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Abstract

Sobolev orthogonal polynomials have been studied extensively in the past quarter-century. The
research in this field has sprawled into several directions and generates a plethora of publications.
This paper contains a survey of the main developments up to now. The goal is to identify main ideas
and developments in the field, which hopefully will lend a structure to the mountainous publications
and help future research.
© 2014 Elsevier GmbH. All rights reserved.
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1. Introduction

If (-, -) is an inner product defined on the linear space of polynomials, then orthogonal
polynomials {p,},>0 with respect to the inner product are those polynomials satisfying
(Pn, Pm) = 0 if n # m. We call them ordinary orthogonal polynomials if (f, g)
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= fR f(x)g(x)du with respect to a nonnegative Borel measure d i« supported on an infinite
subset of the real line. They are called Sobolev orthogonal polynomials when the inner
product involves derivatives.

Sobolev orthogonal polynomials were first considered in the early 60s of the last century.
In the past 25 years, the field has seen a rapid development that leads to a large amount
of publications. A rough count shows around four hundred publications in the past two
decades. For a new comer, as the second author was at the beginning of this project, the
size of the literature is daunting and worse still is the disarray of the literature.

The theory of ordinary orthogonal polynomials is well established and documented. One
essential tool in the theory is the three-term recurrence relation that orthogonal polynomials
satisfy, which holds if the multiplication operator is symmetric with respect to the inner
product, that is, if (xp, g) = (p, xq). In the Sobolev setting, however, the multiplication
operator is no longer symmetric and, consequently, the three-term relation no longer holds.
The deprival of this fundamental tool cannot be easily compensated. Different and ad
hoc methods have been developed for dealing with different Sobolev inner products. The
result is a theory of Sobolev orthogonal polynomials that appears fragmented and lack of
uniformity.

The purpose of this paper is to provide an updated survey for the current state of the
theory of Sobolev orthogonal polynomials. Several surveys on specific topics within the
field appeared in the nineties or at the turn of the century [72,84,86,91], they were far
more restrictive in their scope and need update by now. This project was initiated when
the first author, who has worked extensively on the subject, led the second author, who
works in several variables where Sobolev orthogonal polynomials have only been studied
recently, through the literature. After intensive reading and discussion, we decided to trace
the development of the subject, identify main ideas and developments, and provide some
structure to the literature so that it can be more accessible for new comers and researchers
interested in this field. The organization of the paper follows roughly the progress of this
collective learning process, the first part of which more or less correlates with the historical
development of the field.

We will limit our scope to Sobolev orthogonal polynomials with respect to those inner
products that are defined by integrals with at most finite additional discrete mass points.
The main Sobolev inner product that we consider can be written as

o) = [ smemdno+ Y [ s wdin,
k=1

where dug, k =0, 1, ..., m, are positive Borel measures on R. There are essentially three
types of such inner products in this paper:

I. duo,duy, ..., du, have continuous support.
II. duo has continuous support and duq, .. ., du, are supported on finite subsets.
III. du,, has continuous support and d o, . . ., d i, —1 are supported on finite subsets.

In the second and the third cases, we sometimes also consider mixed discrete part, for
example, in the second case,
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with M being an (m + 1) x (m + 1) matrix. We will not consider Sobolev orthogonal
polynomials that involve discrete orthogonal polynomials, g-orthogonal polynomials, and
complex valued orthogonal polynomials, including those on the unit circle, since the survey
is already long and the ideas and methods used in these settings are often parallel to those
discussed in this paper.

The list of references at the end of the paper is compiled strictly according to the ma-
terials covered in the paper. It is by no means inclusive or complete. We no doubt missed
many papers that should be cited and we apologize to those authors whose work we should
have cited.

The paper is organized as follows. After a brief introduction of ordinary orthogonal
polynomials in Section 2, we recall the history and early results of Sobolev orthogonal
polynomials in Section 3. The early results wer essentially established by the method of
integration by parts, which is discussed in Section 4. The topic went into a long dormant
a decade after its beginning and was awakened only when the notion of coherent pair was
introduced. The main idea of coherent pair and its various extensions are expounded in
a lengthy Section 5. Classical orthogonal polynomials, the Jacobi, Laguerre and Hermite
polynomials, play an important role in the development and they are Sobolev orthogonal
polynomials themselves for appropriately defined inner products, which will be explained
in Section 6. Sobolev orthogonal polynomials for the inner products of the second type,
those with derivatives appear only in the point evaluations, are discussed in Section 7. In the
literature they are called either Sobolev type or discrete Sobolev orthogonal polynomials.
Some of these polynomials satisfy differential equations, which and other results concern-
ing differential equations are presented in Section 8. Two important properties of Sobolev
orthogonal polynomials, zeros and asymptotics, are addressed in Section 9 and Section 10,
respectively. More recently, prompted partly by problems in numerical solution of partial
differential equations, Sobolev orthogonal polynomials in several variables have come into
being. What is known up to date in this direction is reported in Section 11. Finally, in
Section 12, we discuss Fourier expansions in Sobolev orthogonal polynomials. The lack
of Christoffel-Darboux formula for Sobolev orthogonal polynomials, consequence of the
lack of three-term recurrence relation, deprives an important tool for studying convergence
and summability of Fourier orthogonal expansions. As a consequence, except for certain
inner product of the second type and some numerical experiments, the convergence of
Fourier expansions in Sobolev orthogonal polynomials has not been resolved. We consider
this deficiency one of the major open problems that deserves to be studied intensively. This
call of action seems a fitting point to end our survey.

2. Orthogonal polynomials

In this section, we introduce notation and basic background concerning the general struc-
ture of orthogonal polynomials. Although the results in this section are mostly classical, it
is necessary to fix notations and recall results that will be essential in our discussion.
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2.1. General properties of orthogonal polynomials

All functions encounter in this paper are real valued. Let /I denote the linear space of
polynomials with real coefficients on the real line and, forn =0, 1, ..., let ], denote the
linear subspace of polynomials of degree at most n.

We consider orthogonal polynomials on the real line. Let (-, -) be a symmetric bilinear
form defined on I x II. It is an inner product if (p, p) > O for all nonzero polynomial
p € II. A sequence of polynomials {P,},>0 is called orthogonal with respect to (-, -) if
deg P, = n and

(P, Pp) =0, n#m.

P, is said to be monic if P,(x) = x" + a,,,n_lx”’] +-.--.Forn=0,1,2,..., let
(L) A(Lx) - (L,x")
('x’l) (x,x) <x’xl’l>
M, =
<xn71> (le’x) <-xn7-xn)

If (-, -) is an inner product, then M, is positive definite i.e. det M,, > O for every n € Nj.
If det M,, # 0O for all n € Ny, then a sequence of monic orthogonal polynomials exists. In
fact, the monic orthogonal polynomials are Py(x) = 1 and, forn > 1,

(1, x™
(x, x")
1 M,_
Py(x) = —— det n=l : . Q2.1
detMnfl ( n—i n>
X , X
1, x,  xT ‘ x"

Let 1 be a positive Borel measure supported on the real line such that all its moments,
fR x"dpu withn =0, 1, 2, ..., are finite. For such a measure,

. §)an = fR FOg(du

defines an inner product. We can define bilinear forms from linear functionals. Indeed, let
U : IT — R be a linear functional and denote its action on p € II by (U, p). Associated
to U we define a bilinear form

(f.8)=U.fg)

Definition 2.1. The linear functional I/ is called quasi-definite if detM,, # O for all
n € Ny, and it is called positive definite if det M,, > O for all n € Np.

When U/ is quasi-definite, orthogonal polynomials with respect to the bilinear form
defined by U exist, which shall be called orthogonal polynomials with respect to /. When
U is positive definite, the bilinear form is an inner product given by (-, -)4,, for a positive
Borel measure jt.
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Let 3 denote the derivative 3f (x) := f’(x) and let g be a fixed polynomial in 1. For a
linear functional I/, the linear functionals dl{ and q{ are defined, respectively, by

(U, p) == —U,dp) and (qU,p):= U qp), Vpell.

For a € R, the delta functional 4, is defined by (5., p) = p(a) forall p € II.
For a quasi-definite linear functional ¢/, monic orthogonal polynomials {P,},>0 are
characterized by the three-term recurrence relation

xPy(x) = Pyp1(x) + by Py(x) + ¢ Pp1(x), n>0

where ¢, # 0 for n > 1. The three-term recurrence relation plays an important role
in the study of ordinary orthogonal polynomials. It is equivalent, in particular, to the
Christoffel-Darboux formula,

Xn: Pe@)Pe(y) _ 1 Pap1 () Pu(y) = Pog1(3) Pa(x)
hy " hy x—y ’

k=0

where hy = +/(Px, Py). For orthogonal polynomials with respect to an inner product, the
three-term relation holds if an only if (-, -) satisfies

(xp,q) ={p,xq), p,qell

i.e. the multiplication operator is a symmetric operator with respect to the above inner
product. This property, however, does not hold for Sobolev inner product in general as we
will show in the sequel.

2.2. Classical orthogonal polynomials

These polynomials are associated with the following weight functions

(1) Hermite: w(x) = e on (—00, 00);
(2) Laguerre: wy(x) = x%¢™* on (0, 00), —a € N;
(3) Jacobi: wq g(x) = (1 —x)“(1 +x)fon(-1,1),—-a €N, —B &N, —a — B &¢N.

We denote the corresponding linear functional by H, Ly, and Jy, g, respectively. These
linear functionals are quasi-definite for all ranges of their parameters. Moreover, H is
positive definite, £, is positive definite if « > —1 and J, g is positive definite if o > —1
and 8 > —1.

In the positive definite case, the orthogonal polynomials for these weight functions are
called classical. They are the Hermite polynomials H,,, the Laguerre polynomials Lf,a), and

the Jacobi polynomials P,ga’ﬁ ), which are defined in terms of hypergeometric functions as
follows,
n n+1 1
Hy(x) = 2x)"2Fy ( 2" 2 _)?> :

L;“)(X):M]Fl ( -n )’

n! a+1"
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PP (x) =

@+ Dn o (—nontatp+l 1-x
P o+ 1 2 )

The Gegenbauer polynomial C} is a constant multiple of the Jacobi polynomial when
a=pf=r—-1/2

2 i1 1
@M )1” PAT gy s 2
()‘+j)n 2

Cho) =
There are several characterizations of classical orthogonal polynomials. If we consider
only orthogonal polynomials with respect to a real inner product, then polynomials in
each classical family are eigenfunctions of a second order linear differential operator with
polynomial coefficients; moreover, up to a real linear change of variables, they are the
only orthogonal polynomials that satisfy this property. Let I/ be one of the classical linear
functionals. Then U satisfies the Pearson equation

(pU) = YU, degp <2 and degy =1;
more precisely, for —a« € N, -8 ¢ N,and —a — 8 € N,

OH = —2xH, 0(xLy) = (—x+a+ 1L,

0((* = DJap) = (@ + B +2x + & = f)Tup.

Furthermore, up to a linear change of variables, the only other family of linear functionals
that satisfy the Pearson equation corresponds to the Bessel polynomials, and the linear
functional is defined by an integral along a curve of the complex plane surrounding the
origin and complex weight

o0

_ | PN
wa(z>—’;—(a+l)k< 2/2)k,

where (@), = a(a+1)...(a+n—1),n > 1, and (a)9g = 1 denotes the Pochhammer
symbol (see [26]).

3. History and earlier results

The starting point of the Sobolev orthogonal polynomials can be traced back to the
paper [67] by Lewis, who asked the following question: Let oy, ..., o), be monotonic,
non-decreasing functions defined on [a, b] and let f be a function on [a, b] that satisfies
certain regularity conditions. Determine a polynomial P, of degree <n that minimizes

)4 b
> / 1F® @) = PO () Pday (x).
k=074

Lewis did not use Sobolev orthogonal polynomials and gave a formula for the reminder
term of the approximation as an integral of the Peano kernel. The first paper on Sobolev
orthogonal polynomials was published by Althammer [9], who attributed his motivation to
Lewis’s paper.



314 F. Marcelldn, Y. Xu / Expo. Math. 33 (2015) 308-352

The Sobolev orthogonal polynomials considered in [9] are orthogonal with respect to
the inner product

1 1
(f.8)s =/1f(X)g(X)dxﬂLk/lf’(X)g’(X)dx, A >0. (3.1

These Sobolev-Legendre polynomials were systematically studied in [9]. Some of the
results in [9] were simplified and further extended by Schifke in [98]. These earlier works
already demonstrated several characteristic features of Sobolev orthogonal polynomials.
Let S, (-; ) denote the orthogonal polynomial of degree n with respect to the inner product
(-, -)s, normalized so that S,(1; ) = 1, and let P, denote the nth Legendre polynomial.
The following properties hold for S, (-; 1):

(1) {Sn(:; M) }u>0 satisfies a differential equation
AS;(x;4) — Sp(x;4) = APy (x) + By P (x),

where A, and B, are constants that can be given by explicit formulas.
(2) {Sn(:; M) }n>o satisfies a recursive relation

Sp(x; A) = Sp—2(x5 &) = an(Pn(x) — Pp—2(x)), n=12,....
3) S, (; M) has n real simple zeros in (—1, 1).

For a more detailed account on the development of these results, we refer to the original
articles or to [91], which contains a nice survey of early history of Sobolev orthogonal
polynomials. The Sobolev-Legendre polynomials were also studied by Grobner, who
established a version of the Rodrigues formula for in [48], which states that, up to a
constant factor ¢,

aﬂ
Sn(x; A) = Cnm ((xz —-x)" = a,,(xz - X)nil)
where o, are real numbers explicitly given in terms of A and n. Furthermore, in [25],
Cohen proved that the zeros of S, (-; A) interlace with those of the Legendre polynomial
P,_1if . > 2/n, and he also established the sign of the connecting coefficients of S, (-; A)
expanded in terms of the sequence {Sy, (-; i) }m>0 for A # u.

In [9], Althammer also gave an example in which he replaced dx in the second integral
in (-, -)s by w(x)dx with w(x) = 10 for —1 <x < Oand w(x) = 1for0 < x <1, and
made the observation that S, (x; A) for this new inner product has one real zero outside of
(-1 1.

Another earlier paper is [20], in which Brenner considered the inner product

(fog) = fo F(g (e dx + A /0 Fog e—dx. >0,

and obtained results similar to those of Althammer.
An important paper in the early development of the Sobolev orthogonal polynomials
is [99], in which Schifke and Wolf considered a family of inner products

fgis= > [ FP0g0 @ awutods, (32)

jk=0"a
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where w and (a, b) are one of the three classical cases, Hermite, Laguerre and Jacobi, and
the functions v; ; are polynomials that satisfy v;x = vy j, j,k =0, 1,2, ..., and permit
writing the inner product (3.2) as

b 00
(f.8)s = f fO)Bgyw(x)dx  with Bg :=w™" Y~ (=1)/8/ (wv;19")g (3.3)
a J,k=0

through integration by parts. Under further restrictions on v x, they narrowed down to
eight classes of Sobolev orthogonal polynomials, which they call simple generalization of
classical orthogonal polynomials. These cases are given by

Al. vj, =0,with |j — k| > 1,v; ; =(1 —xz)j(bjx +cj),vj i1 =d;(l —x%/,

A2 v = 0, with [j — k| > 2,v;; = (1 —x2)/(b;(1 — x?) + ¢j),vjj—1 = djx
A=xD, j= 1 0=e;(l=x, j>2.

A3. vj, =0, with |[j —k| > 1,v9,0 = cp, vj,; = (1 +x)/(1 —x)j’l(bjx—i—cj), Vj -1 =
di(14+x)i(1—x)i=! j>1.

Ad. vjp =0, with |[j —k| > 2,000 = co,vj; = (1 —x2/7Lb;(1 —=x2) +¢j),vj j—1 =
dix(1 —=x?)/=1 j>1,vj0=e;(1 —=x?/71 j>2.

Bl. v =0, with |j —k| > 1, v} ; = xj(bjx +cj)vj i1 = djxj.

B2. v =0, with|j — k| > 1,v0,0 = co, vj,j =xj71(bjx +c¢j)vj 1= djxj’l,j >
1.

Cl. Vik = 0, with |j — k| > 1, vjj = bjx +cj,vjj-1= dj.

C2. vjr =0,with |[j — k[ > 2,v; ; = bjx2 +cj,vjjo1=djx, j=1,vj2=¢j,

where the real constants b;, cj,d;, and e; are subject to additional conditions for the

positive-definiteness of (3.2) and so that formula (3.3) is true. The main results in [99]

extended all earlier results on Sobolev orthogonal polynomials. Let {S,},>0 denote a

sequence of Sobolev orthogonal polynomials with respect to (-, -)s in (3.2) and let {7}, },,>0
denote a sequence of ordinary orthogonal polynomials with respect to the inner product

b
(f. &) =/ J@)g@ulx)w(x)dx,

where u is a polynomial of degree at most 2, which is known explicitly in each class. It was
shown in [99] that, under appropriate normalizations of S, and 7;,, there exists a sequence
of real numbers {a, },>0 such that

Sntr — Sn = anpruTypr—k,

where r = 1 or r depending on the case, k equals the degree of u and a4, is a constant,
and the differential operator B satisfies

BSy = by(anTy+s — antr Tnts—r)s

where s = 0, 1, or 2, depending on the class. Furthermore, sufficient conditions were given
in [99] for S, to have all simple zeros in (a, b). The paper, however, is not easy to digest.
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Except the theorem on zeros, results were not stated in theorems and it is no small task to
figure out the exact statement for each individual class.

The primary tool in the early study of Sobolev orthogonal polynomials is integration
by parts. Schifke and Wolf explored when this tool is applicable and outlined potential
Sobolev inner products. It is remarkable that their work appeared in such an early stage
of the development of Sobolev orthogonal polynomials. However, instead of stirred to
action by [99], the study of Sobolev orthogonal polynomials unexpectedly became largely
dormant for nearly two decades, from which it reemerged only when a new ingredient,
coherent pairs, was introduced by Iserles, Koch, Ngrsett and Sanz-Serna in [54].

4. Method of integration by parts

In this section, we explain the method of integration by parts in the study of Sobolev
orthogonal polynomials by considering the inner product that involves only first order
derivative,

b
(f.&)s = (fig) +A(f.g) with(f, g) = / fx)gx)du(x), 4.1)
a
where we assume that diu = u(x)dx and u satisfies the relation
(P (u(x)) = P (x)u(x), 4.2)
in which ¢ and ¢ are fixed polynomials, with ¢ monic and degys > 1, and we assume that
¢ or u vanish on the end points of the interval (a, b), under limit if a = —oo or b = 00, so

that integration by parts can be carried out.
In the case of the Laguerre weight function wy (x) = x%e¢™, ¢p(x) = x and Y (x) = o+

1 —x. In the case of the Gegenbauer weight function w; (x) = (1 —xz))‘_%, d(x) = (1—x3)
and ¥ (x) = —(2A + Dx.
Associated with the inner product (4.1), the following differential operator is useful,

Fi=¢WI —1Fo, Fo=u@]1"'¢0)d [u(x)d],
where I denotes the identity operator. Applying (4.2) allows us to write Fp as
Fo = ¢p(0)d* + [¥(x) — ¢'(0)19.

Proposition 4.1. Assume that u(x)Fo is zero when x = a and x = b. Then, for f, g € II,

D) (of. g)s = ([, Fg).
(2) F is self-adjoint; that is, (F f, g)s = {f, Fg)s-

Proof. Integration by parts shows immediately that {((¢f)’, g’} = —(¢f, Fog), from which
(1) follows readily. Furthermore, it shows that

(Fof). &)

b
- / Fof (g (Oux))dx

b
- / (F ©u) Fog0)dx = (', (Fog)').
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where the integration by parts is justified since u(x)Fg is zero when x = a or x = b, which
can then be used to verify (2). O

Let again {S,(-; A)}»>0 be the sequence of monic Sobolev polynomials and let { P, },>0
be the sequence of monic polynomials orthogonal with respect to (-, -).

Proposition 4.2. Assume that ¢ is of degree s and  is of degree at most s — 1. Then, for
n>s,

(@) @) Pu(x, dt) = Spps (x1 2) + 315071 a0 (1) Spgj (1 2),
(i) FSu(x;2) = Suas (3 2) + Y55 b (W) Sppj (x5 ).

j=n—s

Proof. The additional assumptions on ¢ and v show that F¢ : I, — II,;+s_», so that F :
II, — II,4,. By (1) of the previous proposition, (¢ P, (-; di), g)s = (Pu(-; dwn), Fg) =0
either if g € II,_y orif g € II,_s_1, which implies (i). The same argument proves (ii)
aswell. O

The relation in (i) is the recursive relation and (ii) is the difference—differential equation
satisfied by the Sobolev orthogonal polynomials. The constants a;, and b;, can be
explicitly determined in the case of the classical Laguerre weight w, and the Gegenbauer
weight wy,.

Take the Laguerre weight w,, as an example. The monic Laguerre polynomial of degree
nis P,(x) = nl(— 1)"L£,a)(x). By the property of the Laguerre polynomial and its
derivative, we have

0, (x) =nPy_1(x), where Q,(x) = Py(x) +nPy_1(x). (4.3)
It follows readily that (Q,, q)s = 0if g € II,_», which implies immediately that
On(x) = Sp(x; 4) + dn—1(A) Sp—1(x; 1) 4.4)

for some constant d,_1(A). Both the differential relation and the recursive relation in
Proposition 4.2 can be made explicit using the constant d,(A). For example, using the
three-term relation for the monic Laguerre polynomial and (4.4), the recurrence relation (i)
becomes

xPy(x) = Spp1 (s M) +[n+a+dy (WS, (x5 A) + [(n + a)dy—1 (W) ]Sp—1(A; x).

Finally, the value of d,,_1 (1) can be deduced recursively.

Proposition 4.3. Forn =2,3, ...,

4,0y = — AT bete) with dy () = 2¢F D
O+ 20+ —dp1 () rtatl

Proof. Using the relation (4.4) for both S,,+1(-; A) and S, (+; 1), it follows that

0= (Sn-i-l» Sn>S = (Qn—i—ls Qn)S - an‘)(an Qn)S +dn()\)dn—l()¥)<Qn—lv Qn)S-

Evaluating the inner products in the right hand side by using (4.3), this gives the stated
recursive relation. [
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The recurrence relation shows that d,(A) is a rational function of A. In particular, if
we express it as d,(A) = (n + D)(n + A)gn—1(X)/qn(A), then g, (A) satisfies a three-term
recurrence relation and g, (1) is related to the Pollaczek polynomials.

The monic Gegenbauer polynomial P/*(x) satisfies the relation

A—1 d
4dn+Xr—1Dm+2) dx

Using the parity of the Gegenbauer polynomials, the above procedure for the Laguerre
weight can be carried out for the Sobolev orthogonal polynomials associated with the
Gegenbauer weight w;,.

The above analysis shows how the classical work of Althammer for the Legendre weight
and Brenner for e, the Laguerre weight with « = 0, can be worked out. This streamlined
analysis was carried out in [77,78], which already incorporated the idea of the coherent pair
that will be addressed in the next section. The method of integration by parts is applicable
to Sobolev inner products involving derivatives of higher order, which gives an indication
how the general setting of Schéfke and Wolf in [99] can be developed. It is no longer clear,
however, if the finer results that hold for the Laguerre and the Gegenbauer weights can be
established in the general setting of [99].

P ().

A 1 A
Pr(x) = mapnﬂ(x) -

5. Coherent pairs

The notion of coherent pair was first introduced in [54] and it has become an important
tool and a source of new development. Its appearance coincides with the revival of the field
of Sobolev orthogonal polynomials, which has flourished ever since. This section explains
this notion and its various generalizations.

5.1. Coherent pairs

The coherent pair introduced in [54] is defined for the inner product

b b
(f,g);\Z/ f(X)g(X)dMo(X)Jr?»/ 108 (Ddp (x), (5.1

where —0o < a < b < 00, ug and p; are positive Borel measures on the real line with
finite moments of all orders. Let P,(-; du;) denote the monic orthogonal polynomial of
degree n with respect to d ;.

Definition 5.1. The pair {d o, djt1} is called coherent if there exists a sequence of nonzero
real numbers {a, },>1 such that

P, (5 duo) N Py (- d o)

n +1 n ’
If [a, b] = [—c, c] and dv¢ and d e are both even, then {d o, du1} is called a symmetri-
cally coherent pair if

P, (5 dpo) P, _, (- dpo)
+ay
n+1
In the case of du1 = d g, we call dug self-coherent.

Pu(5dpy) = > L (5.2

Py(;duy) = , n>2. (5.3)

n—1
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For the classical orthogonal polynomials, it is easy to see that the following examples
are coherent pairs:

Example 5.2. The Laguerre measure du = x“e *dx,a > —1, is an example of a self-
coherent pair. The Gegenbauer measure dA = (1 — x*)*~1/2, % > 0, is an example of
a symmetrically self-coherent pair. The Jacobi weight yields a natural coherent pair; for
o f>—1

dpo=(1—-x)%0+x)? and du; =1 -1+ x)' P,
Let {S,.(-; A)}»>0 denote the sequence of monic Sobolev orthogonal polynomials with

respect to (-, -)x. Then S, (-; A) is given by the determinant expression (2.1). It is easy to
see that

Ay (x) = )Llingo Sn(x; )

defines a monic polynomial A, (x) of degree n which satisfies the following properties

Al (x) =nPy_1(x;duy) and / Ay (x)dug =0, n=>1. 5.4)
R

Theorem 5.3. If {duo, dp1} is a coherent pair, then

Sn (X3 A) + bu—1 W) Sp—1(x; &) = Py (x5 dpo) + an—1Pa—1(x; d o), (5.5)
where @y = nan/(n — 1) and by 1 () = @y 11| Pa—1 (s dpo) 3., /1Sn—1C; M3
Proof. By (5.2) and (5.4), we see that

Ap(x) = Py(x; dpo) + an—1 Pr—1(x; dpo). (5.6)
For 0 < j <n — 2, it follows from (5.4) that

(A, SjCs M) = (Any Sj ¢ M)apg + 1{Puo1 (5 d 1) S (5 M)y, = 0,
which implies, considering the expansion of A, in §;(-; A), that
(Ap, Sn—1(5 M)

1Sa—1G3 M

The formula of b, 1 (%) follows from (A;,, S! _,(-; 1))y, = 0 as well as from the fact that
both P,_1(-; dug) and S,,—1(-; A) are monic. [

Ap(x) = Sp(x; ) + b1 (M) Sp—1(x; 1),  where b,—1(A) =

Since b,—1(A) depends only on S,_1(-; 1), the identity (5.5) can be used to compute
Sy (+; A) inductively. Furthermore, it implies the expansion

n—1  n—1
Sa(x:2) = Patxs dpo) + 3 ( [T 500) @ = bGPt dpso),
k=0 j=k+1

where we adopt the convention that ]_[;';:L bj) =1.
In [54], a different normalization of Sobolev orthogonal polynomials is chosen. Let
P, = P,(-; dug). Define
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(P1, P1)» (P, P2y ... (P1, Py)a
| (P2, P1)», (P2, Po)y ... (P2, Py)a
Sn(x; 4) 1= ——————det .
[T PG, | (Paets POx (Pact P2bi o (Pact, Pai
k=1 Pi(x) Py(x) P, (x)

With this normalization, the identity (5.5) becomes
Su(x; ) = Sy_1(x1 1) = an (W) (Pu(x; dpro) — Paci(x: dpao))
and the coefficients o (1) in the expansion

n—1

Su(xi 1) =Y k(W) Pe(x: dpao) + an () Py (x: dpro)
k=1

depend only on k. Moreover, o (A) is a polynomial of degree k in the variable A such
that ax (0) = 0. Furthermore, let Ri(X) = ax+1(A)/A; then the sequence of polynomials
{Ri}k>0, for which deg Ry = k, satisfies a three-term relation and, as a consequence, is a
sequence of orthogonal polynomials with respect to a positive Borel measure. In the case
of the Laguerre weight duo(x) = dpi(x) = x*e *dx on [0, 00), the Rr(A) are, up to a
multiple constant, Pollaczek polynomials.

In [89], it was observed that the zeros of A,, interlace with those of P,_1(-; dug) and
with those of P, (-; dug). Consequently, if A is large enough, then S, (-; A) has n simple,
real zeros that interlace with the zeros of P,,_;(-; d o) and with those of P,,_1(-; duy1).

Using (5.5) and the three-term relation for P,(-; duo), it is possible to derive a
recurrence relation for {S,(-; A)}, as observed in [29]. When {4,},>0 is a sequence of
orthogonal polynomials, which holds, by (5.4), if du is classical, the recurrence relation
is just the three-term recurrence relation of {4, },>o written in S,,(-; 1) by (5.6).

5.2. Determination of coherent pairs

Because of their applications in Sobolev orthogonal polynomials, an immediate question
is to identify all coherent pairs. For this purpose, the more general notion of orthogonality
in terms of linear functionals is often considered. The notion of coherent pair can be
extended to the linear functionals {Up, U}, if the relation (5.2) holds with P,(-; du;)
replaced by P, (-; ;). For classical orthogonal polynomials, we allow the parameters in
L@ and 7P to be negative real numbers but not negative integers.

The first step of identifying all coherent pairs was taken in [79], where the coherent
pairs were identified when either Uy or U is classical in the extended sense. Since the
derivative of a classical orthogonal polynomial is again a classical orthogonal polynomial
(with different parameter), (5.2) reduces to

On=PFP +cyPp1, n=1,

where either {Q,},>0 or {P,}>0 is a sequence of classical orthogonal polynomials. Com-
paring the coefficients of the three-term relations satisfied by {Q,},>0 and {P,},>0 in the
above identity, all coherent pairs when one of the measures is classical in the extended
sense were found in [79].
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The next important step is [77], which shows that if {{f, U1} is a coherent pair, then
Py (x; Up)
n 2
1A Uo) 2,
where, with a, being the coefficient in (5.2),
P, (x; Uy) Po_1(x;UY)
n - .
1P U, IPa1 U,

The final step at identifying all coherent pairs was taken in [92], where the following
theorem was established.

Uy = 30(Qnlh), n=1, 5.7

On(x) =a

Theorem 5.4. If {Uy, U1} is a coherent pair, then at least one of them has to be classical
in the extended sense.

The proof in [92] started with the observation that the relation (5.7) with n = 1 and
n = 2 implies the existence of polynomials ¢ of degree at most 3, x of degree at most 2
and ¢ of degree exactly 2, such that

ol = xUi, dU = Yy, xUo = Yot (5-8)

where ¢, x and v can be given explicitly in terms of P;(-; Uy), P2(-; Up), Q1 and Q3. In
particular, ¥ = Q1 Q’2 — Q/1 0». The polynomial ¥ has two zeros. If the two zeros coincide
at the point &, then ¥/(§) = 0 and, asaresult, 01 (§) = 0, which can be used to show that
¢ (&) = 0. Writing ¢ (x) = (x — §)¢(x), it can then be shown, by eliminating i/ in (5.8),
that ¢poldy = c(x — &)U, where ¢ is a constant, from which it follows that U satisfies the
Pearson equation d(¢pUy) = nldy, where n is a polynomial of degree 1. As the solution of
the Pearson equation, U has to be classical. When the two zeros of i are different, {/; can
be shown to be classical; the analysis in this case, however, is more involved.

Together, [79,92] give a complete list of coherent pairs. In the case of Uy and U; are
positive definite linear functionals associated with measures d o and d 1, these cases are
given as follows:

Laguerre case

(D) dpo(x) = (x — &)x* Ve *dx and du;(x) = x¥e *dx, where if € < 0 then o > 0,
andif &£ =0theno > —1.

2) dup(x) = x%e*dx and duy(x) =
M > 0.

3) dup(x) = e *dx + Mégand du1(x) = e *dx, where M > 0.

xtle—x

x—&

dx + Még, where if & < 0,0 > —1 and

Jacobi case

(1) duox) = |x —&|(1 —x)* 11 +x)#~1dx and dpu1 (x) = (1 — x)¥(1 + x)Pdx, where
if|§] > 1thena >0and 8 > 0,if§ = 1thena > —1 and 8 > 0, and if £ = —1 then
oa>0and B > —1.

(2) dpo(x) = (1 — )% +x)Pdx and dp; (x) = ﬁ(l — )1+ x)PHdx + M,
where || > 1, > —land § > —1,and M > 0.

(3) dpo(x) = (1 +x)P"1dx + M8, and dpuy (x) = (1 +x)Pdx, where B > 0 and M > 0.

@) dpo(x) = (1 —x)* ldx+Ms_y and dp; (x) = (1 —x)%dx, where o > O and M > 0.
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The similar analysis was also carried out for symmetrically coherent pairs in the work
cited above. They lead to the following list of symmetrically coherent pairs.

Hermite case
(1) dpo(x) = e~ dx and dpu; (x) = leTsze_xzdx, where & # 0.
©2) duo(x) = (x> + £2)e= dx and du; (x) = e~* dx, where £ # 0.

Gegenbauer case

(1) duo(x) = (1 —x3* dx and dpy (x) = )ﬁéz(l — x2)%dx, where & # 0 and a > 0.

(2) dpo(x) = (1 — x*)* dx and dp (x) = S2+xz(1 — x2)%dx + M8 + M5_g, where
] > 1, > 0and M > 0.

(3) dpo(x) = (x2 +£2)(1 —x2)*dx and dpuy (x) = (1 — x2)%dx, where o > 0.

@) dpo(x) = €2 —x2) 1 — x)* dx and du(x) = (1 — x2)%dx, where || > 1 and
o > 0.

) duo(x) =dx + Ms; + Mé_ and d(x) = dx, where M > 0.

5.3. Generalized coherent pairs

We deduced the identity (5.5) from the definition (5.2) of the coherent pair. In the reverse
direction, however, (5.2) does not follow from the identity (5.5), as observed in [56]. We
restate (5.5) below,

Sp(x; M) 4+ bp—1 (M) Su—1(x; A) = Py(x; dpo) + @n—1Pr—1(x;dpo), n=>1.(5.5)

For convenience, we let S, (x) denote the left hand side of (5.5"). Clearly S/, can be
expanded in terms of { P, (-; d 1)},

n—2
S P(;d
S, (1) = n Pt (i i) + 3 din Pelx; dpy),  diy = D
= IPeCdpnl,,

For 0 < j < n — 2, it follows directly from the definition of S, that (S,,, Pi(;dpu))r =0
and it follows from (5.5) that (S,, Pj(-;dut))au, = 0. Consequently, by the definition
of {-;-);, we must have (S;, Pj(;du))ap, = 0for 0 < j < n — 2, which implies that
dr.n, =0if 0 < k <n — 2. Hence,
S, (x) = Py(x;duo) +an-1P,_;(x; dpo)
= nPy_1(x;dpr1) + dp—2.n Pn—2(x; dpiy).

Recall that @, = (n + 1)a,/n. Setting b,—» = d,—.,/n and shifting the index from n to
n + 1, we conclude the following relation between { P, (-; dio)} and { P, (-; du1)},

P’ id " (x:
1 (X Mo)+anPn(x,dM0)7 —

n—+1 n
5.9

Py(x;dpy) +bp_1Po_1(x;dpy) =

Thus, in the reverse direction, (5.5) leads to (5.9) instead of (5.2).
Evidently, (5.9) is a more general relation than that of (5.2). This suggests the following
definition.
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Definition 5.5. The pair {d o, dt1} is called a generalized coherent pair if (5.9) holds for
all n > 1, and this definition extends to the linear functionals {U, U }.

Theorem 5.6. Let Uy, Uy be two linear functionals. Then {Uy, U1} is a generalized
coherent pair if and only if (5.5) holds.

Proof. We have already established that (5.5) implies (5.9). Assume now that (5.9) holds.
Let Typ1(x) i= Pyr1(x; Up) +ay, Py (x; Up), where a, = (n+ 1)a,/n. For any polynomial
Pn—1 of degree at most n—1, it follows directly from the definition that (T, 41, pp—1)1, = 0
and it follows from (5.9) that (T;hL], P,_1)u, = 0. Consequently, (T,41, pr—1)r = 0.
Hence, expanding T4 in terms of S, (x; A), we see that

Tor1(x) = Spp1 (s A) + by (M) Sp(x; 1), n >0,
which is precisely (5.5) with n replacedbyn +1. O
Two examples of generalized coherent pairs were given in [16,15] when Uy is a
polynomial perturbation of degree 1 of the Laguerre or Jacobi linear functional.
Example 5.7. In these examples, {duo,dp1} is not a coherent pair but a generalized
coherent pair. For the first example, o, § > —1 and |&g], |&1| > 1,
x —&o

dpo = (1 —x)%(1 + x)Pdx, du = : (1 —x)*FN (1 4+ x)P T dx + Mg, .
X — &1

For the second example, « > —1 and £ <0,

X —
dug = x%e*dx duy = —sox“He_xdx + Mée.

As in the case of coherent pairs, one can ask the question of identifying all generalized
coherent pairs. If U is a classical linear functional, then the answer to this question was
given in [4]. The complete identification was achieved in [34], which states that either U
or U; must be a semiclassical linear functional.

Definition 5.8. Let s be a nonnegative integer. A linear functional I/ is called semiclassical
of class s if there exist polynomials ¢ and v such that s = max{deg¢ — 2, degys — 1} and
d(pU) = yU.

An in-depth study of orthogonal polynomials with respect to a semiclassical linear
functional is given in [83], which contains the following theorem.

Theorem 5.9. For a semiclassical linear functional U of class s, the following are equiv-
alent:

1. {Pu}n>0 is a sequence of monic orthogonal polynomials with respect to U;
2. There exists a monic polynomial ¢ such that (¢U, P, Q) = 0 forall Q € II,_s_1.
3. There exists a monic polynomial ¢ of degree r and constants a, ; such that
n+r
PP, ()= D anjPi(x), whereay s #0.

j=n—s
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Every semiclassical linear functional of class 0 is classical. The next case, semiclassical
of class 1, is used to characterize the generalized coherent pairs. The main result in [34] is
the following theorem.

Theorem 5.10. If {Uy, U} is a generalized coherent pair, then at least one of them has to
be semiclassical of class at most 1.

The proof is based on the observation that if {{, ({1} is a generalized coherent pair, then
there are polynomials Q, of degree n and R, of degree at most n + 1, such that

0(Q,lh) = Rn+lu07 n>1,

which is an analogue of (5.7). This relation with n = 1 and n = 2 is used to deduce the
existence of polynomials ¢ of degree at most 4, x of degree at most 3 and i of degree
exactly 2, such that

ol = xUi, PUy = YUy, xUo = Yot (5.10)

where ¢, x and ¥ can be given explicitly in terms of Ry, Ry, Q1 and Q5. In particular,
¥ = R1R), — R>. This is an analogue of (5.8) for the coherent pair, in which the degrees of
¢ and x are increased by 1. The polynomial ¢ has two zeros. If the two zeros coincide, say
at £, then it can be shown that ¢ (x) = (x — )¢ (x) and U satisfies 9 (¢pUy) = nldy, where
n is a polynomial of degree at most 2. This shows, by Theorem 5.9, that {4j is semiclassical
of class at most 1. In the case of that y has two distinct zeros, a more involved analysis
shows that ¢ vanishes at one of the zeros, say &, so that ¢ (x) = (x — 5)5 (x), which can be
used to show that ¢/; has to be semiclassical of class at most 1. Furthermore, in the latter
case, Uy is determined by ¢ply = (x — &)U, where £ is either one of the two zeros of .

The complete identification of generalized coherent pairs can be worked out by examin-
ing all possible qb Up to a linear change of variables, if deg ¢ = 3, it has three canonical
forms ¢(x) =x3, x2(x 1), orx(x —1D(x —A); 1fdeg¢ = 2, it has two canonical forms,
¢(x) =x2orx(x — 1);if deg¢ = 1, then ¢(x) = x. The arduous work of analyzing all
cases was carried out meticulously in [34], where the complete list of generalized coherent
pairs can be found in two long tables.

5.4. (M, N) coherent pairs

The generalized coherent pair suggests immediately further generalization of coherent
pair by extending (5.9).

Definition 5.11. Let M, N and m, n be nonnegative integers. A pair of linear functional
{Uo, U} is said to be a (M, N)-coherent pair of order (m, n) if, for k > 0,

P;f+il<x,uo>+%a_ P, U ,fii,(x,u1>+§:b_ Py G U)
(k+ 1) — k—i+1D,  (k+1), izll k—i+1), "

where a; ; and b;  are complex numbers such thatay x # 0ifk > M, by x #0ifk > N,
anda; y = bj =0ifi > k.

In this definition, the coherent pair is the (1, 0)-coherent pair of order (1, 0). The gen-
eralized coherent pair is (1, 1)-coherent pair of order (1, 0). The (2, 0)-coherent pair of
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order (1, 0) was considered in [63] and the (M, 0)-coherent pair of order (1, 0) was called
M -coherent pair and studied in [73]. The general setting of (M, N)-coherent pairs of order
(m, n) was studied more recently in [31,32,30].

Letagir :=1for0 <k <N —1landboy :=1for0 <k <M — 1. Set

a0,0 e e aM,M O
ao’] DRI DR aM,M+]
AN = . . ,
L O ao,N—1 ... AaM.M+N-1
boo -+ -+ byn O
bO,l bN,N+1 AN
By = : . ) Lyyn = Bu |
| O bom—1 ... bnmynN-1

Then Ay is a matrix of size N x (M + N), By is a matrix of size M x (M + N), and
L4 is a square matrix of size (M + N) x (M + N).

Theorem 5.12. Let {Uy, U1} be a (M, N)-coherent pair of order (m, n) with m > n and
assume that Ly;in is a non-singular matrix. Then there exist polynomials Qpyn+r of
degree M 4+ n + k and Ry ym+k of degree at most N + m + k, such that

3" " (O Min+kU1) = RNgmiillo, k= 0. (5.11)

Furthermore, the following classification holds
(1) If m = n, then Uy is semiclassical if and only if U is semiclassical.
(2) If m > n, then Uy and Uy are both semiclassical.

Eq. (5.11) is an extension of (5.7). This theorem was established in [30] and it extends
the results in [31,32,75].

The connection between these extended coherent pairs and the Sobolev orthogonal poly-
nomials is illustrated in the case of (M, N)-coherent pair of order (m, 0), which is called
(M, N)-coherent pair of order m. Assume that Uy and U are positive definite and repre-
sented by d o and d i1, respectively. Fix m € N and define the Sobolev inner product by

= /R FOO8(duo + /R £ (g™ (dpr, %> 0,

Let {S,,(-; A)} denote the corresponding sequence of monic orthogonal polynomials.

Theorem 5.13. Let {uo, 1} be a (M, N)-coherent pair of order m. If n < m, then
Sn(x; A) = Py(x; duy) and, forn > 0,

Poym(x; d o) i - Paigm(x: dpo)
- N -, . . 1N

a
(n+ Dm i1 Ton—i+ D
 Sprm(s A>+‘“*‘*ZMN o’ Sujtm (X3 1)
(n+Dm o= o —j+ D’

where c; , (1) are constants that can be determined recursively.
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This theorem was also established in [30], where an algorithm is given for computing
¢j,n () and the Fourier coefficients of the orthogonal expansion in S, (-; A).

As in the case of coherent or generalized coherent pairs, one can consider the problem
of identifying all coherent pairs. The problem, however, is open in all cases beyond the
two cases that we have discussed. At the time of this writing, the (M, N)-coherent pairs of
order (m, n) are still under study.

6. Classical orthogonal polynomials as Sobolev orthogonal polynomi-
als

The classical orthogonal polynomials are Sobolev orthogonal polynomials themselves,
since derivatives of a classical orthogonal polynomial are classical orthogonal polynomials
of the same type. Indeed, for the Hermite polynomials H,, H, (x) = 2nH,_;(x), so that
{H,},>0 is also the sequence of orthogonal polynomials with respect to the Sobolev inner
product

(f, g)p == Zxk/ O e® e dx, m=1,2,..., 6.1)
k=0 R

where Ag > Oand Ay > Ofork = 1, ..., m, which we assume for the two cases below as
well. For the Laguerre polynomials L, %L,(f‘) (x) = —L;‘le)(x), so that {Lf,“)},,zo is
also the sequence of orthogonal polynomials with respect to the Sobolev inner product

m o0
(f, &) po = )»kb("”“k)/ f(k)(x)g(k)(x)x“Jrke*xdx, m=1,2,..., (6.2)
k=0 0

where »@ := 1/I'(a + 1) and « > —1. For the Jacobi polynomials P,f“’ﬂ), it is known

that ‘%Pn(a’ﬂ)(x) = WPH(O_‘T]’%L])(JC), so that {Pn(a’ﬁ)},,zo is also the sequence of
the orthogonal polynomials with respect to the Sobolev inner product

m 1
(f, 8) Jup = Z)hkb(a+k’ﬁ+k)/ f(k)(X)g(k)(x)(l _ x)a+k(1 + X)‘3+kdx, (6.3)
k=0 -1
where m = 1,2,... and 6P = I'(a + B +2)/Q*PT '@ + DI (B + 1)), and
o f > —1.

For arbitrary o € R, the Laguerre polynomials can be defined by the explicit formula
[101, (5.1.6)]

(@) _ (@4 v+ Dpoy (—x)Y
Ln (x)—é) (n—v)! oo 1=

which turns out to be orthogonal with respect to a Sobolev inner product. For k € N, define
a matrix M (k) by

S k—i k
ME) = [mi 0] ;o = Q0K k) = [(_Wl( l>] ’

j—i)liis

where we assume that () = 0if b < 0. Then M (k) is positive definite.
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Theorem 6.1. For o € R, let k :== max{0, |«]}. Then the sequence of Laguerre polynomi-
als {L%},>0 is orthogonal with respect to the inner product

(f,8)co = /0 (FO. @ SO 0) M)
% (5. £ gV ) 2 He .

Moreover, if —a € N, then k = —a and one can write, by integration by parts,

1 k=l . . . .
(fgles =52 2 mi [ fP050 0 + 90”0
i=0 j=0
+ " 10 ()¢ (e~ dx.
0

This theorem was proved in [95]. The case —a € N was proved in [64]. In the case of
—o € N, the result can be deduced directly with the help of the relation

—k)!
LSPx) = (—x)kuL("lku), n=>k, (6.4)
n! n
which shows, in particular, that Lf,_k) and its up to (k — 1)th derivatives vanish at x = 0,
so that the orthogonality follows immediately from %L,(f‘) (x) = —Lff‘fll)(x).

In the Jacobi case, it is known that if —a, —8, —a — 8 € R \ N, then the Jacobi
polynomials are orthogonal with respect to some Sobolev inner product of the form

(f. 8 =fRf(x)g(x)duo(X)+fRf’(X)g’(X)dm(x),

where g and w1 are real, possibly signed, Borel measure on R. In the case of @« = —k, k €
N, and —8 — k € R\ N, more can be said since
n _ n+p x—1\* &
(}) PP = ( i ) ( 5 ) PP (o), (6.3)

and an analogous expression for Pn(a’_k) follows from Pn(a’ﬂ )(x) = (—D" Pn(’3 ’a)(—x). It
follows that the P,f_k’ﬂ ) and its up to (k — 1)th derivatives vanish at x = 1. Furthermore,

%Pn(_k”g )(x) = cP,f(i’,’erk)(x). These relations can be used to derive a Sobolev
orthogonality of the Jacobi polynomials. Let A(k) = diag{Ai,..., A} with A; > 0.
Define

e k-1

M) = oW ABQEI DT, ot = (a7 PP )]
i,j=0

Theorem 6.2. For k € N and B € R such that —(k + B) € N, the sequence of Jacobi

polynomials {P,,(_k’/3 ) }n>0 is orthogonal with respect to the inner product
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1
(f, &) gxp = / F®O)g® ) (1 + x)Pax
1

T
+ (F@OL LW D) M (). gD gD D)

An analogue result can be stated for « € R and —(o + k) ¢ N, where the point
evaluations need to be at —1. This theorem was proved in [8], which contains an analogue
result for the Laguerre polynomials L ffk) that is more general than the corresponding result
in Theorem 6.1. These results extend several special cases appeared early in the literature
(see, for example, [65]).

Similar results also hold for the Jacobi polynomials witho = —k, 8 = —[ withk,[ € N,
where the orthogonality is defined with respect to the bilinear form

1
(f.8) = / FED ) g D () (1 — ) (1 + x)kdx + (f, g)p,
-1

where (f, g)p is defined via point evaluations of f and g and their derivatives up to
(k — 1)th order at 1 and up to (! — 1)th order at —1 [2,10]. In this case, the Jacobi poly-
nomial P,f_k’_l) vanishes identically for max{k, [} < n < k + [ and has reduced degree if
(k+1)/2 < n < max{k, [}, so that it is necessary to define the Jacobi polynomials with
such indexes. There are several ways to redefine these polynomials. Let f’,,(a’ﬁ ) denote the
usual monic Jacobi polynomial of degree n. In [2], the monic Jacobi polynomials 13\,51(’71)
are defined by

—~ 1] . _ . -
Pn(k,—l) (x) = 3 [agmk Prgla, ) x) + ﬂlgrll PYEI k,ﬁ)(x)i| ,

wherem =k +1—n—1if (k+1)/2 <n < max{k, [} and m = n otherwise.

It is worth mentioning that the Jacobi polynomials with negative indexes have been
used extensively in the spectral theory for solving differential equations. See, for example,
[49,68,69,100] and the references therein. In the spectral theory, orthogonal expansions
and approximation by polynomials in Sobolev spaces are used, so that Sobolev orthogonal
polynomials are needed, although they often appear implicitly.

7. Sobolev type orthogonal polynomials

As stated in the introduction, an inner product is called a Sobolev type inner product if
the derivatives appear only on function evaluations on a finite discrete set. More precisely,
such an inner product takes the form

s = [ f@e@an+ Y [ 0@ @, 1)
k=1

where d g is a positive Boreal measure supported on an infinite subset of the real line and
dur, k = 1,2,...,m, are positive Borel measures supported on finite subsets of the real
line. Let §. denote the delta measure supported at the point ¢ € R, that is, 8. f (x) = f(c).
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In most cases considered below, duy = Axd. or duy = Ayd, + Bidp, where Ay and By
are nonnegative numbers.

Orthogonal polynomials for such an inner product are called either Sobolev type or-
thogonal polynomials or discrete Sobolev orthogonal polynomials. The first study was car-
ried out for the classical weight functions. The Laguerre case was studied in [57] with
dug = x%eYdx,a > —1,and duxy = Mo,k = 1,2, ..., m; the nth Sobolev orthogo-
nal polynomial, Sj,, is given by

min{n,m+1}
Si) = Y (DAL ),
k=0

in which Ay are constants determined by a linear system of equations. The Gegenbauer
case was studied in [13,14] with dug = (1 — x*)*~12dx + A(5_; +81), A > —1/2, and
m = 1,du; = B(6—1 + 61); the nth Sobolev orthogonal polynomial is given by

2
Su(¥) =Y ap px¥CiH(x)
k=0

where ag ,, a1, a2, are appropriate constants. In both cases, the Sobolev orthogonal poly-
nomials satisfy higher (than three) order recurrence relations that expands g (x)S, (x) as a
sum of S;,. For the Laguerre case, g(x) = x™+1 and the order is 2m + 3; for the Gegen-
bauer case, either g(x) = (1 — x2)? and the order is 9 or q(x) = x> — 3x and the order is
7. Furthermore, in both cases, the polynomial S, satisfies a second order linear differential
equation with polynomial coefficients, whose degree does not depend on 7.

When My =0,k=1,2,...,m—1,and d,, = M8, the inner product (7.1) becomes

(f, )m = /ﬂ; F)g@)d o 4+ My ™ (c)g™ (c), (7.2)

where ¢ € R and M,, > 0. This case was studied in [80]. Let {P,},>0 and {S,}.>0
denote the sequences of monic orthogonal polynomials with respect to dug and (-, -),,
respectively. For i, j € Ny, define

n—1 p) ()
P 0P ()
Ky ey = S

= 1P,

Notice that K f&?) is the reproducing kernel of the (n — 1)th partial sum of orthogonal
expansion with respect to dug. It was shown in [80] that

My P" ()
1+ M K" (e 0)

Sp(x) = Py(x) — K% (x, ), (1.3)

which extends the expression for m = 0 in [62]. From this relation, one deduces immedi-
ately that

Sp1(xX) +apSp(x) = Ppp1(x) + by Py(x), n >0,
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where a,, and b, are constants that can be easily determined. This shows a structure similar
to (5.5) that one derives for the Sobolev orthogonal polynomials in the case of coherent
pair. The Sobolev polynomials S, also satisfy a higher order recurrence relation

n+m+1
=" ) = Y cajSi), (7.4)

j=n—m—1

where ¢, n+m+1 = 1 and ¢y p—m—1 # 0.

Orthogonality of a sequence of polynomials is determined by the three term recurrence
relations that it satisfies, the precise statement is known as the Favard theorem. One
may ask if there is a similar theorem for polynomials satisfying higher order recurrence
relations. There are two types of results in this direction, both related to Sobolev orthogonal
polynomials.

The first one gives a characterization of an inner product (-, -) for which orthogonal
polynomials satisfy the recurrence relation of the form (7.4), which holds if the operator
of multiplication by M,, . == (- — c)" 1 is symmetric, i.e., (Mm.cp,q) = (P, Mu.cq).
It was proved in [39] that if (-, ) is an inner product such that M,, . is symmetric and
it commutes with the operator Mo ¢, i.e., (M, cp, Mo,cq) = (Mo,cp, Mm.cq), then there
exists a nontrivial positive Borel measure d o and a real, positive semi-definite matrix A
of size m + 1, such that the inner product is of the form

(p,q) = /Rp(x)q(X)duo

+ (P P @, 2™ ©) A (4.4, ... q("”(c))T . (7.5)

Necessary and sufficient conditions for A being diagonal were also given in [39]. Further-
more, a connection between such Sobolev orthogonal polynomials and matrix orthogonal
polynomials was established in [41], by representing the higher order recurrence relation as
a three term recurrence relation with matrix coefficients for a family of matrix orthogonal
polynomials defined in terms of the Sobolev orthogonal polynomials.

The second type of Favard type theorem was given in [42], where it was proved that the
operator of multiplication by a polynomial 4 is symmetric with respect to the inner product
(7.1)if and only if dug, k = 1, 2, ..., m, are discrete measures whose supports are related
to the zeros of 4 and their derivatives. Consequently, higher order recurrence relations for
Sobolev inner products appear only in Sobolev inner product of the second type.

For the inner product (7.5), a sequence of Sobolev orthogonal polynomials can be
constructed using an extension of the method used to obtain (7.1). A more useful approach
is to use the monic orthogonal polynomials, P,, with respect to the measure du; =
(x — c)Pdug, where p = 2|m /2] + 2, which leads to [42]

p
$p(x) =Y dyiPui(x), n=p, (7.6)
k=0

where d, 0 = 1 and d,,, # 0. The above relation means that the sequence {Sy},>0 is
quasi-orthogonal with respect to the positive Borel measure d i, a fact that plays a central
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role in the analysis of zeros and asymptotics of these polynomials. If the point ¢ is located
outside the support of the measure d 1, it is enough to consider d MS = (x —c)"tld 40,
in which case, (7.6) is satisfied with m + 1 instead of p and the formula has the minimal
length. If ¢ belongs to the support of the measure duo and m is an even integer, then
(x — c)m“duo becomes a signed measure, which does not warrant the existence of
orthogonal polynomials. This is the reason behind the definition of p in (7.6). Let H be
the banded matrix that defines the higher order recurrence relation for {S,},>0. Then H
can be derived from the Jacobi matrix J associated with the sequence {ﬁ,}nzo of monic
orthogonal polynomials. Indeed, consider the decomposition (J — c¢I)? = UL, where
U is an upper triangular matrix and L is a lower triangular matrix with 1 as its diagonal
entries, then H = LU [36]. This gives a direct connection between Sobolev orthogonal
polynomials of discrete type and the iteration of the canonical Geronimus transformation
of the measure du* = (- — ¢)du.

8. Differential equations

Classical orthogonal polynomials are solutions of a second order linear differential equa-
tion of the form

()Y +oa1(x)y ==y, n=0,1,..., (8.1)

where oy and ¢ are real-valued functions and X, are real numbers, called eigenvalues. The
equation is called admissible if A, # A,, whenever n # m. For Eq. (8.1) to have a system
of polynomial solutions, it is necessary that o is a polynomial of degree at most 2 and o
is a polynomial of degree at most 1. Forn = 0, 1, ..., the Hermite polynomials H, satisfy
the equation

Dyy =y" —2xy' = —2ny. 8.2)
Fora > —1landn =0, 1, ..., the Laguerre polynomials Lf,a) satisfy the equation

D}y =xy" + (@ +1—x)y = —ny. (8.3)
Fora, > —landn =0, 1, ..., the Jacobi polynomials P,fa’ﬂ ) satisfy the equation

DYy = (1 =2y —(@— B+ (@+p+20)y = —nm+a+p+1)y. (84)

The characterization of Bochner [17] shows that these are essentially the only systems
of orthogonal polynomials with respect to a positive definite inner product (f, g)q, =
fR f(x)g(x)du that satisfy (8.1). For the quasi-definite linear functional, the condition for
the Laguerre family can be relaxed to —« € R\ N, and the condition for the Jacobi family
can be relaxed to —a, — B, — (¢ + B+ 1) € R\ N, and, up to a complex change of variables,
the only other system of orthogonal polynomials that satisfies (8.1) is the system of Bessel
polynomials.

Eq. (8.1) have solutions that are Sobolev orthogonal polynomials, since classical or-
thogonal polynomials are Sobolev orthogonal polynomials themselves. One may ask the
question if there are other system of Sobolev orthogonal polynomials that are solutions
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of (8.1). In [65], the system of polynomials that are solutions of admissible (8.1) and are
orthogonal with respect to the bilinear form

(f»g>=fRf(X)g(X)dMo(X)+/Rf'(X)g'(X)dM1(X)

is characterized when d o and du; are real, possibly signed, Borel measures on the real
line. The classical orthogonal polynomials and those obtained above through limiting pro-
cess are the only systems of polynomials in the positive definite case. In the Laguerre case,
the limit is

lim Yedx = f(0

Jim +1)/ fx“e ™ dx = f(0),

which holds if f is bounded on (0, co) and continuous at x = 0, and it follows that the
system of polynomials Py(x) = 1 and P,(x) = L,(,_l)(x) for n > 1 is orthogonal with
respect to the Sobolev inner product

(f.8) -1 = A0 f(0)g(0) + Zkkb(k_l) /00 FOX)g® x)xk e dx,
0

k=1

where g, A1 > Oand Ay > Ofor2 < k < m, p*=D is as in formula (6.2), and these
polynomials are solutions of the differential equation DZly = —ny. In the Jacobi case, the
limits are

1
lim (@ + 1)/ £ = x)%dx = £(1),
o—> — —1

1
Jim (6 + 1)/ FA +x)Pdx = f(—1),
—— —1

which hold if f is bounded on (—1, 1) and continuous at x = 1 or x = —1, respec-
tively, and it follows that, for 8 > —1, the system of polynomials Py(x) = 1 and
P,(x) = Pn(_l”3 )(x) for n > 1 is orthogonal with respect to the Sobolev inner product

(f. 8) 716 = Ao f(1)g(1)

1
+ Zkkb(k*]‘ﬂ)/ FP@eR @ -1+ 0 Hax,
k=1 -1

where Ag, A1 > Oand Ay > Ofor2 <k < m, p*—L.B) g as in formula (6.3), and these
polynomials are solutions of the differential equation D P y = —n(n + B)y. A similar
result holds for « > —1 and 8 = —1. The characterization in [65] was carried out for the
quasi-definite case, which shows that, up to a complex linear change of variables, the only
systems are those listed above but with parameters being real numbers, except negative
integers, and Bessel polynomials.

Essentially, solutions of the second order differential equation (8.1) do not lead to new
families of Sobolev orthogonal polynomials; see [8,65] for further results.
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In [58], R. Koekoek initiated a search for differential operators whose solutions are the
Sobolev—-Laguerre polynomials with respect to the inner product

(f.8) = T +1)/ f)g()x“e™ dx + Mf(0)g(0) + Nf'(0)g'(0),

where ¢ > —1, M > 0 and N > 0. These Sobolev orthogonal polynomials were found
in [60] and they satisfy differential equations of the form

MY ai(x)y? ) + N Y bi(x)y?(x)

i=0 i=0

o0
+MN Y i)y D) +xy" () + (@ + 1 = x)y'(x) = —ny,

where a; (x), b; (x) and ¢; (x) are polynomials, independent of n, of degree at most i. In the
case of M = 0 and N > 0, the differential equation is of order 2« + 8 if « is a nonnegative
integer and of infinite order otherwise. Furthermore, if M > 0 and N > 0, then the differ-
ential equation is of order 4« 4 10 if @ is a nonnegative integer and of infinite order other-
wise. For @ = 0, 1, 2, this was established in [58] and the general case was proved in [59].

This result has been extended more recently to the Sobolev orthogonal polynomials with
respect to the bilinear form

(fog) = fo F ()2 ()X e dx

+ (70, 7O, "V 0) M (50,80, 8"V O)

where m = 2,3, ..., and M is an m x m matrix. For m = 2, the differential operator was
found in [53] and for « € N and o > m, the differential operator was constructed in [40].

9. Zeros

It is well known that the zeros of orthogonal polynomials with respect to a probability
measure supported on the real line are real, simple, interlace and are located in the interior
of the convex hull of the support of the measure. In the Sobolev setting, some of the
above properties are lost. We will specify the behavior of zeros for two types of Sobolev
orthogonal polynomials.

9.1. Sobolev type inner products

Here we consider the Sobolev inner product defined in (7.5), which we state again as

(p.q) = fIP(X)q(X)d/Lo

+ (p©. P, P ©) A (90, 4'@,..a™ @) O

where [ is an interval in R, and we denote by S, a Sobolev orthogonal polynomial of
degree n with respect to this inner product.
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We start with zeros of Sobolev orthogonal polynomials for the inner product

(f.g)s = /O F)g@)duox) + M 708" (0) + My f©0)g0), r <,

studied in [28], where it was shown that the polynomial S, of degree n has exactly n — 2
real and simple zeros in (0, a), and if s = r + 1, then S, has a pair of conjugate complex
zeros o = i with o < 0 and B # 0, whereas if s > r + 1, then there is a real number
G such that if min{M1, M>} > G, then §,, has either a pair of conjugate complex zeros as
above or two real zeros in (—oo, 0).

These results illustrate that the behavior of the zeros of Sobolev orthogonal polynomials
for the inner product (9.1) is sensitive to small changes in the parameters of the inner
product.

Next we describe the results for the simplest case of m = 11in (9.1). If A = diag{Ag, A1}
and m = 1, the polynomial S, is quasi-orthogonal of order 2 with respect to the measure
(x — ¢)2d Io; that is, f 1 Sn () p(X)(x — ¢)3d no = 0 for all polynomials p of degree at
most n — 3. The zeros of S, were analyzed in [5], where it was proved that the zeros of
S, are real, simple, and at least n — 1 of them belong to the interval / of the support of
dpo, when c is an end point of the interval /. More precisely, let the zeros be denoted
by zxkn.k = 1,2,...,n, and they are arranged in increasing order with z, , being the
largest one. If ¢ = sup/ and neither S,(c) > 0 nor S,(c) > O, then the largest zero

8 and |zpn — ¢| < |zn—1,n — c|. Moreover, if Ag # 0, then
Tnm —C < %(AI/AO)I/Z. Making a change of variable x — —x in the inner product, the
same analysis applies to the case of ¢ = inf ].

The case when c is outside of the convex hull of the support of d o was analyzed in [76]
under the assumption that Ag = 0. In this case, S, again has real, simple zeros and at
least n — 1 of them belong to [. If I is a bounded interval, then for n large enough and
¢ > sup 1, S, has a zero at the right hand side of c. This zero converges to ¢ when n tends
to infinity, that is, ¢ becomes an attractor of this exceptional zero. Furthermore, the zeros
of P,_1(-; duo) interlace with the zeros of §,,. Finally, it was proved that every zero of S,
is an increasing and bounded function of N.

When the matrix A in (9.1) is a non-diagonal matrix, the case m = 1 was studied in
[6]. Assuming that A is positive definite, it was shown that if / is a bounded interval and
¢ > sup I, then there exists a positive integer ng such that, for n > ng, the zeros of §,, are
real, simple, all except the largest one are located in (inf 7, c), whereas the largest zero is
greater than c. Furthermore, if the non-diagonal entry Ag ; is positive, then more can be
said on the distance from the largest zero to c,

satisfies ¢ < z, 0 < ¢+

c< — A
2(Ag,0A11—AF D2

(2) If Af | = AgoA11 = 245, then 2, , — ¢ < Ag,1/Aop.

(1) If Ag.0A1,1 > 2AF |, then z, , —

If m > 1 and A is a diagonal matrix, the zeros of S, were studied in [3]. In this case,
S, is quasi-orthogonal of order m + 1 with respect to the measure (x — ¢)"*!dug as in
(7.6). If ¢ does not belong to the interior of the interval I that supports d g, S, has at least
n —m — 1 zeros with odd multiplicity in the interior of /, whenever n > m + 1. More
generally, let B(1o) denote the support of the measure dug and let A denote the convex
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hull of B(up). If 7 denote the number of terms in the discrete part of (9.1) whose order
of derivative is less than n, then S, has at least n — n changes of sign in the interior of
A. Furthermore, if C, denote the open connected components of IntA \ B(ug), then, for
n > m 4+ 1, the number of zeros of the polynomial S, located in each component C, is
less than or equal to either m + 1 or m + 2, when m is even or odd, respectively. Further
refined results on the locations of zeros in C, can be found in [3].

9.2. Continuous Sobolev inner products

Zeros of Sobolev orthogonal polynomials with respect to the inner product

(f,g>s=/Rf(t)g(t)duo+/Rf/(t)g’(t)dm 9.2

were studied in the very beginning of Sobolev orthogonal polynomials. In [9], Althammer
proved that the zeros of S, are real, simple and are located in the interval [—1, 1] when
duo = dx and du; = Adx, both supported on the interval [—1, 1]. Similar results
were established by Brenner [20] for dug = e *dx and du; = Ae *dx, both supposed
on [0, 00). As already mentioned in Section 2, Althammer gave an example that shows
the zeros of a Sobolev orthogonal polynomials of degree 2 can have a zero outside the
support of the measures. An interesting example in this regard appears in [90], for which
dug = dx on [—1,3],du1(x) = Aon[—1,1] and dui(x) = 1 on [1, 3], where A > 0.
For A sufficiently large, it was shown that Sy, has exactly two real zeros, one in (1, 3) and
one in (—3, —1), and Sy,+1 has exactly one real zero, located in (1, 3). The example was
generalized to the situation that d o has at least one point of increasing in (1, a], where
a>1l,duy =rdpuoon[—1,1]and du; = dug on[1, a], with /L/z(x) >c¢>0on(—1,1).

Zeros of Sobolev orthogonal polynomials are fairly well understood when (d o, dt1)
is a coherent pair. In this paragraph, we follow the notation in Section 5.1. For the inner
product (-, -), in (5.1), we denote the Sobolev orthogonal polynomials by S,(:; 1) and
denote the ordinary orthogonal polynomial with respect to du; by P, (-; du;). Let Iy denote
the support of the measure dq. It was proved in [93] that S, (-; A) has n real, simple zeros
and at most one of them is outside Iy. Furthermore, if (zé’ n)Z:l and (xx ,(du j))zzl, denote
the zeros of S,,(-; A) and P, (-; du ), respectively, then

(1) 2}, < x1a(dpo) < 25, < < 2, < Xna(dpo),
Q) 2}, < Xa1dp)) <25, < < Xp-ta-1(dpj) <2y, j=0,1.

Interlacing property between the zeros of two consecutive Sobolev orthogonal polynomi-
als, that is,

Z)lh,n < Zih,n—l < Z%,n << Z1)1\—1,}1—1 < Zr);,n’
holds when d ¢ and d ;1 are both Laguerre weight or both Jacobi weights.

If {dwo,dpe1} is a generalized coherent pair (see Section 5), however, few results on
zeros of Sobolev orthogonal polynomials are known. The case of (2, 0) coherent pairs of
order (1, 0) was analyzed in [29], where it was shown that if A is large enough, then the
zeros of Sy, (+; A) are real, simple and interlace with the zeros of P, (-; du;), j =0, 1, when
Iy = I1; furthermore, at most two of the zeros are outside /. In [94] an illustrative example
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of (0, 2) coherent pair of order (1, 0) associated with Freud weights was studied, in which
the zeros of S, (-, A) are shown to be real, simple and enjoy a separation property.

For the inner product (9.2), potential theoretic method was used in [45] to study
asymptotic distribution of zeros and critical points Sobolev orthogonal polynomials. Under
the assumption that the support I; of the measure du; is compact and regular for the
Dirichlet problem in C \ / j for j = 0, 1 and further regularity assumption, it was proved
that the critical points, or zeros of the derivative of S,, have a canonical asymptotic
distribution supported on the real line; that is, their counting measure converges weakly
to the equilibrium measure of the union 3 = Iy U I;. For the zeros of S, it was shown
that the weak™ limit of a subsequence of their counting measure is supported on a subset
of X UV, where V = Uy~0 V; and V, denotes the union of those components of {z € C :
8\ x (z; 00) < r} having empty intersection with Iy, in which g4 (z; co0) denotes the Green
function of the set A with pole at infinity. Further result on the weak* limit was given in
the notion of balayage of a measure on the compact set K := oV U (X \ V). If K = )|
then the weak* limit of the counting measure of the zeros is the equilibrium measure on X.

For Sobolev inner products (7.1), asymptotic distributions of zeros of Sobolev orthog-
onal polynomials and their derivatives were studied in [37] in the setting that dux(x) =
xY e %W dx, where ¢ are functions having polynomial growth at infinity or iterative ex-
ponential functions, on [0, 00), which includes the Freud weights as special cases.

In another direction concerning zeros of Sobolev orthogonal products with respect to
the inner product (7.2), global distribution of the zeros is related to the boundedness of the
multiplication operator f +— xf in the norms associated with the inner product in [24].
More precisely, if this operator is bounded, that is, there exists a positive real number
M such that (xf, xf)s < M(f, f)s, then the set of zeros of the Sobolev orthogonal
polynomials is contained in the ball centered at the origin with radius M and the vector of
measures (duo, ..., dU,) has compact support. The paper also contains other qualitative
results on the zeros. Notice, however, that this approach does not give analytic properties,
such as real, simple, interlacing, of the zeros.

10. Asymptotics

For ordinary orthogonal polynomials, three different types of asymptotics are consid-
ered: strong asymptotics, outer ratio asymptotics and nth root asymptotics. All three have
been considered in the Sobolev setting and we summarize most relevant results in this
section.

10.1. Sobolev type inner products

The first work on asymptotics for Sobolev orthogonal polynomials was carried out
in [81] for the inner product

1
(f. 8)s =/1f(X)g(X)dM(X) + M f'(0)g'(c),

where ¢ € R, M1 > 0 and the measure d g belongs to the Nevai class M (0, 1). Using
the outer ratio asymptotics for the ordinary orthogonal polynomials P, (-; dup) and the
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connection formula between P, (-; d o) and the Sobolev orthogonal polynomials S, as in
(7.6), it was shown that, if ¢ € R\ supppo, then

S (9() — B(e))? . 1
A0, Pu(z,dpo)  28(2)(z—c) ?@) =z VI -

locally uniformly outside the support of the measure, where +/z2 — 1 > 0 when z > 1.
Furthermore, if the measure belongs to the Szeg6 class, then the outer strong asymptotics
for S, can be deduced in a straightforward way. If ¢ € suppuo, then lim,,_, 5 #ﬁo) =
outside the support of the measure. By comparing the corresponding polynomials, such
results can be deduced in a similar manner if a mass point is added to the measure.

The first extension of the above results was carried out in [6] for the Sobolev inner
product (9.1) with a 2 x 2 matrix A. Under the same conditions on the measure, it was

proved that

i 5@ <<¢><z> — b))’
n—oo P,(z,dup) 29(z)(z —¢)

locally uniformly outside the support of the measure. The second extension appears in [70]
for the inner product

,
), r:=rank A,

N;

N
(.0 = [ F@g@dioe + Y3 1P )L ).

Jj=1k=0

where dpg € M(0, 1), {ck} ,1(\’:1 are real numbers located outside the support of the measure,
and L; (g; c;) is the evaluation at c¢; of the ordinary differential operator L ; acting on
g such that Lj y; is not identically zero for j = 1,2,..., N. Assuming that the inner
product is quasi- deﬁmte so that a sequence of orthogonal polynomlals exist, then on every
compact subset in C \ suppd o,

sy 2) ((@(z) - @(c>)2>’-’
lim 1_[ )
n— 00 P(V)(Z dio) i 29(z)(z —c¢)

where [; is the dimension of the square matrix obtained from the matrix of the coefficients
of L y; after deleting all zero rows and columns. The key idea for the proof is to reduce the
Sobolev orthogonality in this setting to ordinary quasi-orthogonality, so that the polynomial
Sy (x) can be expressed as a short linear combination of polynomials P, (x; d o) and then
consider the behavior of the coefficients in the linear combination.

If both the measure d (g and its support A are regular, then techniques from potential
theory were used in [71] to derive the nth root asymptotics of the Sobolev orthogonal
polynomials,

1/n

lim sup ||S(/)|| =C(4), j=0,

n—oo

where || - || o denotes the uniform norm in the support of the measure and C(A) is its
logarithmic capacity.
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When the support of the measure in the inner product (9.1) is unbounded, the analysis
has been focused on the case of the Laguerre weight function. The first study in [11]
considered the case that ¢ = 0 and A is a 2 x 2 diagonal matrix (see also [74] for a
survey on the unbounded case). Assuming that the leading coefficient of S, is normalized
to be %, the following results on the asymptotic behavior of S, were established:

(1) (Outer relative asymptotics) lim,— LS(»; Ei)) = 1 uniformly on compact subsets of the
n &
exterior of the positive real semiaxis.
(2) (Outer relative asymptotics for scaled polynomials) lim,,— o LS(Z S?Z)) = 1 uniformly on
n Nz

compact subsets of the exterior of [0, 4].
(3) (Mehler—Heine formula) lim,— oo % = 772 Ju+4(2.4/7) uniformly on compact
subsets of the complex plane, assuming that rankA = 2.
(4) (Inner strong asymptotics)
Sn(x)
no/2

on compact subsets of the positive real semiaxis, where lim,_, o, c3(n) = 1.

_ C3(n)e"/2x_°‘/2Ja+4 (2 (n— 2)x) +0 (n—min{a+5/4,3/4}>

The case that rank A = 1 is also studied, we only state the results when A has full rank for
sake of simplicity. Finally, if the point ¢ is a negative real number, then the following outer
relative asymptotics was established in [82],

i O _ (V=2
n—o00 L;(ft)(Z) —7z 4+ /—C
uniformly on compact subsets of the exterior of the real positive semiaxis.
When ¢ = 0 and A is a non-singular diagonal matrix of size m + 1, the following
asymptotic properties of the Sobolev orthogonal polynomials with respect to the inner
product (9.1) were obtained in [7],

-
), r =rankA,

v)
(1) (Outer relative asymptotics) For every v € N, lim;,_, o % = 1 uniformly on
n V(z
compact subsets of the exterior of the positive real semiaxis.
(2) (Mehler—Heine formula) lim,_, e SH-SEM —  (qymtlz—e/2g o0 0 (2,/7)

uniformly on compact subsets of the complex plane.

It should be pointed out that the above Mehler—Heine formula cannot be directly deduced
from the connection formula (7.6). As an interesting consequence of the Mehler—Heine
formula and the Hurwitz Theorem, the local behavior of zeros of these Sobolev orthogonal
polynomials can be deduced.

10.2. Continuous Sobolev inner products

We first consider the case of coherent pairs. Let {0, £1} be a coherent pair of measures
and supppo = [—1, 1]. Then the outer relative asymptotic relation for the Sobolev orthogo-
nal polynomials with respect to (9.2) in terms of orthogonal polynomials P, (-; du1) is [87]

i@ 2 D) =z+Vz2 -1,

lim = ,
n—>oo Py(z;dpny)  9'(2)
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where +/z2 — 1 > 0 when z > 1, uniformly on compact subsets of the exterior of the inter-
val [—1, 1]. The key idea of the proof is to show that the coefficient b, (1) in (5.5) satisfies
lim,,—, » b, (1) = 0, which is a consequence of the inequality

2 2 A2 2
Ty +An T, 1 < ”Sn('»)h)”)L STy +a,_Th-1 +An 1,1,

where 7, .= || P, (-, dlLo)H(sz and 7, = || P, (-, du1)||‘2ml, on the weighted L? norms.
When the measures 1y and p1 are absolutely continuous and belong to the Szeg6 class,

the Bernstein—Szegd theory is applied in [85] to derive the outer relative asymptotics

lim,— o0 % = 45, locally uniformly outside [—1, 1]. As a straightforward con-

sequence, the strong outer asymptotlcs follows. If 1 is any finite Borel measure supported

in [—1, 1] in [85], then the outer relative asymptotics lim;,_, oo % = 1 holds,
which illustrates the role of the measure involved in the nonstandard part of the Sobolev
inner product.

An extension of the above results for the inner product (7.2) was carried out in [88],
where d i, is assumed to be absolutely continuous and belongs to the Szeg6 class, whereas
other measures are assumed to be positive and supported in [—1, 1]. When the supports of
the measures involved in the Sobolev inner product satisfy certain nesting property and the
measure d i is regular, the n-root asymptotic behavior is established. More specifically,
for every nonnegative integer number j,

(1) limsup,_, |S,§j)(z)|1/” = C(A)e88@) for every z € C up to a set of capacity zero;

2) limys oo IS ()" = C(A)e82GE%) yniformly on each compact subset of the
complex plane outside the disk centered at the origin with radius defined in terms of
the Sobolev norm of the multiplication operator,

where g A (0, 00) is the Green function of A with the infinite as a pole [71].

For measures of coherent pairs that have unbounded support, asymptotic properties
of the corresponding Sobolev orthogonal polynomials have been extensively studied in
the literature (see [74] for an overview). The outer relative asymptotics, the scaled outer
asymptotics as well as the inner strong asymptotics of such polynomials have been
considered for all families of coherent pairs and symmetrically coherent pairs. It should
be pointed out that the outer relative asymptotics involves the parameter A in the inner
product (5.1), which does not appear in the case of bounded supports. Nevertheless, the
technicalities in the unbounded case are similar to those in the bounded case, the main
difficulty is on estimates for the coefficients that appear in the relations between Sobolev
and ordinary orthogonal polynomials.

For instance, in the case of symmetrically coherent Hermite case, that is, when either
dupg = e and dup = )ﬁsze’xz orduy = x> + Sze’xz and du| = e’xz, it holds,
respectively,

(D) limy,— o % = 6(1) uniformly on compact subsets outside the real line;

(2) limy 0 [ 5] 172 SI”{(Z(Z’\)) = 0(A)(Fz + |€]), if z € C4, uniformly on compact subsets of

the half planes C1 = {x iy, y > 0}, respectively,

where 0()) := %, as shown in [74].
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The case dug = duy = e‘x4 of the inner product (5.1), or the (2, 0) self-coherent
pair with Freud weight, was studied in [21], where the connection between Sobolev and
ordinary orthogonal polynomials is given by P, (x; du) = S, (x; A) 4+ cp—2 (X)) Sp—2(x; X).
In order to deduce its outer relative asymptotics, it is necessary to estimate the values
of ¢, (1) for n sufficiently large. It turns out that lim,_, oo n™"/2¢c,(A) = ﬁg’ which

Sn(z,A)

leads to, in a straightforward way, lim,_, o Predng) = % uniformly on compact subsets
outside the real line. The outer relative asymptotics, with appropriate scaling, was also
obtained in [21], taking into account the Rakhmanov—Mhaskar—Saff constant for these
Freud polynomials.

For asymptotics, few examples of generalized coherent pairs of measures have been
considered in the literature. The Freud—Sobolev case considered above motivated further
study of Sobolev inner products with exponential weights. Let W (x) = e~ 2™, where Q is
a continuous even function in R such that Q” is continuous in (0, o0) and Q' > 0in (0, c©),
and o < XQQ’ZS) < B for some B > o > 0. The asymptotic behavior of Sobolev orthogonal
polynomials for the inner product (9.2) with dug(x) = (¥ (X)W (x))%dx and dp;(x) =
AWz(x)dx, where ¥ € Lo (R), was studied in [47]. The derivative of the orthonormal
Sobolev polynomials s;,, behaves as 212 Pn—1(; W?2), the orthonormal polynomials with
respect to the measure Wz(x)dx, in the sense of the Ly asymptotics, that is, ||s;,(-) —
A V2,1 W2)||W2dx = 0(‘%), where a, is the Mhaskar—-Rakhmanov—Saff number
for Q. On the other hand, a uniform bound for the corresponding scaled polynomials
is also deduced with the help of a simple Nikolskii inequality. As in the bounded case,
the measure d | plays a key role in the asymptotic behavior of the Sobolev orthonormal
polynomials.

11. Sobolev orthogonal polynomials of several variables

In contrast to one variable, Sobolev orthogonal polynomials of several variables are
studied only recently. In this section we report what has been done in this direction.

11.1. Orthogonal polynomials of several variables

Forx e R and o € Ng, the (total) degree of the monomial x? is, by definition, |«| :=
o + .-+ + ag. Let H,f’ denote the space of polynomials of total degree at most n in

d-variables. It is known that dim H,;l = (”:d ) Let I7¢ denote the space of all polynomials

in d-variables. Let (-, -) be an inner product defined on IT¢ x IT¢. A polynomial P € H,f
is orthogonal if (P,gq) = O for all ¢ € ]Y,fl_l. Forn € Ng, let V,‘f denote the space of

n+d—1
n

polynomials of total degree n. Then dim Vf,l = ( ) In contrast to one-variable, the

space Vf can have many different bases when d > 2. Moreover, the elements in V,‘f may
not be orthogonal to each other.

For the structure and properties of orthogonal polynomials in several variables, we refer
to [38]. In the following, we describe briefly two families of orthogonal polynomials as
examples.
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Example 1. For i = 1,2, let w; be weight functions defined on an interval [a;, b;] of
the real line and let p,(w;; -) be the orthogonal polynomial of degree n with respect to
w;. With respect to the weight function W(x, y) := w(x)w(y) on [ay, b1] X [az, bz], one
family of mutually orthogonal basis of V,%(W) is given by

Pl (x,y) = pr(wi; X)pp—i(w2; y), 0=<k<=n. (11.1)

Because H,fl is defined in terms of total degree, which is different from the tensor product
11, x II,, every element of V,f is of total degree n.

For our second example, we need the definition of spherical harmonics. Let P,f denote
the space of homogeneous polynomials of degree n in d-variables. A polynomial Y is a
spherical harmonic of degree n if ¥ € P,‘f N ker A, where A is the Laplacian operator,

A= %22 +---+ 83722 Let ij denote the space of spherical harmonics of degree n. It is
1 n
known that
d—1 d-3
a;f;:dinm;f:(”“L )_<”+ >

n n—2

The elements of Hg are orthogonal to lower degree polynomials with respect to the inner
product

o= [ F©p@d0@)

where do denotes the surface measure on SY~!. An orthonormal basis can be constructed
explicitly in terms of the Gegenbauer polynomials in spherical coordinates. For properties
of harmonic polynomials and their relations to orthogonal polynomials, we refer to [27,38]
and references therein.

Example 2. For p > —1,letw, (x) = (1 —||x 1%)4~1/2 be the weight function defined on
the unit ball B = {x € R? : ||x|| < 1}, where ||x|| denotes the Euclidean norm of x € R¢.
Orthogonal polynomials with respect to @, can be given in several different formulations.
We give one basis of V,f () in terms of the Jacobi polynomials and spherical harmonics
in the spherical coordinates x = r&, where 0 < r < l and &€ € S*~! = {x : ||x|| = 1}. For
0<j<n/2and1<j<al_, define

_9igpd=2 .
PIL0o = P T @2 - ) v ), (11.2)

where (¥ 1 1<v < ar‘f_zj} is an orthonormal basis of Hﬁ_zj. Then the set {P;fé" ) :
0<j< ’%, 1<t< agfz j} is a mutually orthogonal basis of V,‘f(wu). The elements of
V,”l’ are eigenfunctions of a second order differential operator D,,. More precisely, we have

DyP =—m+d)(n+2WP, VP eViw,), (11.3)
where

3 9
1=

j=1
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11.2. Sobolev orthogonal polynomials on the unit ball

At the moment of this writing, we know more about Sobolev orthogonal polynomials on
the unit ball than on any other domain.

The first work in this direction deals with the inner product [102]

(fgai= [ A[a=Prw] Al - i) dx
B4

which arises from the numerical solution of the Poisson equation [12]. The geometry of
the ball and (11.2) suggests that one can look for a mutually orthogonal basis of the form

q;QlIxII> = DY (), YT e I, (11.4)

where ¢ is a polynomial of degree j in one variable. Such a basis was constructed in [102]
for the space V,”ll (A) with respect to (-, -) o. As a result, it was shown that

VA = HE @ (1 — ||x|P)Va-2(2).

The next inner product considered on the ball, which should be, in retrospect, the first
one being considered, is defined by

(fog)o1 = A f V() - Vg(odx + / F©)g(€)do (@),
Bd gd—1

where A > 0. An alternative is to replace the integral over SY~! by f(0)g(0). A basis of
the form (11.4) was constructed explicitly in [103] for the space V,‘f(A) with respect to
(-, -)—1, from which it follows that

Vi@ ) =1l & (1 — Ix|HVaea(w). (11.5)

The main part of the base, those in (1 — 1x12)Vu—a(w1), can be given in terms of the
Jacobi polynomials Pn(fl’b) of negative index, which explains why we used the notation
@_1. Another interesting aspect of this case is that the polynomials in V,f (w—1) are
eigenfunctions of the differential operator D_1, the limiting case of (11.3).

For k € N, the equation D_;Y = 1, Y of (11.3) was studied in [97], where a complete
system of polynomial solutions was determined explicitly. For k > 2, however, it is not
known if the solutions are Sobolev orthogonal polynomials. Closely related to the case of
k = 2 is the following inner product

(fo )z = A f Af(0)Ag(x)dx + / F)g@do, A > 0.
Bd Sd—l

An explicit basis for the space V,‘f (w—2) of the Sobolev orthogonal polynomials with
respect to (-, -)_» was constructed in [97], from which it follows that

Vi) =1l e 1 - IxIHH_, & (A — XDV (@2). (11.6)
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The main part of the base, those in (1 — ||x||2)2Vn,2(w2), can be given in terms of the
. . (=2,b) .
Jacobi polynomials P, of negative index.

It turns out that the Sobolev orthogonal polynomials for the last two cases can be used in
the study of the spectral method for the numerical solution of partial differential equations.
This connection was established in [69], where, for s € N, the following inner product in

the Sobolev space W[S, (B?) is defined,

r$1-1
(f. 8)—s = (V*f. V' g)pa + M AR f, AR g)gan, (11.7)
k=0
where A, k=0,1..., f%l — 1, are positive constants, and

V¥ .= A" and VP —=vA" m=1,2,....

For s > 2, the space V,‘f (w—_s) associated with (-, -)_; cannot be decomposed as in (11.5)
and (11.6). Nevertheless, an explicit mutually orthogonal basis was constructed in [69],
which requires considerable effort, and the basis uses extension of the Jacobi polynomials
P,fa’ﬁ) for a, B € R that avoids the degree reduction when —o« — 8 —n € {0, 1,...,n}.
The main result in [69] establishes an estimate for the polynomial approximation in the
Sobolev space W;, (B?), the proof relies on the Fourier expansion in the Sobolev orthogonal
polynomials associated with (11.7).
Another Sobolev inner product considered on the unit ball is defined by

(f.8)= fEd V) - Vegx)W,(x)dx + A/Bd fx)gx)W, (x)dx,

which is an extension of the Sobolev inner product of the coherent pair in the case of the
Gegenbauer weight of one-variable. A mutually orthogonal basis was constructed in [96],
which has the form of (11.4) but the corresponding ¢ is orthogonal with respect to a rather
involved Sobolev inner product of one variable.

11.3. Sobolev orthogonal polynomials on the simplex

Let T¢ be the simplex of R? defined by
T ={xeR:x;>0,...,x;>0,1—|x| >0},
where |x| := x| + - - - + x4. The classical weight function on T¢ is defined by
@y (x) =X = xe, x e TY, (11.8)

where y; are real numbers, usually assumed to satisfy y; > —1 to ensure the integrability
of wy on T¢. Letcy = 1 / [ra @y (x)dx denote the normalization constant. We consider
the inner product

(f.8)y =cy /Td f)gx)my (x)dx.
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The space V,f () of orthogonal polynomials of degree n for this inner product contains
several explicit bases, which have been studied extensively (cf. [38]). One particular basis
is given by the Rodrigues type formula

ol
P (1) = 277 (1= [x) 7 o [0 (0 = e ie], (11.9)
x
where % = % andn € Ng . Furthermore, it is known that polynomials in V¥ (W,)
X, 0x

d
are eigenfunctions of the differential operator

d 2 2
3P 3P
LyP =Y x(l—x)— —2 X ———
’ ,;xl( x’)ax,.2 21 cieyea 9x;0x;

d IP
+ 2 i1 =yl +d + D) —
i=1 !
where |y| := y1 + - - - + Y4+1; more precisely,
LyP=—-n(m+|yl+d)P, VP eVi(w,). (11.10)

If some or all y; are equal to —1, the weight function becomes singular but Eq. (11.10)
still has a full set of polynomial solutions. In [1], these solutions were given explicitly
and were shown to be the Sobolev orthogonal polynomials with respect to explicitly given
inner products. For d = 2, the simplex is the triangle T2, writing the weight function as
W,y (X) = x®yP (1 — x — y)?, then the inner products are of the form

(f. ap—1 = sz [x0: £ (x, )0xg (x, ¥) + ydy £ (x, )3y g (x, y) | x*yP dxdy
+ A /01 Fx,1=x)gx, 1 —x)x%(1 — x)Pdx

(f 8a—1,-1 = /Tz dy f (x, ¥)dyg(x, y)x*dxdy,
+ 2 /01 e f(x, 0)dr g (x, 0)x“Tdx 4+ 11 0f(1,0)g(1,0)

(Fog)ott1 = /T ey f 6 e8I~ x — dxdy,
1 1
+ fo 0, f (x. 0)3xg(x, 0)dx + A fo 3, £(0, )3,8(0, y)dy

+ 210/ (1,0)8(1,0) + 40,1 £(0, g0, 1) + 20,0/ (0, 0)£(0, 0).

The first case can be deduced by taking limit y — —1 in the classical inner product with
respect to wy, g,y , as observed in [19]. Identifying the correct form of the inner product is
a major step. For d > 2, one needs to consider the lower dimensional faces of the simplex
T¢. Fortunately, restrictions of the polynomials in (11.9) remain orthogonal polynomials
on the faces.
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Besides those considered in [1], no other family of Sobolev orthogonal polynomials has
been studied on the simplex.

11.4. Sobolev orthogonal polynomials on product domain

On the product domain [ag, b1] X [a2, b2] of R2, define the product weight function
@ (x1, x2) = wi(x)wa(x2),

where w; is a weight function on [a;, b;] for i = 1, 2. With respect to @, we consider the
Sobolev inner product

(f.8)s :=/[ " V(. y)- Ve, y)o (x, y)dxdy + 1f (c1, c2)g(c1, ¢2),

where V f = (9, f, 9yg), A > 0 and (cy, ¢2) is a fixed point in R2.

A moment reflection shows that orthogonal polynomials with respect to this inner prod-
uct are no longer products as that of (11.1) in general. Two cases are considered in [43].
The first one is the product Laguerre weight for which

(fog)s = fo /0 VF(x, y) - Ve, we@ws(»)dxdy + a £(0, 0)g(0, 0),

where wy (x) = x%e™*. The Sobolev orthogonal polynomials are related to the polynomi-
als Q‘;"ﬁ defined by

0% (. y) = 08,00y with 02(x) = LW ) +nL, (),

where Z,(f) denotes the nth monic Laguerre polynomial. The polynomial Q% is monic and
it satisfies %Q?{(x) = anfi)l(x). For0 <k <n,let S:f’_i!k(x, y) = x"*yk 4 ... be the
monic Sobolev orthogonal polynomials of degree n. Define the column vectors

QP = (0P ... 0¢HT and SEP = (SgL. L sEE)T

> On,n

It was shown in [43] that there is a matrix B,,_; such that
Qf =S%f + B,iS),

and the matrix B,_; and the norm (SZ"S , Sﬁ’ﬁ )s can both be computed by one recursive
algorithm.

The above construction of orthogonal basis for the product domain works if w; and w;
are self-coherent. The case that both are the Gegenbauer weight functions was given as a
second example in [43].

11.5. Miscellaneous results

Sobolev orthogonal polynomials in two variables that satisfy second order partial differ-
ential equations are discussed in [66]. The paper, however, contains few concrete examples.
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In [52], a large family of commutative algebras of partial differential operators invariant
under rotations, called Krall-Jacobi algebra, is constructed and analyzed. The study leads
naturally to the Sobolev orthogonal polynomials with respect to an inner product on the
unit ball that involves spherical Laplacian.

For inner product that contains additional point evaluations of functions, as those dis-
cussed in Section 7, the Krall type construction of orthogonal polynomials can be extended
to several variables, as shown in [33]. The same holds true if the point evaluations involve
derivatives, see [35] for an example.

12. Orthogonal expansions in Sobolev orthogonal polynomials

Let {pn}n>0 be a system of orthogonal polynomials with respect to an inner product
(-, -). The Fourier orthogonal expansion of a function f in {p,},>0 is defined by

X ~ 1
fx) ;)fnpnu), fn—mmpn).

The nth partial sum S, f if defined by

Suf (¥) =Y fepk@) = (f. Kn(x. ),

k=0
where K, (-, -) is the reproducing kernel of the space of polynomials of degree at most n,
defined by

n

Ka(x, )=

= (Pk: P

Pi(x) p(y)-

The Fourier expansions in terms of classical orthogonal polynomials have been studied
extensively in the literature. One of the essential tools is the Christoffel-Darboux formula,
which gives a closed formula for the kernel K, (-, -). For Sobolev orthogonal polynomials,
however, the Christoffel-Darboux formula no longer holds, which impedes the study of the
Fourier expansion in Sobolev orthogonal polynomials through standard techniques. Indeed,
except one class of Sobolev orthogonal polynomials, little has been done in this direction.

The exceptional class is tied with applications in the spectral methods for solving
differential equations. Approximations using orthogonal expansions in Sobolev spaces
have been extensively studied by spectral methods community; see, for example, [23] and
numerous books (for example, [18,22,51]) on the subject, although Sobolev orthogonal
polynomials are not often used or used only implicitly. As an example of the exceptional
class, consider the inner product

1 s—1 )
o= [ OO0+ W+ f DL
: 2

The orthogonal polynomials with respect to this inner product have been used implicitly
in the spectral method; see, for example, [50,49,100]. The error estimate for the spectral
method requires estimating the error of polynomial approximation in the Sobolev space
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W3[—1, 1]. By subtracting a polynomial g € Il;_ that satisfies gV =gP(=1n=0
for j = 0,1,...,m — 1, we can assume that f vanishes on the boundary terms. Let
S, % f and SS denote the nth partial sum of the Fourier expansion of f in terms of

the Sobolev orthogonal polynomials and the Legendre polynomials P,EO’O), respectively.
It is not difficult to see that 3*S,*f = SU_,8* f, which implies that 3*(f — S,*) =
3% f — SO (8° f). Thus, the estimate for the highest order derivative in W5 follows from
the estimate of the derivative of f in the usual L? norm. The estimate that the spectral
method requires is of the form

If = pallwg <cn ™l fllwg. r=s.

where p, is a polynomial of degree n. Under the name of simultaneous approximation,
an inequality of this type has also been established in approximation theory for W, with
1 < p < oo; see, for example, [61]. Such results can also be established for the inner
product with the Jacobi weight function (see [100] and the references therein).

In the same spirit, spectral approximation on the unit ball was studied in [69], where the
Sobolev orthogonal polynomials associated with (11.7) play an essential role. In contrast
to one variable, we can no longer construct a polynomial g of low degree so that f — g
vanishes on the boundary and, as a result, the analysis in [69] is more involved.

Besides the above class, little has been established for Fourier expansions in other
Sobolev orthogonal polynomials. For the Legendre—Sobolev inner product

1 1
(fs &) =/1 f(x)g(x)dx +)»f 1 flxg' (xydx, r=0,

which is (3.1) and the first Sobolev inner product ever studied, it was observed in [55],
based on computational evidence, that the Fourier expansion in the Sobolev orthogonal
polynomials behaviors markedly better than the Fourier expansion in the Legendre toward
the end point of the interval. Similar phenomenon was also observed in later papers on
Sobolev orthogonal polynomials associated with measures that are coherent pairs, see [30]
and the references therein. It should be mentioned that computation of Sobolev orthogonal
polynomials is discussed in [44,46], where several algorithms are provided. From a
heuristic point of view, Sobolev orthogonal expansions should have a better approximation
behavior than ordinary orthogonal expansions, as the former requires more information
on the function being expanded. However, at the time of this writing, there has been no
theoretical result that either prove or quantify that this is indeed the case.

For approximation in Sobolev spaces, it is to be expected that one should use Sobolev
orthogonality instead of ordinary orthogonality. Given the amount of works that have been
carried out over years, it is surprising how little has been done on the Fourier expansions
in Sobolev orthogonal polynomials. As discussed in Section 2, the initial motivation
for studying Sobolev orthogonal polynomials came from the problem of least square
approximation in Sobolev spaces. We have gained substantial knowledge on the Sobolev
orthogonality, it is now time to go back to the beginning, studying the Fourier expansions
and approximation by polynomials in Sobolev spaces, and to find connections and apply
what we have learnt to solve problems in other fields. We end this survey with this call of
action.
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