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Abstract

Some identities due to Karlin and Szeg6 which provide a relationship
between determinants of classical orthogonal polynomials of Wronskian
and Hankel type are shown to be specializations of a general algebraic
identity between minors of a matrix.

Résumé

On montre que des familles d’identités découvertes par Karlin et
Szego, qui relient des Wronskiens et des déterminants de Hankel de
polynomes orthogonaux classiques, résultent par spécialisation d’une
identité algébrique générale entre mineurs d’une matrice.

1 Introduction
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denote the nth Legendre polynomlal. It was found some fifty years ago by
Turdn [29, 27] that for = €] — 1, 1] and all n > 0, there holds
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Turan’s inequality was soon generalized in several ways and there is today a
huge literature on Turdn type inequalities (see [1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 20,
23, 25, 26, 31] and references therein).



A major contribution to this topic was made by Karlin and Szegd [12], who
showed that for even [, the Hankel determinant

Qn(r)  Qnyr(x) - Quy1(z)
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Qnyi-1(z) Quu(z) -+ Quiz2()

has a constant sign for x € I in each of the following cases:

(i) Qu(z) = PW(x) (ultraspherical polynomials, which contain

n

Legendre polynomials for A = 1/2) and [ =] — 1, 1],
(ii) Qn(z) = LI¥(x) (Laguerre polynomials) and I =0, +o0],
(iii) Qn(z) = Hy(x) (Hermite polynomials) and I =] — oo, +00].
Their strategy was to express the determinant 7'({, n; z) in terms of the Wron-

skian of certain orthogonal polynomials of another class. For instance, in the
case of Legendre polynomials they proved that
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where Tj(u) is the Ith Tchebichev polynomial of the second kind,

u=—z(z®>—1)"Y2, T®(u) = —dk§Z£u) (5)

and
lll n121q

H21 " 2PHO : (6)

In each of the three cases (i) (ii) (111), Karlin and Szegd managed to find and
prove a similar formula, which allowed them to reduce their analysis to that
of the sign of a Wronskian determinant, which is easier.

Thus a kind of duality emerged between Hankel and Wronskian determi-
nants of classical orthogonal polynomials. However the proofs of Karlin and
Szego did not clearly show what in their formulas resulted from a general
algebraic transformation, and what in contrast was due to some particular
properties of the orthogonal polynomials under consideration. In trying to
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clarify this, we obtained a different derivation of the identities of Karlin and
Szegd, which consists of two steps:

Step 1. A completely general algebraic identity stating that a Wronskian of or-
thogonal polynomials is proportional to a Hankel determinant whose elements
form a new sequence of polynomials.

Step 2. The verification that in each case considered by Karlin and Szego, this
new sequence is, after change of variable and normalization, another class of
classical orthogonal polynomials.

To be more explicit, let us consider a sequence of arbitrary numbers a,,, n >
0. With this sequence are associated two classes of polynomials in the inde-
terminate u, defined by:

Qo ai Tt Up—
aq a9 tee Qp u
po(u) = : : : Fo (n >0), (7)
U1 Gy Agn—2  u"?
(N | Aop—1  U"
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Theorem 1 The following identity holds for all integer values of | and n,
[>1,n>1:

pl(u) pl+1(u) pl+n_1(u) Qn(u) %+1(U) Qn+l—1(u)
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where Cy,, 1s independent of w:

Qo a1 s Ap41-1
n—1 a a e a
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Now, as is well known (see [28], p.27), if

ap = /ab uFw(u) du 9)

is the kth moment of the weight function w on |a,b|, then p, is the nth or-
thogonal polynomial associated with w (up to normalization). Thus The-
orem 1 states that the Wronskian of n consecutive orthogonal polynomials



Dl .-+ Pien—1 i proportional to a [ x [ Hankel determinant of polynomials
Gns - - -y Qnioi—o defined in a simple way from the moments of the p;’s. In fact,
it is easy to see that the ¢,’s are given by the generating series

k b
> qr(w) % =e ™ / e w(x)dr . (10)
k>0 ! a
The proof of Theorem 1 will be obtained by application of a ‘master identity’
of Turnbull on minors of a matrix [30, 16].

Theorem 1 should be regarded as a limiting case of the well-known result of
Christoffel for the orthogonal polynomials associated with the weight function
(u—x1) - (u—x,)w(u) (see [28], p. 30). And indeed, one could also obtain
this Theorem by taking an appropriate limit in the formula given by Lascoux
and Shi He [14] for the Christoffel polynomials (see below, end of Section 3).

Assuming Theorem 1, the verification of the identities of Karlin and Szego is
therefore essentially reduced to the following algebraic property of the classical
polynomials, discovered by Burchnall [4].

Theorem 2 [4] Let Q,(x) denote one of the following classes of polynomials:
(1) Qu(x) = PV (x);  (ii) Qulz) = LY (2);  (iil) Qulz) = Ha().

Then we have
Qn() = A 9(2)" gn(u) (11)

where q,(u) is of the form (8), and in case (i):

—r (

1
_ p (.2 1/2 _ 2
)\TL - P( )(1)7 ¢(:C) - (:C _1) / y U= (1:2 - 1)1/27 a/Qp - (A_T_

1
A= L0), o) = —2, u=1/z, an= CE
and in case (iii):
—1)? (2p)!
)\n = (_2)%) (b(x) = 17 Uu=x, a2 = %7 Aop41 = 0.

Theorem 2 is rather straightforward to check, using the differential relation
satisfied by each class of polynomials. On the other hand, the differential
relation for general Jacobi polynomials does not allow to write them in the
form (11), which explains why there is no identity of the Karlin-Szegd type
for these polynomials. One may note that Burchnall had already observed
that Turdn’s inequality (2) follows directly from Theorem 2, as well as its
generalization to polynomials of the classes (i), (ii), (iii). He had also given
formula (12.1) of [12] for n =0, 1.

Using the results of Karlin and Szego on Wronskians of orthogonal poly-
nomials ([12], p.6) one deduces immediately from Theorem 1 the following
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Corollary 3 Let w be an arbitrary non-negative weight function on a real
interval |a, b|, and let q,(u) be defined by (10). Forl,n > 1, set

Gn (1) Gnpr(u) - Guri-1(u)
T(w;l,n;u) = qnﬁ(U) qw?(U) h qnﬁ(U)
Gnyi-1(¥)  Gui(w) - Guyar—2(u)

Then, if n is even, T'(w;1,n;u) keeps a constant sign for all real u, and if n is
odd, T(w;l,n;u) has exactly | real simple zeros strictly interlaced between the
I+ 1 zeros of T(w;l + 1,n;u).

By Theorem 1, when n = 1 the polynomial T'(w;l,1;u) is equal up to a
numerical factor to the Ith orthogonal polynomial p;(u) associated with w.
Thus Corollary 3 is a generalization of the well-known fact that p;(u) has [
real simple zeros interlaced between the zeros of p;1(u).

The paper is organized as follows. Section 2 provides some background
on determinantal identities. It also introduces the Schur function notation for
orthogonal polynomials, which is extremely convenient for handling formulas
such as Theorem 1. The proof of Theorem 1 is given in Section 3, and its
specialization to the Karlin-Szegé identities is considered in Section 4. To make
the paper self-contained, we have included a proof of Theorem 2. Section 5
gives examples of specializations of Theorem 1 to other classes of polynomials,
like Euler polynomials or Bernoulli polynomials. Finally, Section 6 discusses
another family of identities of Karlin and Szegé also contained in [12].

2 Determinantal identities and Schur functions

We begin by reviewing briefly the notation of [16] for minor identities, which is
a variant of Turnbull’s dot notation (see [30], p.27). Let M be a n x p matrix
with p > n, and a,b,...,c be n column vectors of M. The maximal minor
of M taken on these n columns is denoted by either a bracket or a one line

tableau:
abd =[5 el

A product of k£ minors of M is designated by a k x n tableau. Thus for k£ = 3,
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To denote alternating sums of products of minors, we use tableaux with boxes
enclosing certain vectors. Let T be a k x n tableau and A a subset of elements
of T'. Write ¢, for the number of elements of A lying in the jth row of T'. The



tableau 7 obtained from T by boxing all elements of A will be used to denote

the sum
1

T=—— > sgn(o)o(T), (12)
ip! !
aeB(A)

where o(T') is the tableau in which the elements of A are permuted by o.
Due to the skew-symmetry of (a,b,...,c) — [ab---c|, if 0 permutes between
themselves the elements of A lying in the jth row for all j, then clearly
sgn (o) o(T) = T. Such permutations o form a Young subgroup &7 of &(A)
of cardinality ;! - - -iz!. Hence (12) may be rewritten as

T= Z sgn (o) o(T), (13)

where o ranges now over a set of representatives of the left cosets of & in
6(A). For example,

@I@C_ac
de'df

We can now state Turnbull’s identity (see [30], p. 48 and [16]).

b /b e a [ ¢
e d e e

a c
d bl

C
a

Theorem 4 Let 7 be a p X n tableau with set of enclosed elements A of cardi-
nality < n. Let R be one of the rows of T' and denote by B the set of elements
of R which are not enclosed. Form a new tableau v by (i) exchanging the el-
ements of A which do not belong to R with elements of B; (ii) removing the
bozes of the elements of A; (iii) boxing the elements of A; then,

T=v.
Taking for instance

@ a [ v 0 ¢

7 =|[b] f g h i

d j k1 m o

and choosing for R the first row, we have A = {a,b,c,d}, B = {«, 3,7,9,¢},
and we obtain

@ a [ v o0 ¢ a b c d [0 @
r=|bl @ f g h il=l@ B f g h il=v.
d 7 kK I m o |m j kK I m o

Note that here 7 represents a sum of 12 products of minors, whereas v stands
for a sum of 30 products. It has been shown in [16] that many classical deter-
minantal identities are easily obtained as simple specializations of Theorem 4.
Such identities would become quite cumbersome to state if one did not use a
convenient system of notation showing clearly what are the transformations
being performed.



Similarly, as explained by Lascoux in [13], the Schur function approach to
orthogonal polynomials simplifies greatly the algebraic aspects of this subject.
Recall that the complete homogeneous symmetric functions S;(E) of a set £
of indeterminates are defined via the generating series

1
1—te’

o(E,t) =Y Si(E)t'=1]]

1>0 eckl

(14)

In particular So(F) = 1. We decide that for i < 0, S;(E) = 0. If F'is a
second set of indeterminates, we define the formal sum and difference £ + F
and £ — F' by

o(E+F,t) = o(E,t)o(F,t), (15)
_ o(B)
o(E—F,t) = SF0) (16)

As an example, consider the case when FE consists of only one variable E' = {z},
and F' of n variables. We have

o(e — F 1) = Lerld = H) [Ta—tf) > tha*

L —tx fer k>0

so that
Sp(z —F) =[] (z - f)
fer
is the monic polynomial with set of roots F.

An important idea, extensively used by Littlewood (see [15], chap. 7), is
that any sequence ap, £ > 1 of elements of a commutative ring R can be
regarded as the sequence of complete symmetric functions of a fictitious set of
variables F:

Indeed it is well known that the Sy form a set of algebraically independent gen-
erators of the ring of symmetric functions (see [19]), and thus one can always
define a homomorphism from this ring to R by assigning Sy — Si(E) := a;. Of
course this is very formal, but it allows to understand that certain identities,
between orthogonal polynomials for instance, arise naturally as specializations
of identities at the level of symmetric functions. An example of this phe-
nomenon was given in [17] where a conjecture of Favreau for the computation
of the linearization coefficients of Bessel polynomials was shown to result from
a known formula for multiplying two staircase Schur functions.

In the sequel the notation Sy(E) will therefore indicate nothing but a cer-
tain specialization of the ring of symmetric functions. In this context, it is
customary to call E an alphabet. A set of indeterminates is regarded as a
particular case of alphabet by means of (14). The symmetric functions of a
sum F + F or a difference £ — F of alphabets are defined via (15) and (16).



Given n alphabets Fi, ..., F, and a sequence I = (iy,...,4,) of integers,
define the (multi) Schur function

S](El, Ce ,En) = det[Sil+l—k(El)]1§k,l§n . (17)

We shall often use the exponential notation for sequences I with repeated
parts, and write [ = (i7"%452 - --7"") to indicate the sequence with m; terms
equal to 71, mo terms equal to i and so on.

As recalled in Section 1, orthogonal polynomials have a determinantal ex-
pression which can be seen as a particular instance of Schur function. Indeed,

putting

Sp(F) = Zlg, ay = /abukw(u) du
we see that
Sp(E)  Spri(E) -+ Sy (E)  u”
Sp1(E)  Su(E) -+ Sy o(E) u!
Sten) (L Eiu) =1 : : : (18)
Si(E)  S(E) - Su(E) w
So(E)  Su(E) - Spa(E) 1

is up to a scalar the nth orthogonal polynomial associated with the weight
function w. Here, we consider the single variable u as a particular alphabet by

defining
. 1 .
o(ut) =Y Si(u)t' = i > u't'.

120 >0

By subtraction of rows in this determinant we arrive at the following more
symmetric expression:

Sp(E—u)  Sppi(E—u) -+ Sopq1(F —u)

Sn_lE—’lL SnE—U SQn_gE—U
ol By = |FETY SE (B

S1(E —u) So(E—u) -+ Su(E—u)

= Sem(E—u,....,E—u).
This is now an ordinary Schur function (i.e. depending on a single alphabet
E — u) that we denote more concisely by S(,n)(E — u).
The formula Spno)(E, ..., E,u) = Sy (E — u) is in fact a special case of
a very useful lemma going back to Jacobi (see [11], p.371).

Lemma 5 Let F' be an alphabet such that S.(—F) =0 for k > m. Then

S; (Ey — F) oo Sy a1 (E,— F)
_ Si1fn+m+1 (El - F) s Sin+m<En - F)
SI(El’ Y En) N Sz'lfner(El) cee Sin+m71<En>
Sy (E1) . S; (E,)
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Indeed, we have Si(E;—F) = Sp(E;)+Sk—1(E;)S1(—F)+.. . 4+51(E;)Sk—1(—F)+
Si(—F). Thus, since Si(—F) = 0 for k > m, the determinant of the right-hand
side is obtained from that of the left-hand side by adding to each of the first
n —m rows a linear combination of the next m rows.

Note that if F'is a set of m indeterminates, then it satisfies the condition
Si(—F) = 0 for k > m, since by definition

S S(-F)ti = T[(-tf).

i>0 feF

Finally, as a further example of this alphabet notation, let us consider again
the alphabet u consisting of the single variable u. Iterating (15), we define a
new alphabet nu:=u+---+u by

1

> Si(nu)t’ = o(u, )" = (1 —tu)”

>0

so that Sy(nu) = ("H]jfl)uk. Similarly, we set

ZSi(—nu) thi=o(u,t)™" = (1 — tu)",

n

which gives Si(—nu) = (k

E:

)(—u)k Now one can write for an arbitrary alphabet

&AE——nw==§?SAED<Z>&4O”*, (19)

in which we recognize the polynomial ¢, (u) of (8) with Sk(F) = ax/ao.

3 Proof of Theorem 1

Let E be an arbitrary alphabet. We put

m—+1

(@) = (=) Sy (B = u) = (~1)(") Sy (B, ..., B, ),
gm(u) = Sy (E—mu).

We first remark that

Qn+l—1(u) Qn-i-l(u) c Qnyar—a(u)

qn+l—2(u) qn+l—1(u) te qn+21—3(u)
= S(nti—1y)(E — nu). (20)

Qn(u> gn+1 (U) e Qn+l—l<u)

Indeed, since all the terms of the sequence I = ((n + 1 — 1)!) are equal, we
can use repeatedly Lemma 5 both in the rows and in the columns of the Schur
function S((,44-1y1)(£ — nu) and subtract the alphabet ku in the (k + 1)th
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column and the (I — k)th row to get the determinant in the left-hand side of

(20).
Denoting by Wr (fi(u), . .., fi(u)) the Wronskian of the functions f;(u), 1 <
J <k, we deduce from Section 2 that the formula to be proved can be rewritten

as
Wr (Saiy(E—u), ..o, S(rn—1ypen-1(E—u)) = Cin(E) S(rn-1y(E—nu), (21)

where

Crn(E) = (—1)(2) :H kLS (tak1yin) (E) - (22)

Let us introduce the (I +n) x (I + 3n — 2) matrix

dnflulJrnfl e

r l+n—1 dultn—1
1 0 ... 0 SH_n_l Sl+n N 52l+2n_3 u tn UT e dur—1
1 _92 d I+n—2 dn—l l+n—2
01 ... 0 Sin-2 Sign-1 - Supon—a u™ o . e
141 dul+1 dn—lul+l
0 0 ... 1 Sl—‘rl Sl+2 ce 82l+n_1 u + du . dur—1
l du! dr !
0O 0 ... 0 Sl Sl+1 e SQH_n_Q u du oo durn—1
0O 0 ... 0 Sl SQ e Sl—l—n—l u 1 0
00 ... 0 S Sy ... Sino 1 0o ... 0o |

where Sy is short for Si(E). The column vectors of this matrix will be denoted
from left to right by:

/ n—1
1,2,...,n—1,00,01,...,Jl+n_2,u,u,...7u( ).

Using the notation of Section 2, the left-hand side of (21) is written as

[12...n—10og0y...01u]  [12...n— 20407 ...01] ... (00 ... 01 4n_ou]

[12...n—1ogoy...0110] [12...n—20¢0;...000] ... (00 ... Opin_oU]

[1..n—10g...00u®™ Y] [1...n—20q...00®™ V] ... [0g...00m_ou®Y)]
1 2 ... n—-2 n—-1 o9y o1 ... O7-1
1 2 ... n—2 0o 01 09 o
1 oy ... oy A | u(r—2)
oop O1 ... B o IS u-1
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Now using the transformation of Theorem 4 with R being the last row, this
tableau is equal to

1 2 ... n—1 n—-1 o9y o4 ... 011
2 ... n—2 0o oy O3 ... o] 11
1 o) cee e v Ol4p—1 Ol4+n—2
/ n—2 n—1
P oy R U PR | (G B (e
1 2 ... n—-1 n—-1 o0y o017 ... 0 oy
1 2 ... n—2 o oy 09 ... oy o141
1 og ... e vee vvew Olgp—1 Ol4n—2
oo O1 ... ... o-1 u u ... u®? b

Note that all boxes have been deleted in the second tableau because all the
other permutations of the letters enclosed give rise to tableaux with two equal
letters on some row, which are therefore equal to zero in view of the skew-
symmetry of the determinant. Thus, we have rewritten the Wronskian of (21)
as a product of n determinants, where only the last one depends on the variable
u. Explicitly, we have obtained that the left-hand side of (21) is equal to

Sy (E) Sarayrzy (E) -+ S(n—2yrsn-1) (E) A(u)

where
Stin1(E)  Spn(BE) ... Syyno(E) wttrmt Tl dwT
Stin-2(E)  Sipn-1(E) ... Syyng(E) w2 doTE o dwrE
Alu) = : : : : : :
S\ (E) Sy(E) ... S(E) u 1. 0
So(E) SI(E) ... S_4(E) 1 0o ... 0

Now, noting that

k., m
gy <m> umF = k1 Sy ((k + D) |

du k
we have
Sin1(E) ... Swpno(E) Sina(w) ... Sinu)
Afu) =112! -+ (n—1)! : : : :
So(E) ... Sii(BE) So(w) ... S_ppi(nu)
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Finally, using Lemma 5 to subtract the alphabet nu in the [ first rows of this
last determinant, we see that it reduces to

Stin—1(E —nu) ... Soyino(E —nu) 0 . 0 0
Sp(E '— nu) : SHn_l(E — nu) 0 . 0 0
Sn—1(E) e Siin—o(F) Sp—1(w) ... Si((n—1)u) 1
Sn_Q(E) ce Sl+n—3(E) Sn_g(u) cen 1 0
So(.E) e Szf;(E) 1 . 0 0

Siin_1(E—nu) ... SoynoE —nu)

Sn(E — nu) coo Siin-1(E —nu)

so that .
A(u) = (=1)E) 1120 - (0 = 1) Sy (B — nu),

as required. This finishes the proof of Theorem 1.

We end this section by noting the closely related expression given by Las-
coux and Shi He [14] of the Christoffel polynomials

Vi = det[S(ppimry+i-n (B — fi)li<ij<n

where F' = {fi,..., fn} is a set of n indeterminates (see [28], p.30). Lascoux
and Shi He found that

V=TI (fi=fi) TI Swsi—r)(E) Siaan—1y(E —F). (23)

1<ij<n 1<j<n—1

Theorem 1 may be regarded as the limiting case f; — u of (23). Indeed, 9,, is
clearly skew-symmetric in the f;, and therefore is divisible by the Vandermonde
determinant [[;; ;j<,(fi — f;). The quotient may be expressed as a discrete
Wronskian, that is, a Wronskian determinant where derivatives are replaced
by divided differences. Once this division is performed, one can actually pass
to the limit f; — w and recover the usual Wronskian of Theorem 1.

4 Specialization to classical orthogonal poly-
nomials

In the derivation of the Karlin-Szego identities, the following lemma, which
follows immediately from (19), will be used.

12



Lemma 6 A sequence of functions fi(u) is of the form
fr(u) = Sp(E — ku), (k>0)
for a certain alphabet E, if and only if fo =1 and

dfflifﬁ = —kfia(w), (k>1).

In this case, the alphabet E is specified by Sp(E) = fi(0).

4.1 Ultraspherical polynomials
Let

L&)
PO@) = 3 (1) (k mmA A= 1) (k - m) () (24

o k—m m
denote the kth ultraspherical polynomial with parameter A > —1/2 (see [28],
(4.7.31)). (For A = 0, the right-hand side of (24) is 0, but limy_o PV (z) =
2 Ty(x) and the subsequent formulas remain valid provided Pék)(x) is replaced
by this limit [28], (4.7.8).) We put

A
i P (@)

filu) = (2% = 1)

pM(1)
where u = —x (22 — 1)7%/2. Then,
dilw) _ d [ o yupB @] do
du dx pk(*)(l) du
PO PO
_ (IL’2 o 1)—(k—1)/2 (12 N 1)i k()\)(x) ~kr k(/\)(x) ‘
dr \ BV (1) P

Now, using the classical differential relation ([28], (4.7.27))

Cad (PP PP P (@)
(1—27) ™ = R m s TR o m
dz \ PV (1) PNy P (1)

k-1 1

we obtain

dfe(w) -2 BO@)
Zu _ —k?(iEQ _ 1) (k—1)/2 Pi(i)i(l) = —k fk_l(u).

Thus, by Lemma 6, fi(u) = Sp(Uy — ku) for the alphabet U, specified by

(L) o
Sk<ux>:fk<0>=<—1>’“/QP"EA)(O)z A+ 3 =2t (25)

™
R 0 ifk=20+1,

13



where we have used Pochammer’s symbol (a),, ;= a(a+1)---(a+n—1). Thus,
Theorem 2 is verified in case (i). It follows that

A
P 7§+)z‘+j (z)

det
)
P, 75+)i+j (1)

= det {(352 - 1)(n+i+j)/2 Sntivj(Un = (n+i+ j)u)}ogz',jsl—l

} 0<i,j<i—1
= (2% = )TV et [Sppag (Un — (n 4+ + Dw)lo<i j<i-1
= (—1)@(9{:2 — I HENRG (U — n)

On the other hand, the moments of the weight function

wy(u) = (1 — u?)2, (—-l<u<l)

associated with the polynomials P™ (u) are readily computed, and one finds

1
J1 uFwy (u)du { (/\(i)ll) if k=2,
il = l
Joywa(u)du 0 k=20 +1.

Thus, comparing with (25), we have

fil uk wy (u)du
Lll wy (u)du

= Sk(Unt1/2) - (26)

Note the shift A — X + 1/2 which explains in particular the relationship
between Legendre and Tchebichev polynomials expressed by (4). It follows
from (26) that the Schur function Syn) (U — u) is equal up to a numerical
factor to P~1/2)(u). Therefore, applying Theorem 1 we find that

A
P (@)

det
)
P, T(L+)i+j(1)

= AL (@ =) VP W (B (), P (),

n +n—1

} 0<i,j<i—1

where Al();) is a constant depending only on [, n and A. By (22), to evaluate this
constant it remains to compute the specialized Schur functions S,m+1)(Uy).
We omit this calculation and only mention that it may be done using the
following result of Saalschiitz [22]:

Lemma 7 Write 2m + 1)!l = (2m+1)(2m —1)...3.1. Then

(2k + )N (a); (2k — 1)!! cor (@)po1 (2(k —n) + 3)!
(2k + 3)! (@+ 1)1 (2k + D! coe (a+1)p—1(2(k —n) + 5!
(2(k+7'1)—1)!! (a+n—1)1(é(k+n)—3)!! (a—l—n—l)n'_l (2k + 3)!

= (2(k—a)+1)" 20k —a)—1)""2 - (2(k—a—n)+5) (2k+1)!1 - - (2(k—n)+3)!

This completes our derivation of the identity of Karlin and Szego for ultras-
pherical polynomials ([12], (14.1)).
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4.2 Laguerre polynomials
The (generalized) Laguerre polynomials are given by ([28], (5.1.6))
k
) m E+al 1 m
= —1 — . 27
0= () @

Defining £, by

Sm(La) = 0+ a) (m >0) (28)
we obtain easily that
L) e
L)~ (o) SilLa = k) (29)

where u = 1/x.
On the other hand, the moments of the weight function

we(u) = %", (x > 0)
are given by

o uF wg (u)du
O—i_C>O we (u)du
It follows by a simple calculation that the polynomial S(,m)(Ls — u) is equal

up to a numerical factor to ™™ L™ (—z), and thus, by application of
Theorem 1, we obtain

Lilojgl+] (l’) (a) l(n+l71)
det o R~ = Bz Wr (N(u), ..o A1 (1))
LTL+Z+](O) 0<i ]<l 1

where
Ap(u) == u? Ll(fo"2p)(—u’1) :

The value of Bl(f:l) may be calculated from (22) and the easily checked formula:

"3
m 2 k;l
S(mm+l H 1 + a)

and this completes our derivation of the identity of Karlin and Szego for La-
guerre polynomials ([12], (16.1)).

4.3 Hermite polynomials

The Hermite polynomials are given by ([28], (5.5.4))

15)
Hy(z) = k! ZO(—W"W (2x)F2m (30)



Setting

(=)t 20! e
Sm(H) =1{ 221! ifm =21, (31)
0 it m=20+1,
we obtain immediately that
H
GO (32)

On the other hand, the moments of the weight function
w(z) =e™ | (x € R)

are easily found to be

210)!
[0k w(x)d (20) if k=2,
00 = { 221y

“oo W(2)dw 0 ifk=20+1,

This implies, by application of Theorem 1, that

Hn-i-i-i-j (.23)
det [(_Q)w

= B, Wr (H(vV—12),..., Hn 1 (vV—12)), (33)

]o<i,j<11

where £, is given by

l+n 1
B = 51 onri-n—my/2 in K
In HH—n 1 k‘

Note that (33) is not the formula (18.1) of [12]. Indeed, the formula of Karlin
and Szego, which is simpler, involves a Wronskian and a Hankel determinant
of the same order n, and is thus of a different type.

5 Miscellaneous examples

Ezxample 1. Let us consider the polynomial

which for x = 1 gives the number of permutations in &, without fixed point.
We have
di(x) = 2 Si(D — ku),

where u = 1/x and S,,,(D) = m!. The Hankel determinant S(,,,m+1)(D) is easily
found to be

Sty (D) = (~ 1)1 (H k!) |

16



and by Theorem 1, we get

det [dtiv; ($)]0§i,j§l—1

l I4+n—1
= (—1)n(n+D/2 1% II # DD\ (L (w), ... Ly (1))

k=1 k=n

where u = 1/x and L,,(u) = L9 (u) is the (ordinary) Laguerre polynomial.

Ezample 2. Let E,(z) denote the nth Euler polynomial defined via the gen-

erating series
2et”

et +1°

IPACEE

n>0

Then, we have
E () =2" Y E, (”) (20 — 1",
k=0 k

where Ej, = 2¥FE},(1/2) is the kth Euler number. (Note that Ey,; = 0). Thus,
putting
Sk(€) = By,

we have E,(z) = 27" 5,(€ —nu), with u = 1 — 2.

The calculation of the orthogonal polynomials Sg,n) (€ — ) is known to be
equivalent to the determination of the (formal) continued fraction expansion
of the associated power series Y5 S,(€)2". But this continued fraction has
been computed by Stieltjes [24], who found that

—n—1 o e_Ut 1
S Euu :/ dt = (34)
n20 0 cht u+ !
N 4
U
N 9
U
16
U+
u _|_ P
It follows that
n—1 2 5]
Sy (€ —u) = (=1)" (H k!) " (35)
k=1 1=0
where
O = SRR k? (3)

the sum running over all integer sequences (k;)1<i<; satisfying

1§/€1<n, k’l+1—k122 (37)
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Therefore the specialization of Theorem 1 to the sequence of Euler polyno-
mials reads

det [En+i+j (x)]0§i7j§l—1 = Fin Wr (mi(u), ..., Tgn-1(u)) (38)
h
e (1) EHE-D/2(1191 < (1 — 1)1)2

Fon = 0w o1y (39)

and )

Fl
T (W) = Om um (40)

k=0

is the denominator of the mth partial fraction of (34).

Ezxample 3. Let B, (z) denote the nth Bernoulli polynomial defined via the
generating series
" tet*

nl et—1"

> Bu()

n>0

Then, we have
B,(x) = Z By, " "k
k=0 k

where By = By(0) is the kth Bernoulli number. (Note that By = 0 for
[ > 1). Thus, putting

we have B, (z) = S,(B — nu), with u = —z.
The calculation of the orthogonal polynomials S, (B —u) is equivalent to

the continued fraction expansion of 3, S, (B)2" which has been obtained by
Rogers [21]:

ZBnufnfl — /oo
0

te—ut S ye—(1+2u)y
Fdt =2 /0 ve Ty

n>0 € shy
_ 2
4
1+ 2u+ !
o
3(1 4 2u) +
34
5(1 + 2u) +
44
7(1+2u) +
9(1+ 2u) + - --
(41)
It follows that
Sy (B — ) = (=1)" S(n-1)n)(B) pn(u + 1/2) (42)

18



where

1 n—1 ]{3‘4 \.%J ol
S n—1)n (B) = n ‘ 9 (Pn(w) - Tl,TL wn_ )
= dﬁen—nugg@k—ww >

(43)
and ” y
l

n : 5 44

Tl =1 > 2k — D2k + 1) 2k —1)(2k + 1) (44)

the sum running over all integer sequences (k;)1<;<; satisfying

Therefore the specialization of Theorem 1 to the sequence of Bernoulli
polynomials reads

1 1
det [Brtirs(@)]ogijei1 = Gin W (@l (5 - 96) y ooy Plin-1 (5 - x)) , (46)
where
(_1)nl+l(l—1)/2 1:[ 1 (
Gin = 47)
4120 (n =121 = 1N ]—1”2

6 A transformation of alphabets

There are other formulas in [12], Section 28 which suggest an algebraic ap-
proach. They can all be deduced from the following general

Proposition 8 Let E be an arbitrary alphabet. Define for r > 1

SI(E —lu) cor Sy (E— (21— 1)u) Sr(E = (r+Du)
Si(E—=({0—=1Du) -+ Sy o B—20—=2)u) S 1(E—(r+1—1)u)
Air(u) = : . : :
So(E) e Si(BE = (1= 1) Sp(E — ru)

Then, we have

r

AM(U) = (l) S(HJA)(E) Sr_l<dlE - (T’ - l)u) s (48)

where the alphabet diE is defined from the alphabet E by

St +my) (F)
(l-"—lm) S(ll+1) (E)

Sp(dE) = : (m >0).
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The proof of Proposition 8 is elementary. First, by several applications of
Lemma 5, one can write

Alﬂ.(u) = S(llr)(E, ceey E, E — TU) .

Then, one uses (19) to rewrite this determinant as a sum and obtain the right-
hand side of (48).

Taking this into account, the formulas of Section 28 of [12] for determinants
of the type A;,(u) whose elements are orthogonal polynomials of the classes
(i) (ii) (iii) of Theorem 2, are equivalent to the following properties of the
alphabets Uy, £, and H associated with these polynomials (see Section 4):

dUy =Uny, dily=Laro, dH=H. (49)

We believe that these properties, which represent nontrivial evaluations of
certain determinants, are to be added to the remarkable algebraic properties
of the classical polynomials discovered by Burchnall and recalled in Theorem 2.
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