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ABSTRACT. In this paper, we characterize symmetric Sobolev bilinear forms defined on P x P,
where P is the space of polynomials. More specifically we show that symmetric Sobolev bilinear
forms, like symmetric matrices, can be re-written with a diagonal representation. As an application,
we introduce the notion of a ghost matrix, extending some classic work of T. J. Stieltjes.

1. INTRODUCTION

In this paper we discuss Sobolev bilinear forms of the type

N N
(1.1) on(p )= > <0i;pqD > (pgeP),

i=0 j=0
where P is the vector space of all polynomials p: R — R, N is a fixed non-negative integer, o; ; is
a moment functional for 0 < 7,5 < N, and p{® denotes the ¥ derivative of the polynomial p(x).
With Apny; defined to be the (N 4 1) x (N + 1) matrix of moment functionals

00,0 00,1 ... OQ,N

01,0 01,1 .-+ O1N
(1.2) Anpi=| . S . ;

O'N70 O'N71 UN,N

we say that ¢n(-,-) is generated by Ayx41 and, symbolically, we write (1.1) as
q

/

q
(13) ¢N(p7 Q> = (papla"-7p(N))AN+1 : )
g
in regards to the notation in (1.3), see Remark 2.1 in Section 2 below.
We ask, and answer, the following questions:

(1) Under what conditions on the moment functionals {c; ;} will ¢ (-, ) be a symmetric bilinear
form on polynomials? That is, when will
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Furthermore, are there necessary and sufficient conditions on these moment functionals
{04} to guarantee that ¢x (-, -) is symmetric? In this paper, we will produce necessary and
sufficient conditions for ¢x(-,-) to be symmetric.

(2) It is well known that every symmetric quadratic form can be diagonalized (for example, see
[14, Chapter 7] and [19, Chapters 10 and 12]). In the case that the Sobolev bilinear form
on(+, ) is symmetric, do there exist moment functionals {7x} such that

N
(1.5) NP, q) =Y < 7k pWg®) >2
k=0

If so, can we characterize these moment functionals {73} in terms of the given moment
functionals {o; ;}? For both questions, the answer is yes. In particular, under the condition
of symmetry, ¢n(+,-) does have a representation of the form (1.5); furthermore, we explicitly
determine each 7 in terms of the given moment functionals {o; ;}.

(3) When ¢n(-,-) is the zero Sobolev bilinear form the associated matrix Ay, that generates
on (-, ), acts as a zero matrix; in this sense, we call Ay a ghost matrix. In the case N = 0,
the connection with ghost functions, which are non-trivial functions defined on the half or
whole real line whose moments are all zero, is classical and can be traced back to work of
Stieltjes [21]. Generalizing this idea, are there non-trivial ghost matrices that generate the
zero Sobolev bilinear form? Can we characterize all ghost matrices? Again, the answers to
these questions are yes.

In matrix theory, the connection between symmetrizability and diagonalizability is well known
and classic; however, as the reader can see below in the details of a simple example (Example
3.2 below), the diagonalizability of a symmetric bilinear form ¢y (-,-) is somewhat surprising and
unexpected. Indeed, we note that there are contributions in the literature that discuss non-diagonal
symmetric Sobolev inner products; for example, see [1].

Every moment functional ¢ has two well known, and now classical, integral representations. The
first one, due to R. P. Boas [5], shows that if o is a moment functional, then there exists (a non-
unique) signed measure i, generated from a function of bounded variation on the real line R, such
that

<o,p >:/10d,u(7 (peP).
R

The other representation, due to A. J. Duran [8], says that

<o,p >—/pw(,dx (peP),
R

where w,, also non-unique, belongs to the Schwartz class S(R) of functions. Consequently, the
form given in (1.1) is equivalent to the more standard looking bilinear forms

N N
on(p )= /Rp(")q(j)duz’j (p,q € P, ij € BV(R)),
=0 j=0
or

N N
on () = Z/p(“q(j)wijdx (p,q € P,wy; € S(R)).
i=0 j=0“R
We note that bilinear forms of the type given in (1.1) have been studied in detail for more than
twenty years in conjunction with the development of the theory of Sobolev orthogonal polynomials.
We refer the reader to [3], [13], [16], [17], and [18] for further information on this connection. Inner
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products of the form (1.1), when the underlying matrix (1.2) is symmetric, were earlier considered
by Blankenagel [4] in his doctoral dissertation in 1971; this thesis was further emphasized in the
1977 survey paper by Danese [7]. The well-known classical theory of orthogonal polynomials - for
example, the theory contained in the texts of Chihara [6] or Szegd [22] - is mainly concerned with
the bilinear form ¢n(-,-) when N = 0. Although the theories for N = 0 and N > 0 share some
commonalities, in general, the theory of Sobolev orthogonal polynomials is quite different from its
classical counterpart; an excellent reference parlaying some distinct differences between classical
and Sobolev orthogonal polynomials is the text [10] by Gautschi. For an earlier account discussing
polynomials orthogonal with respect to the inner product (1.1), see the 1973 paper by Schéfke and
Wolf [20]. On a more recent note, the authors in [2] discuss the diagonal Sobolev inner product

(1.6) oy =Y / a;(N)(1 — 22)p () (2} da
j=0"-1

where the coefficients {a;(N)} are the so-called Legendre-Stirling numbers. The classical Legendre
polynomials {P,,}>°_, are orthogonal with respect to this inner product (1.6) for each N € Ny;
among other results, the paper [2] discusses a combinatorial interpretation of the Legendre-Stirling
numbers and shows that these numbers behave remarkably similar to the classical Stirling numbers
of the second kind.

The contents of this paper are as follows. In Section 2, we will review some classical properties
of moment functionals that are necessary for the results and analysis that follow. Section 3 deals
with some specific examples that precede our general results. In Section 4, we obtain a complete
characterization of symmetric Sobolev bilinear forms. Lastly, in Section 5, we introduce the concept
of a ghost matrix and offer a complete characterization, as well as several examples, of this type of
matrix.

2. DEFINITIONS AND PRELIMINARIES

A polynomial system (PS) {p,}7>, is a basis for P with deg(p,) = n for n € Ny = NU {0},
where N denotes the set of positive integers. A moment functional o is a real or complex-valued
linear functional defined on P ; we use distributional notation < o,p > to indicate the action of
o on p € P rather than the function notation o(p). Of course, o is completely determined by its
values on any PS; in particular, if the so-called moments

op =<o,2" > (né€Np)

of o are known, then the value of < g,p > is known for any p € P.
If o is a moment functional, then we define the derivative o’ to be the moment functional defined
by

(2.1) <od,p>=-<op > (peP).
If ¢ € P, we define the moment functional go by

(2.2) < qo,p >=<o,pq > (p€P).
Remark 2.1. In view of (2.2), we note that
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This is the proper interpretation of the notation used in (1.3).

The following lemma is well known and can be found, for example, in [13]; we make repeated
use of this lemma in the results that follow.

Lemma 2.1. Let o be a moment functional.
(i) Then o =0 if and only if ¢’ = 0;
(i) (Leibniz’ rule) If g € P, then (¢qo) = ¢'o + qo’.

The calculus of moment functionals has proven to be a very useful tool in understanding, and
solving, some classical problems in the theory of orthogonal polynomial solutions to ordinary and
partial differential equations during the past several years. One of the more spectacular applications
of this calculus is due to Kwon et al in [11]. Indeed, they construct a real-valued weight function for
the Bessel polynomials {y,}22, (a completely different, but also elegant, solution of this problem
was given in 1993 by Duran in [9]). The Bessel PS was introduced into the mathematical literature
by Krall and Frink [12] in 1949. For each n € Ny, the polynomial y = g, is a solution of the
second-order differential equation

22y +2(x + 1)y = n(n+ 1)y.

As discussed in [12], the orthogonality of these polynomials is considered in the complex plane C;
specifically,

(2.3) /yn(z)ym(z)e_Q/zdz = Qﬂ
v

n 1 1)5n,m (n,m € Np),

where 7 is any closed, Jordan curve encircling the origin in C. The moments {u,}52, associated
with these polynomials are real and, as a consequence of the Residue Theorem, they are readily
computed to be

(_1)n2n+l

(n+1)!

Consequently, from Boas’ Theorem [5], there must exist a real measure p, originating from a
function of bounded variation on (—o00,00), that generates the same orthogonality relation as in
(2.3); furthermore, from the general theory of moments,  cannot be a positive measure. To this
end, Littlejohn [15] showed that a real orthogonalizing weight for the Bessel polynomials will satisfy
the weight equation

(2.4) 2w — 2w =0

fy, = (n € Np).

in some distributional sense. The classical solution of (2.4) is

(2.5) () = exp(—2/x);

however, this function cannot be an orthogonalizing weight function for the Bessel polynomials on
any interval of the real line. It was at this point that Kwon et al considered (2.4) in the sense of
moment functionals. In fact, they replaced (2.4) by

(2.6) z?w — 2w =g,

where g is the classical Stieltjes ghost function defined by

{ 0 ifz <0

(2.7) 9(@) = gratra sin(z/*) if z > 0.
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The remarkable feature of this function, as first noted by Stieltjes, is that all of its moments are
Zero:

(2.8) /00 2"g(z)de =0 (n € Np);

—00
that is to say, ¢g is a non-trivial representation of the zero moment functional. We call such a
function a ghost function for the obvious reason. In (2.4), the singularity z = 0 is an essential
singularity and this is reflected in the classical solution @ given in (2.5); however, in (2.6), the
non-homogeneous term g tempers this singularity and actually results in a solution w that belongs
to C(—00,00) N L*(—00, 00). Indeed, this solution of (2.6) is given by

0 if <0

oo €xp(2/t) exp(—t}/4) sin(t'/9

w(z) =
(=) —exp(—2/x) [ 2 dt if x> 0;

it is an orthogonalizing weight function for the Bessel polynomials {yy }22 . It is possible, as shown
in [11], to replace the Stieltjes ghost function given in (2.7) with other ghost functions, for example

0 ifx <0

has the same ‘zero moment’ property that is given in (2.8). In Section 5, we generalize ghost
functions by introducing the concept of m x m ghost matrices.

3. EXAMPLES

To motivate our main results, in particular Theorem 4.2, we consider the bilinear form ¢y (-, "),
defined in (1.1), in the cases N =1 and N = 2.

Example 3.1. N = 1. In this case,
$1(p,q) =< 000,pq > + < 001,04 >+ < 010,p'¢> + <011,0'¢ > .
Since pg is a nonzero constant, we may assume that pp = 1 in which case we see that for n € Ng,
¢1(po, Pn) =< 000, Pn > + < 001, 1), >
while

¢1(PnsPo) =< 000, Pn > + < 10,1y, > -
Consequently, for symmetry, we see that we must have

< o01,p), >=<o10p, > (n€Ny).
However, since {p},}2°, is also a PSS, it follows from Lemma 2.1 (i) that
00,1 = 01,0
With this condition, we see that
$1(p, q) =< 000,09 > + < 010,04 +P'q >+ < o11,p'¢ >

=< 00,0,pq > + < 010, (pq) >+ < 0o11,p'¢" >

=< 00,0,pq > — < 019,04 > + < 011,P'¢ >

= (00,0 = 01,0, P0) + (01,1, 9'¢").
That is to say, ¢1(-,-) has the diagonal representation
(3.1) $1(p.q) = (00,0 — 01,0:00) + (01,1, 9'¢).-
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Example 3.2. N = 2. In this case,

o / " / /ot
- sJ) s ’ s s 1
(3:2)  ¢2(p,q) = < 000,p9 >+ < 00,1,pq >+ < 002,04 >+ < o010,0'¢>+ <o11,0'¢ >

+ < 012,0¢" >+ < 020,0"¢ >+ <021,p

/! /1

q >+ <o022,pq >.

A similar analysis to Example 3.1 shows that ¢a(+,-) is symmetric if and only if the following two
"symmetry” equations are satisfied:

(3.3) —01,0 + 030+ 001 — 002 =0

(3.4) o921 — o012 =0.

Indeed, equation (3.3) is found by simplifying

¢2(p07pn) - ¢2(pn,p0) =0 (TL € N0)7

while equation (3.4) is found by simplifying

$2(p1,Pn) — ¢2(Pn,p1) =0 (n € No).
From Leibniz’ rule (Lemma 2.1(ii)) and (2.2), we see that

< 002,pq" >=< poo2,q" >=< —(poo2),qd >
= — <poo2+popg ¢ >=—<002,0q¢ >— <0494 >;

similarly

<01,0,p'q >=— < 010,04 > — < 019,09 >,

<o12,0q¢" >=— < o12,0"¢ > — <019,0'¢ >,

< 09,0,p"q > =< qo2,0,p" >= — < (qo20), 0 >= — < 020,0'¢ > — < 050,0'q >
=—-< Jgp,p'q' >4+ < Jé7o,pq' >+ < U’Qlyo,pq > .

Substituting this into (3.2) yields

$2(p,q) =< 00,0,pq¢ > + < 001,04 > — < 002,0'¢ > — < 049,04 >— < 010,04 > — < 7Y ,pq >

+ <o11,0'¢ > = <012,0"¢ > = <019,0'¢ >~ <020,0'¢ >+ <o099,04 >+ < 054,pg >

+ < 021,0"q >+ < 022,0"¢" >

/ " / / /
=< 00,0 — 0109+ 020,Pq > + <001~ 02— 01,0+ 020,Pq >

/! /I

+ < =002+ 011 — 019 —020,0'¢ >+ < —o12+091,0"¢ >+ < o022,0"¢" >

= (00,0 — 001 + 002,P9) + (01,1 — 002 — 02,0 — 051,0'q") + (022,0"¢"),
the last equality coming on account of (3.3) and (3.4). Hence, when the Sobolev bilinear form
¢2(+, ) is symmetric, it has the diagonal form

$2(p,q) = (00,0 — 001 + 009, 0q) + (011 — 002 — 020 — 051, P'q") + (02.2,0"q").

From these two examples, it is natural to ask: given any N € N, does a symmetric Sobolev bilinear
form always have a diagonal representation? We show in the next section that the answer is yes;
furthermore, we will explicitly compute each moment functional in this diagonal representation.
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4. MAIN RESULTS

A well known classical result in matrix theory, the Principle Axes Theorem (see [14, Theorem 4,
Section 7.2]) asserts that whenever A is a symmetric matrix, there is a change of variables z = Py
that transforms the quadratic form 27 Az into a quadratic form y” Dy with no cross-product term.
In this section, we give necessary and sufficient conditions on extending this result to the case of
symmetric bilinear forms.

Theorem 4.1. Let N € N and let ¢n(-,-) be a bilinear form defined in (1.1). Then there are
moment functionals

{Uk }k Ov{Tk }k 7)17 and {%liv};gv:?)l

such that
N N-1
A1) onpa) =Y <o, pWg® >+ Z <ol pF®) 5 4 37 < N gl 5,
k=0

more specifically,

J(]]V:J(),Ov
(4.2) U% = ON,N, ( : ( :
ik (i—k—1 j—i—k—1 j—i—k—1
Uk; —Ukk+2 Z] k+z+1( 1)/ (] i )(Uj,k—i—l +0k—i—1,j )

k N ] E—1 ( k1)
i k— — K= j—i—k—1
(49 R M I (g

1=0 j=k+i+1
S o j—k—1
~ i—k—1(J — K~ j—i—k—1
) A=y 3 o (e
i=0 j=k-+i+1
Proof. Using Leibniz’ rule, we may rewrite ¢(-,-) in (1.1) as
N-1 N—1
(4.5) on(p,q) = Z < o, p®g® > 4 < 7, p*HD R 5 4 Z < R p® gD 5
k=0 k=0

and then we shall show that the moment functionals oy, 7%, and 7y are expressed as in (4.2), (4.3),
(4.4), respectively.
First we decompose the summation as

Y <0i,p9¢9 >= Ln(p,q) + Dn(p, ) + Un(p, 9),
i—0 j—0

71—

N
(4.6) Ly(p.q) =
=1

1
<0ij,p"qV
=1 j=0

N
(4.7) Dn(p,q) = Z < Uz’,np(i)q(i) >
=0



8 K. H. KWON, LANCE L. LITTLEJOHN, AND G. J. YOON

N j—1

(4.8) Uy => > <oi;pP") >

7j=1 =0

First, we shall show that Ly (p, q) can be simplified to
N-1

(4.9) Z <ap,p®™g® > + Z <V plE k)
k=1 k=0

where each 7} is given as in (4.3) and each ) is given as
k-1 N
—k =1\ (—i—k-1)
> : Tih—i=1
=0 j=k+i+1
Obviously, in case when N = 1, we have
Li(p,q) =< 01,0,0'q >,
that is, T& = 01,0. Now we consider the case of N = 2. Using Leibniz’ rule step by step, we have
< 02,0,p"q > =< 020,(0'q) —P'¢ >
= — <090,0'q¢>— <020,0q >.

In this case, we have

a% = —090, 7'3 =010 — 0'270 and 7‘12 =091.
We now prove, by induction on N = 2,3,4..., that the expression Ly(p,q), defined in (4.6) can
be written in the form (4.9). Assume that there exists an integer ¢ > 2 such that any bilinear form
of order N < ¢ can be written in the form given in (4.9). Let L(p, ¢) be a bilinear form of order

N=/0+1;
041 i—1

ZZ<U”, J)>

=1 j=0
We split L(p, q) into two parts

ZZ < 0ij,pq¥) > +Z < opsry, p0GE) >,

=1 j=0 7=0

and apply Leibniz’ rule to the second summation on the right-hand side, then we get the expression

ZZ < 0ij,pMqV) > +Z < oy, (pPOq0)) — pOglith) > — < 02+17£_1’p(e)q(z_1) S
i=1 j7=0

—< O’e+1,e—1ap( )q(z) >+ < 0£+1,137P(£+1)q(£) >

Now we obtain a bilinear form L of order < ¢

-2
ZZ < Uz,va g > — Z(< UZ+1,j7p(€)q(]) >+ < 0£+1,j,p(é)q(j+1) >)
i=1 5=0 j=0
— < UZ+1£ LpOgl) >

—Zz<a”p @) >

=1 j=0
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where

6i,j:Ui,j for Ogigf—l,ogjgi—l,

~ ! . —
O¢j = 0¢j5 — Uf+1,j —O0p41,5—1 for 0 S Vi S /-1 (UéJrl,fl = 0)

Hence, from our assumption, f/(p, q) is expressed as

-1
L(p,q) = < 4, p' k)+z< pFHg®) >
k=1
where
k-1 ¢ )
0 k(7 —k =1\ _(-i-k-1)
g = Z (1) ( . )Uj,k—i—l
i=0 j=k4it1l v
k-1 ¢ )
3y (g
) JR—1—
i=0 j=k+it1 v
= C—Fk =1\ (t—i-k) ( )
(—k(t—K— —i—k k-1
- (=1 < ; )[G€+1Zk i-1TOo Z+llk i 9]
i=0
k-1 ¢ )
S5y (TR g
) .]7 —t—
i=0 j=k-+it+1 L
k—1
{—k i
0+1—k (—i—k)
+) (-1 < ; >U€+1fkil
i=0
k—1  0+1 .
S (T e
) .]7 —t—
i=0 j=k+it1 t

=it k=1,2,...,0—1.

and for k=0,1,2,...,0—1,

k
1 (l—k—1 l—iek f—i—k—1
—E:FD£k1< . ﬁdﬂkz+éﬂk1h

1=0
k /+1 .
D ID IC (R
y 1K=
=0 j=k+i+1 !

=7t k=0,1,2,...,0— 1.
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Hence, the bilinear form L(p, q) is written as

Z <ottt pWgk) > 4 Z < 7t plD gl
— < 041, —1,p0g® > + < 0041, pHg®) >

¢
Z attt p®lgh) > +Z < it plbglh)

where for £k =0,1,...7,

k-1  £+1
N S S —k =1\ G-imk-1) (alt! = )
i Jk—i—1 0o -
1=0 j=k+i+1
and
041
S N Z Z ] p—1(J—k—1 U(j—i—k—l)
k i 7. k—1 :
1=0 j=k+i+1

Therefore, we have proved the expression (4.9) for Ly (p, q).
Since the subscripts are symmetric, we obtain the expression for Un(p, q) as in (4.8) :

Z Z < 0ij,pVgl¥ >

=0 j=i+1

1 L

=Y <& pWg® >3 <Al pPgt Y >
k=1 k=0

where 7V are given as (4.4) and for k =1,2,...,N — 1,

k—1 /+1 .
: —k—-1 ik
SO SV i E il
i=0 j=k+i+1

Consequently, we have established the identity in (4.1) for the Sobolev bilinear form ¢y (p, ¢), which
completes the proof. O

Lemma 4.1. Let ¢(-,-) be the bilinear form given by

N
(4.10) é(p,q) =Y < op,pFgH ) >
k=0

Then ¢(-,-) is symmetric if and only if o, =0, k=0,1,..., N.

Proof. Assume that ¢(-,-) is symmetric. Suppose that there is an integer ¢ < N such that oy # 0
and o), = 0 for any k < £. Substituting p(z) = z¢ into (4.10) yields that for every polynomial ¢,

< oy, q(“_l) >=0.

Thus, we have shown that o, = 0, which leads to a contradiction. The converse is obvious and this
completes the proof. O

We are now in position to prove one of our main results of this paper.
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Theorem 4.2. Let ¢n(-,-) be the bilinear form given in (1.1). Then ¢n(-,-) is symmetric if and
only if the moment functionals o; j satisfy the following N “symmetry equations”

(4.11) Z Z 1)i—k- 1(] l;rl> (U;(qj fjk 1) O-](‘,jki—i;kil)) —o,

=0 j=k+i+1
fork=0,1,2,..., N — 1. Moreover, in this case, ¢n(-,-) is diagonalizable and can be rewritten as
N
(4.12) on(pa) = < e, pMg®) >,
k=0
where py, = o — 71, k=0,1,--- ,N — 1 and pn := on, and where each oy, is given in (4.2) and

each Ty, is given in (4.3).

Remark 4.1. The proof of Theorem 4.1 involves mathematical induction on NN; consequently, it
was necessary for the superscripts in each of the moment functionals defined in (4.2) and (4.3).
For fixed N € N, however, this notation is unnecessary and, for this reason, we now drop the
superscripts in the moment functionals given in (4.12).

Proof. By Theorem 4.1, we know that ¢xn(p, q) can be written in the form

N-1 N—-1
on(p, Z < op,p®g® > Z < 7, pFH g8 > Z < 7, pB B D) 5
k=0 k=0 k=0
For each £k =0,1,2,..., N — 1, we can rewrite

<7 p"GH >= — <7 p®g®) > — <y pWgI D

Thus ¢n(p, q) is expressed as

N-1

N
q) = Z < ak,p(k) (k) Z < Tk, ) > 4 Z < T — Tk, p(k) (k+1) 5
k=0

Lemma 4.1 implies that ¢n(p, q) is symmetric if and only if
n—T=0, k=0,1,2,...,N —1,
and this completes the proof of this theorem. O

5. GHOST MATRICES

In this section, we discuss a generalization of one-dimensional ghost functions, a topic that we
discussed in Section 2, to n X n matrices with moment functional entries.

For N € Ny, let ¢n(-,-) be as defined in (1.1) and let Ay be the (N + 1) x (N + 1) matrix
of moment functionals defined in (1.2). If ¢n(,-) is symmetric, we show that Ay1 — AL, is,
in a sense, the zero matrix; see Theorem 5.1 below. We begin with a general definition of a ghost
matric.

Definition 5.1. Let m € N. An m x m matriz G, = (gi,j)?j—:lo of moment functionals is a ghost
matriz if
m—1m—1
< 9ij;p"qV >=0 (p,q€P).
i=0 j=0
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Remark 5.1. With the Sobolev bilinear form ,,,—1 (-, -) defined by
m—1m—1

1) =D > <gi;:0q9 > (p,qeP),
=0 j=0
it is clear that 1,,—1(-,-) is the zero bilinear form if and only if G,, = (gi,j)lff;;%, the matrix that
generates ,—1(-, ), is the ghost matrix.

When m = 1, (G; defines the zero moment functional which, as we saw in Section 2, can be
represented by non-trivial ghost functions, as given in (2.7) and (2.9).

Example 5.1. Let
b2(p,q) =< 000,09 > + < 001,p¢ >+ < 002,pq" >+ < 01,0,0'¢ >+ < o11,0¢ >
+ < 012,90 ¢" >+ < 020,0"q> + < 091,0"¢ >+ < 022,0"d" > (p,qeP),

S0 ¢a(-,-) is generated by

00,0 00,1 00,2
Az = 01,0 01,1 012
020 021 022

If ¢o(-, ) is symmetric, then (see Example 3.2 in Section 3) the moment functionals in A3 satisfy
the two “symmetry” equations

! !
—01,0 + 059+ 00,1 —0po =0
091 —o012=0.

In this case,

0 001 — 010 002 — 020
Az — AL = —o01 + 010 0 12 — 02,1
—002+ 020 —012+ 021 0
0 0672 — 0'570 00,2 — 020
— _0'672 + Uéyo 0 0
—00,2 + 02,0 0 0

Since op2 and o2 are arbitrary moment functionals, we write this last matrix as,

0 o w
(5.1) Gg = - 0 0
—w 0 0

where w is an arbitrary moment functional. Then G3 is a 3 x 3 ghost matrix. This is a straightfor-
ward exercise to verify; it will also follow from the following general result.

Theorem 5.1. Let N € Ny. If the Sobolev bilinear form ¢n(-,-), given in (1.1) and generated by
Ani1, is symmetric then

(5.2) Grny1i= Avy1 — AN

is an (N 4+ 1) x (N + 1) ghost matriz. Moreover, if we write this (skew-symmetric) matriz as
GNi1= (wm)%’fo, then the entries {w; ;} satisfy the following conditions:

(i) wij = —wj; for every i,j5 =0,1,...,N;
(ii) wi,i:()fori:O,l,...,N;
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(iii) with N(N —1)/2 moment functionals {w; ;}i>j+2 (which we may regard as arbitrary moment
functionals), the moment functionals {wkﬂ,k}kN:Bl are written as

N
i (G=1)
wio =Y (=1wiy ™,
i=2
wn,N-1 =0,

and, fork=1,...,N — 2,
k N - k—1 o N ‘ '

Ghetk =D D <—1>3"°< j )wﬁfk_z’”) LD NGV

i=1 j=k+i+1 j

In particular, G is the trivial zero matriz.

Proof. Let 5 ~(:,+) be the Sobolev bilinear form generated by A% 41, the transpose of Ay 1. Since
on (-, ) is symmetric, we see that

N—1N-1
¢N( ) (bN qp <sz7p Z) >
=0 j=0
N—1N-1
<0;50"qY) >=dn(p,q) (p,geP).
=0 =0

Hence, N
oN (P q) — On(P,q) =0 (p,qgeP)

S0 o — (ZN, which is generated by Gy4+1 = Any1 — A%Zl, is the zero bilinear form. By Remark
5.1, Gy41 is a ghost matrix. In general, conditions (7) and (i) follow directly from the relation
(5.2). Since the bilinear form (-, ) associated with G x4 is symmetric, Theorem 4.2 implies that
¥n(+,-) can be written as

N-1
Q)= <oppPeg® > " <7 pWg® >,
k=0
where, for K =0,1,..., N, o, and 7% are given as
SIS J=k=1\ [ e )
_ | —k - h j—i—k—1 j—i—k—1
Ok = Whk T Z Z (=1)’ ( i >(“j,k—i—1 Wi )
i=0 j=k+i+1
klj_k_1 (]zkl)
DD DRI Gl Wu
1=0 j=k+i+1
In this case, the conditions (i) and (4¢) show that o = 0 for k =0,..., N. Also, from the fact that
a ghost matrix implies a zero bilinear form, we obtain that 7, = 0 for kK = 0,..., N, which proves

the remaining claims in (¢4¢). In the case N = 1, it is easy to verify, from the condition oo 1 = 01

in Example 3.1, that
00
a=(9).
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Example 5.2. If ¢3(-,-), as defined in (1.1), is symmetric, then the three symmetry equations in
this case are
/ ! / "
01,0 — 0909+ 039 — 001+ 0go —0g3 =0
/ /
00,3 — 030+ 021 — 012031 +013=0

032 — 023 =0.

Let
W2,0 =002 — 020
W3,0 =003 — 030
w31 =013 —03]1-
so that

/ "

00,1 — 01,0 =Wy — W3
!/

01,2 — 02,1 = W30 + Ws3 1.

Following a similar analysis as in the preceding examples, we see that a 4 x 4 ghost matrix is given
by

/ "
0 W0~ W30 w2,0 w30
/ ! /
Gy— | w20t w0 0 w30 Wy w31
= / )
—Ww2,0 —Ww3,0 — w3’1 0 0
—w3,0 —w3,1 0 0

observe that, when ws o = w31 = 0, the first principal submatrix is G3, given in (5.1). Also, note
that there are three arbitrary moment functionals (namely, w o, w3 0, and ws 1) in Gy, in accordance
with part (iii) of Theorem 5.1.

Example 5.3. Theorem 5.1 indicates that there are no 2 x 2 ghost matrices arising from the
construction outlined above. We note, however, that there are non-trivial 2 x 2 ghost matrices. For
example, for any moment functional o, the matrix

(5.3) < ‘: ‘(’) >

is a ghost matrix. Indeed, for any p,q € P,

o o
(p,p’)< P 3/ =<0o,pg>+<o,pd >+ <o,pq>
=<o',pg >+ <o,(pg) >
=<o',pg>— <o ,pg>=0.
The point of this example is that Theorem 5.1 does not characterize ghost matrices.
However, our final result in this paper does characterize ghost matrices.

Theorem 5.2. For N € Ny, let Gni1 = {wi,j}gjfo be an (N + 1) x (N + 1) matriz with moment
functional entries. Then Gni1 ts a ghost matrixz if and only if

(5.4) wn,N =0

and, for k=0,1,...,N — 1,

(5.5) U].C:T]/g andi:%k,
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where oy, T , and T are moment functionals defined by

k-1 N .
k(i =k =1\, ik e
(5.6)  opmwrp Y. Y (~1) k(] Z, >(w](.’]kik1 D wldT5Y) (00 =wop)

i=0 j=ktit1
(5.7) T = Z (_1)j—k—1 <J - ; - >wj('Jk_li_k_1)
1=0 j=k+i+1 L 7
N Y k-1 (J—k—1\ (-i—k-1)
(5.8) = Z Z (—1)I* 1( ; )wkj_m .
i=0 j=k+it+1
Proof. Let Gyy1 = {wiyj}%?fo be an (VN 4 1) x (N + 1) matrix and let ¢n(-,-) be the associated

Sobolev bilinear form as defined in (1.1). Then Theorem 4.1 implies that ¢ (-, -) can be written as

N N-1 N-1
(5.9) NP q) =Y <oppPg® >+ Y < r, pFgW s N oy pRlgEE
k=0 k=0 k=0
Applying Leibniz’ rule to 7, we see that ¢y (-, -) becomes
N-1 N-1
(5.10) ¢n(p,q) = Y <or— 14 p"g® >+ 3" <5 — 7, pP P >+ < wy n, pMg™ >
k=0 k=0
From (5.10) and Lemma 4.1, we see that 5N+1 is a ghost matrix, equivalently, ¢n(-,) is the zero
bilinear form, if and only if wy xy = 0 and, for k =0,1,...,N — 1, o, — 7, = 0 and 7, = 7. This
completes the proof of the theorem. O

Example 5.4. In the case N = 1, we see that conditions (5.4)-(5.8) imply
WO’O = wll,Oa wl’o = wo’l, and le = 0,
in which case the most general 2 x 2 ghost matrix is given by
!/
Ao W0 w10 ).
2= < wio 0 ) ’
this is the same form of the matrix given in (5.3).

Example 5.5. When N = 2, the conditions in Theorem 5.2 yield

!/ n / /
Wo,0 = W1~ W wo,1 = W1,0 — Wy g+ Wy o
/
W11 =Wyg t w2 +wo2 W21 =wi2
UJ272 =0.

Consequently, the most general 3 x 3 ghost matrix is given by

/ " / /
Wio —Wop W10~ WpgtWha Wo2

~ /
Gz = w1,0 Wig tw2o+wo2 w2
w2,0 w12 0
Moreover, if G3 = Az — AC3F for some matrix Az then Gz = —G?;; this condition implies, from

Lemma 2.1(4), that
!/
W10 = Wa g, W20 = —Wo2, wi,2 =0,
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in which case ég further simplifies to

0 w{m wo 2
/ .
—wpo 0 0 ;
—w(),g 0 0

this is in agreement with the matrix G3 given in (5.1) of Example 5.1.
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