 and 22, i.e.,
A -1+ A,-0=1
Alz + A2 -1=3
A122 + 2A2(Z) =8
A12% +3A45(2%) =20
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has a unique solution (in C). Indeed, from the first two equations we get A; = 1 and
Ay = 3 — z. Putting the latter in the third equation we get 22 — 6z +8 = 0, and thus
z=2or z =4. The values A; =1, 4> = 1,z = 2 satisfy the fourth equation, while
the values A; =1, z = 4 and A = —1 do not. Moreover, since As # 0 by Theorem
6.3 the quadrature f(2) + f’(2) has degree of exactness 3. Its degree of exactness
would be higher if and only if my = 2% +4-23 = 48. In this case we would have
Ay =0, i.e., £ would not be quasi-definite on Py. If ms = 2% +5-2% = 112, then the
quadrature f(2) 4+ f’(2) would have degree of exactness at least 5.

In the introduction we wondered how far we can go with generalization of the
Gauss quadrature as an approximant for an arbitrary linear functional. We suggest
that any (generalization of the) Gauss quadrature should have the properties G1-G3.
In this sense, the quasi-definiteness of the linear functional represents the necessary
and sufficient condition for the existence of the Gauss quadrature. The n-weight
Gauss Quadrature (6.1) for linear functionals that are quasi-definite on P,, gives the
maximal possible extension of this concept.
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