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Abstract:

In this article we present new results for families of orthogonal polynomials and special functions,
that are determined by algorithmical approaches.

In the first section, we present new results, especially for discrete families of orthogonal polyno-
mials, obtained by an application of the celebrated Zeilberger algorithm.

Next, we present algorithms for holonomic families f(n,x) of special functions which possess a
derivative rule. We call those families admissible. A family f(n,xz) is holonomic if it satisfies
a holonomic recurrence equation with respect to n, and a holonomic differential equation with
respect to x, i. e. linear homogeneous equations with polynomial coefficients.

The rather rigid property of admissibility has many interesting consequences, that can be used
to generate and verify identities for these functions by linear algebra techniques. On the other
hand, many families of special functions, in particular families of orthogonal polynomials, are
admissible. We moreover present a method that generates the derivative rule from the holonomic
representation of a holonomic family.

As examples, we find new identities for the Jacobi polynomials and for the Whittaker functions,
and for families of discrete orthogonal polynomials by the given approach.

Finally, we present representations for the parameter derivatives of the Gegenbauer and the
generalized Laguerre polynomials.

1 Holonomic Functions

Let K|[n, z] denote the polynomial ring over K in the variables n and z, and IK(n, x) the field
of rational functions over IK where IK is one of QQ, R, or C.

Many special functions can be looked at from the following point of view: They represent
functions f(n,z) of one “discrete” variable n € Z, and one “continuous” variable z € I where
I represents a real interval, either finite I = [a, b], infinite (I = [a, ), [ = (—o0,al, or [ = R),
or a subset of the complex plane C. In the given situation we may speak of the family (f,),c7
of functions f,(z) := f(n,x).

Such a family is called a holonomic system if f,(z) satisfies a holonomic recurrence equation
with respect to n, i. e. a linear homogeneous recurrence equation

S e (n,) fuule) = 0 W
k=0

with polynomial coefficients p, € IK[n, z], and if it furthermore satisfies a holonomic differential
equation with respect to x, i. e. a linear homogeneous differential equation

> av(n,z) [P (z) =0
k=0



with polynomial coefficients ¢, € Kin, z].
As an example, the Legendre polynomials f,(z) = P, (x) satisfy the holonomic recurrence
equation

nfn(x)+ (1 =2n)xfr_1(z)+ (n—1) fn_a(z) =0, (2)

and the holonomic differential equation

(a? = 1) f/(z) + 22y (x) = n(1+n) fu(z) = 0. 3)

Therefore they represent a holonomic system completely determined by the two holonomic
equations, and the initial values

fo(0)=1, f1(0)=0,  f0)=0, f(0)=1.

In recent work, Zeilberger [32] introduced holonomic systems (in a more general setting) and
showed how by an elimination process the holonomic equations can be used to verify identities
for holonomic systems. We will give a rigorous introduction to this approach in § 8.

In [33]-[34], Zeilberger published an algorithm which calculates the holonomic recurrence
equation for functions ¥(n) given as infinite sums

S(n) =Y F(n,k)
keZ
for which F(n, k) is a hypergeometric term with respect to both n and k, i. e.

F(n, k) F(n, k)
Fn—1,k) > F(n,k—1)

€ K(n, k)

are rational functions with respect to both n and k, n is assumed to be an integer, and the
sum is to be taken over all integers k € Z. For a rigorous description of Zeilberger’s algorithm,
see [18].

Typical examples to which Zeilberger’s algorithm applies are given by generalized hypergeo-
metric functions ,F

ai as e a

F p

pq(bl by -+ by

(o) = r ﬁ;:)k) denoting the Pochhammer symbol or shifted factorial, with upper and lower
parameters ag, and by that are integer-linear in n.

In [13], an extension of Zeilberger’s algorithm was given covering generalized hypergeometric

functions with rational-linear parameters. Many examples are considered in [13].
An application of Zeilberger’s algorithm to the hypergeometric representation

1;x> _ i (—n)klsg—l—l)k (1;x>k

k=0

N ok = — (a1)r - (a2)r -~ (ap)k o
éU) '_kz::oAk _,;)(bl)k'(bQ)k"'(bq)kk! ’

—-n, n+1
1

Py(x) = 2F1<

of the Legendre polynomials ([1], (22.5.48)) yields (2), again.

As soon as a hypergeometric representation is known, the holonomic recurrence equation—
often being a three term recurrence equation, see e. g. [1]—of any family of special functions
can be obtained.



In some instances, however, those holonomic recurrence equations are not known. This is
the case, e. g., for the Whittaker functions M, ,,,(z) and W), ,(z) (see e. g. [1], § 13.4) with
respect to their second parameter m, and for some families of discrete orthogonal polynomials
(see [22]): the Krawtchouk polynomials kP (z, N), the Hahn type polynomials Rles )(J), N),
the discrete Chebyshev polynomials ¢, (x, N), the Meixner polynomials mH (z), the discrete
Laguerre polynomials i ’a)(x) ([19]-[20], see e. g. [6], § 3.1) and the Charlier polynomials
cﬁ{‘ ) (z). The next theorem states these results, and we give f,41 in terms of f,, and f,_;.

Theorem 1 The Whittaker functions M, ,,,(z) satisfy the holonomic recurrence equation

(14 2m)m(4m? — 1 — 2nz)(m + 1)
z(2m—1)(2n+ 1+ 2m)(2n — 1 — 2m)
(m + 1)m(1 + 2m)?
(2n+142m)(2n—1—2m)

My msi(x) = 16

My () —

n,m—1 (.I')

with respect to the parameter m.
The Whittaker functions W,, ., (x) satisfy the holonomic recurrence equation

4m(4m? — 2nz — 1)
(2m—1)(2m+1—2n)

(I1+2m)(2m+2n— 1)z
(2m—1)2m+1—2n)

Wn,m—f—l(x) = Wn,m(x) + Wn,m—l(x) (4)
with respect to the parameter m.

The Krawtchouk polynomials kﬁf )(J}, N) satisfy the holonomic recurrence equations

1-n+N)(p—1) —n+2np— Np+x

(p) _ P, (p)

N) = N N
kn—l—l(x? ) 1 +n kn—l(xv )+ 1 +n kn (.I', ) )

N -z n—1-2N+p+Np+zx
k() N+1) = k() N —1 k() N,
S@ND = gt @ NVt T - @)
-1z n— Np—x+ 2px

EP)(z+1,N) = Lk;ﬁlp) xr—1,N)+ kP (2, N

LN = g b T Ty e

with respect to the parameters n, N, and x, respectively.
The Hahn type polynomials hg{l’ﬁ )(J}, N) satisfy the holonomic recurrence equations

(@,8) _(=N+n)n+a)(B+n)(a+2n+2+B)(n+a+ B+ N) (ap)
(e )= O+ Dt 1+ a+t Bat 2t 5) o (e )

(2n—|—4nxﬁ—|—4xna—|—ﬁ—|—a—aNﬁ—QnNﬁ—l—xo?—naQ+ﬁ2—Nﬁ—2Nn+2xﬁ+4xn+3nﬁ+

2n’— 2Nn2—|—4xn2—|—n2ﬁ—om2—Nﬁ2—|—xﬁ2—|—nﬁ2—|—na—2aNn—|—2axﬁ—|—aﬁ—|—2xa—aN) .

(1+2n+p+a)

(0:8) (4
(n+1)(n+1+a+ﬁ)(a+2n+ﬁ)h”ﬁ( ), (5)

(a+n)(a+B+n+N)
1+a+pB+n)(—a—N+z)
a+2a?+2aB+3an+Bn+n+N+2aN+BN+2nN — (1+a+[+2n)
l+a+B8+n)(—a—N+zx)

Bt (@, N) = B (@, N) —

“nled) (@, N,



(B+n)(a+B+n+N)
I+a+p+n)(1+5+2)
14+a+26+2a8+202+2n+an+3Bn+n?+ BN+ (1+a+5+2n)
I+a+p+n)(1+5+2)

e (@, N) = - e (a, N) +

bl (z, N),

a+B+n+N)N—1-2z)
(N—n)(—aa— N +x)
(a+pB+n+an+pBn+n?+N—2aN — BN —2N?+ (a+[+2N)z

WP (z, N+ 1) = ( R (2, N — 1) +

(B8) (0 N
(N —m(—a-N+2) e,
(QVB) — x(_Oé — N + :L‘) (QVB) —1 N .
2_ N — — —
I+B+n+an+pn+n —N—-BN+2—-a+p 2N)x+2l2h£laﬁ)(x7]\r)

(N—-1—-2z)1+8+=x)
with respect to the parameters n, «, 8, N, and x, respectively.
The Meixner polynomials mﬁf”“ ) (z) satisfy the holonomic recurrence equations

1—~— —
(1—» n)nmgﬁq)(x)_'_vu—i—n%—un x—i—uwmy’“)(x)’

(7,1)
m T =
n+1 ( )

-1 1-2 — —
mﬁ;’“’“) () +v+n (=1 () + Y+ —n+pun —x+ px

m (),

(=) +z) " (h—=1)(y+ )
(7:1) — v (7:1) JHZNTHRT LT LT (y,0)
my""(x+1) = my, " (r—1) + m,,"" (x
( ) u(y + ) ( ) p(y + ) (@)

with respect to the parameters n,~y, and x, respectively.
The discrete Laguerre polynomials lgf ’a)(x) satisfy the holonomic recurrence equations

(pa) __atn (pa) l+n+ap+np—x+px (,q
ln—l—l (J)) - 1 +n ln—l (J)) + 1 +n ln (J)) )
(pya+1) a+n (pra—1) —2a—n—|—ozp—|—np—x+pxl(p7a)
L R K P | ) R
11—z —1l—-n4+ap+np+z+pzx
1P (4 1) = —— = [Pa)p 1)+ 1(pscx)
P = e ) pra (P a)

with respect to the parameters n, o, and z, respectively.
The Charlier polynomials cﬁ{‘ ) (z) satisfy the holonomic recurrence equations

_|__
Gh() = @)+ )
Wz +1) = _E#%x—n+ﬁ1%if#%@

with respect to the parameters n, and x, respectively.

Proof:  Zeilberger’s algorithm generates the results when applied to the hypergeometric rep-
resentations

1/24+m—n )

T

anm(g;) = e—w/Q x1/2+m 1F1< o
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([1], (13.1.32)),

([22], (2.7.11a)),

hgla’ﬂ)(w,N) = 3F2<

(compare [22], (2.7.19)),

mG (@) = (1), - F<

(see e. g. [7], 10.24 (9), [22], (2.7.13)),

—z+1
a+1

lﬁlpva)(x) = % mgll—"a’p)(x - 1) == p_'

“n,
1+ a)y- 2F1<

1
1—;> . (10)

u) , (11
([22], (2.7.9)).
For the Whittaker functions W), ,,(z) the recurrence equation is obtained by a different
method. Since by

(see e. g. [31], (2.18)—(2.20)), and

—-n

i (x) = 2F0( - _x’_l/ﬂ) = (_1)n($—n+1)n' 1F1<

u —rx—n+1

B I'(—2m)

I'(2m)
(1/24+m —n)

n,—m ()

([1], (13.1.32)) Wy, () is represented as sum of products, the recurrence equation can be
obtained from (4), and the recurrence equation of the I' function (see e. g. [25], [32], [17],
[24]). O

We note that similarly, one can obtain holonomic recurrence equations for the Hahn type
polynomials Eﬁ{"”) (z, N) (see [22], §2.4), and py(z, 8,7, ) (see [7], § 10.23).

Note further that some of the above recurrence equations have appeared in the literature. Re-
lation (5), e. g., for & = 8 = 0 is a recurrence equation for the discrete Chebyshev polynomials
tn(xz,N) = hglo’o)(x,N) (compare [7], 10.23 (10), and [22], § 2.4), and can be found in ([7],
§10.23, (6)).

However, these relations nowhere appeared systematically. The important issue of our presen-
tation is its algorithmic content: All given representations can be calculated by a computer
algebra system, e. g. by implementations in MATHEMATICA ([23] and [15]), REDUCE [14], and
MAPLE [13]. Note that in our MATHEMATICA implementation [15] all the partial algorithms
mentioned are applied completely automatically.



2 Application to Feynman diagrams

Zeilberger’s algorithm can be applied to find hypergeometric identities (see e. g. [15]), and as
shown in the last section, to find three-term recurrence equations for families of orthogonal
polynomials.

Here, we give another application: In ([8], see Equation (31)) the hypergeometric function

= (pyerp Dot B4y —d/2T(d/2— )T aty = d/2)T(B+7—d/2)
| L(a)L(B)T(d/2)T (e + B + 2y — d) MotF+y—d

z) (12)

plays an important role for the calculation of certain Feynman diagrams. It is of both the-
oretical and practical interest that V' («, 3,) satisfies three-term recurrence equations with
respect to «, B, and . Zeilberger’s algorithm yields

V(a, B,7)

at+f+y—d, at+vy—d/2
<ol
a+pB+2y—d

Theorem 2 For the function V(«, 3, 7), given by (12), the recurrence equations

0=Q2a—-d+2vy) 2a+28—-d+2vy) 2+2a+2—-d+27v) V(a,5,7)
—2a (2420420 —d+27v) M (—2a—25+2d— 4y+2z+4az+20z—3dz+4vz) V(1+a, B,7)
+8a (1+a) I+a+pB—d+7y) M (-1+2) 2V(2+a,8,7),

0=020-d+2v) 2Qa+2—-d+2v)2+2a+25—-d+2v) V(a,B,7)
28 24+2a+28—-d+2y)M(—2a—-2+2d—4y—22—-20z+dz) V(a,14+8,7)
+8B(L+B) A +a+B—d+7) M2V(a,2+8,7),

and

0 = 2a—d+2y) (24+a+B—d+27)(26—d+27) (2a+28—d+27) (2+2a+28—d+27)V(a, B,7)
+2(2—d+27) (1+a+B—d+27) (2+20+28—d+27) M
: (—4@—2@2—4ﬁ—4aﬁ—2ﬁ2—|—4d—|—4ad—|—4ﬁd—2d2—87—8ow—8ﬁ7—|—8d7—8w2—|—2az—|—2ﬁz
—|—2aﬁz—|—2ﬁ22—2dz—adz—3ﬂdz—|—dQZ—|—4’yz—|—4a'yz—|—4ﬁ'yz—4d'yz—|—4'ygz) Ve, B, 147)
+4 (147) (T a+B—d+9) (2—d+2y) (4—d+27) (a+F—d+27) M2V (a, B, 2+7)

are valid.

3 Admissible Families

In this section, we present yet another approach for holonomic systems of a special type, which
gives us the opportunity to generate identities other than holonomic recurrence equations by
linear algebra techniques.

We assume that a holonomic system satisfies a derivative rule of the form

m—1 m—1
Fo) = 5o dal@) = 3 rkln, 1) fas(e)  or =3 il a) ko), (19)
k=0 k=0
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where the derivative with respect to x is represented by a finite number of lower or higher
indexed functions of the family, and where r, € K(n,z) are rational functions in n and
x. We call the two different types of derivative rules backward and forward derivative rule,
respectively.

Note that by an iterative application of (1), the order m of the derivative rule (13) can be
made less than or equal to the order m of the recurrence equation (1). This is our general
assumption.

From an algebraic point of view these properties read as follows: If the coefficients of the
occurring polynomials and rational functions are elements of K, then

1. the derivative rule states that f; is an element of the linear space over IK(n, z) which is
generated by {fn, fa-1,- -+ fam(m—1)} OF {fn, fas1,- -, farm—1}, respectively;

2. the holonomic differential equation states that the m + 1 functions ﬂk) (k=0,...,m)
are linearly dependent over IK(n,z); moreover, by an induction argument, any m + 1

functions fék) (k € Ny) are linearly dependent over K (n, z);

3. the holonomic recurrence equation states that the m + 1 functions f,—x (k= 0,...,m)
are linearly dependent over IK(n,z); moreover, by an induction argument, any m + 1
functions f,, (n € Z), are linearly dependent over K(n, z).

Our main notion is the

Definition (Admissible family of special functions) We call a family £ of functions
admissible if they satisfy a recurrence equation of type (1) and a derivative rule of type (13).
We call the order of the recurrence equation the order of the admissible family f,. O

The recurrence equation (1) together with m initial functions f,,, fug+1,- - -s fno+m—1 deter-
mine the functions f,, (n € Z) uniquely.

Therefore an admissible family of special functions (with given initial functions) is overdeter-
mined by its two defining properties, i. e. the recurrence equation and the derivative rule must
be compatible. This fact, however, gives our notion a considerable strength:

Theorem 3 For any admissible family f, of order m the linear space Vy, over IK(n, z) of func-
tions generated by the set of shifted derivatives { fr(ézk, | 4,k € No} is at most m-dimensional.

On the other hand, if the family { fr(ézk | j,k € INg} spans an m-dimensional linear space over
K(n,z), then f, forms an admissible family of order m.

Proof: By the recurrence equation and an induction argument it follows that the linear
space V spanned by { fn+r | k € Ng} is at most m-dimensional. Using the derivative rule, by
a further induction it follows that the derivative of any order fflk) (k € INp) is an element of
V. Therefore Vi, = V.

If on the other hand for a family f,, the set of derivatives { ffézk | 4,k € Ng} is m-dimensional,
then the existence of a recurrence equation and a derivative rule of order m are obvious. O

Note that it can happen that V' has dimension less than m. Assume f,(x) = €* is given
as admissible family by f,(z) — fo—2(z) = 0 and f)(z) = f,(x). Then the family of shifted
derivatives { ffézk | j,k € No} consists just of f,(x), and is therefore one-dimensional rather
than two-dimensional. This is due to the fact that the representing recurrence equation is not



of lowest possible order. To guarantee that V is m-dimensional it is therefore necessary to
assume that fy,, fn—1,..., fn—m+1 are linearly independent over K(n, ).

The following consequence of Theorem 3 is the main reason for the importance of admissible
families: Any m + 1 distinguished elements of V}, are linearly dependent, i. e. any arbitrary
element of V}, can be represented by a linear combination (with respect to IK(n, z)) of any m
of the others. This is the algebraic background for the fact that so many identities between
the members and their derivatives of an admissible family exist.

In particular we have

Corollary 1 Any admissible family f, of order m satisfies a holonomic differential equation
of order m, and therefore constitutes a holonomic system. O

With regard to Zeilberger’s approach, Corollary 1 can be interpreted as follows: Any ad-
missible family f,(z) forms a holonomic system with respect to the two variables n and =,
whose defining recurrence equation, and the differential equation corresponding to Corollary 1
together with the initial conditions

$20), and  fi(0)  (k=0,....m—1)

yield the canonical holonomic representation of f,(z) (see [32], Lemma 4.1).

On the other hand, not all holonomic systems f, (z) form admissible families so that our notion
is stronger: Let f,(z) := Ai (x) be the Airy function (see e. g. [1], § 10.4) for all n € Z, then
obviously f,(x) is the holonomic system generated by the equations

@)=z fu(z),  fapr(z) = fulz) (14)

and some initial values, that does not form an admissible family since the derivative f, = A
is linearly independent of f,, over IK(n, z), and thus no derivative rule of the form (13) exists.
Looking in mathematical dictionaries like [1], one realizes that the class of admissible families
is large. Besides the exponential, sine and cosine functions, it contains the Airy functions
Ai (z), Bi (x) (see e. g. [1], § 10.4), the exponential integrals E, (z) (see e. g. [1], (5.1)), the
iterated integrals of the (complementary) error function erfc, (z) (see e. g. [1], (7.2)), the
Bessel functions J,,(x), Y, (z), In(z), and K, (z) (see e. g. [1], Ch. 9-11), the Hankel functions

Hfll)(x) and H7(12)(;U) (see e. g. [1], Ch. 9), the Kummer functions M(a,b,x) = 1F} ( (g ’x)

and U(a,b,x) (see e. g. [1], Ch. 13), the Whittaker functions M, ,,,(x) and W, ,,(z) (see
e. g. [1], § 13.4), the associated Legendre functions P’(z) and Q%(z) (see e. g. [1], § 8),
the Struve functions H, (z) and L,(z) (see e. g. [1], Chapter 5), all kinds of orthogonal
polynomials: the Jacobi polynomials B )(J}), the Gegenbauer polynomials Cfla)(x), the
Chebyshev polynomials of the first kind 7,,(z) and of the second kind U, (z), the Legendre
polynomials P, (x), the Laguerre polynomials Lﬁf‘)(x), and the Hermite polynomials H,(z)
(see [26], [30], and [1], § 22), and many more special functions. The defining recurrence
equations and derivative rules of the above functions are listed in [12].

To present an example of an admissible family that cannot be found in mathematical dictio-
naries (see, however, [1] (13.6)), we consider the functions

/2
2
kn(x) := - / cos (z tanf — n0) do
0



that Bateman introduced in [2], see also [16]. He verified that ([2], formula (2.7))

Fo(@) = (=1)"kan(2) = (—1)" ™ (Ln(22) = Ly1(22)) . (15)

We call F,, the Bateman functions that turn out to generate an admissible family of order
two.
Bateman obtained the property ([2], formula (4.1))

(n— 1) (Fa(@) = Facr(@)) + (0 4+ 1) (Ba(2) = Fapa(2)) = 22 Fo(2)

leading to
nF,(x)—2(n—1—2)F_1(z)+ (n—2) Fh—2(x) =0 (16)

which is a holonomic recurrence equation of order two that determines the Bateman functions
uniquely using the two initial functions

Fo(z)=¢e" and Fi(z)=—-2xe®

which follow from (15).
Bateman obtained further a difference differential equation ([2], formula (4.2))

(n+1)Epa(x)— (n—1) Fy_1(z) =22 F)(z) ,
which can be brought into the form

1

Faw) = ((n =) Fa(w) = (n = 1) By () (17)

using (16). This is a derivative rule of the form (13). Therefore the functions F,(z) form an
admissible family of order two.

4 Properties of Admissible Families

It is well-known (see e. g. [25], [32], [17], [24]) that if the functions f,, g, satisfy holonomic re-
currence equations of order m and [, respectively, then the sum and product satisfy holonomic
recurrence equations of order < m + [, and < m/l, respectively. We call the two functions f,
and g, sum-independent (product-independent) if the resulting recurrence equation of lowest
order has maximal order, i. e. order m + [ in the sum case, and order m [ in the product case.
With respect to admissible families, we get then

Theorem 4 Let f,, form an admissible family of order m. Then

(a) (Shift) f,4x (k € IN) forms an admissible family of order m;

(b) (Derivative) f, forms an admissible family of order < m;

(¢) (Composition) f, or forms an admissible family of order < m, if r € IK(z).
If furthermore g,, forms an admissible family of order [, then moreover

(d) (Sum) f,,+gy, forms an admissible family of order m+1 if f, and g,, are sum-independent;



(e) (Product) f, g, forms an admissible family of order m1 if f, and g, are product-
independent.

Proof: (a): This is an obvious consequence of Theorem 3.
(b): Let g, := f;,. We start with the recurrence equation for f, and take derivative to get

m m
> 0k(n @) fuok(@) + Y pr(n, ) f_y(x) = 0. (18)
k=0 k=0
From Theorem 3, we know that each of the functions f,—; (j = 0,...,m) can be represented
as a linear combination of the functions f _, (k=0,...,m—1) over IK(n,z), which generates

a holonomic recurrence equation for g,. Similarly a derivative rule for g, is obtained.

(c): For the composition h, := f, or with a rational function r, the recurrence equation is
obtained by substitution, and the derivative rule is a result of the chain rule.

(d): By a simple algebraic argument, we see that f,_r + gn—t (kK € Z) span the linear space
V= Vitgn = Vi, + Vg, of dimension < m + [ over KK(n,x). Therefore f, + g, satisfies a
holonomic recurrence equation of order < m + [. By our assumption, the dimension of V is
maximal, i. e. m + [. If we add the derivative rules for f, and g,, we see that f, + g/, € V,
and thus can be represented in the desired way.

(e): By asimilar algebraic argument (see e. g. [25], Theorem 2.3) we see that f,_i-gn—x(k € Z)
span a linear space V' of dimension < m! over K(n,z), hence f, g, satisfies a recurrence
equation of order < m!. By our assumption, the dimension of V' is maximal, i. e. m{. By
the product rule, and the derivative rules for f, and g, we see that the derivative of f, g, is
represented by products of the form f,_ gn—; (k,j € Z), and as those span the linear space
V (see e. g. [17], Theorem 3 (d)), we are done. O

As an application we again may state that the Bateman functions form an admissible family:
Using the theorem, this follows immediately from representation (15), and the admissibility
of the Laguerre polynomials.

As an example of a sum-dependent case, we consider f,(z) = e, given by the relations f,(z)—
fo—1(z) =0, and [} (x) = fn(z), and g,(z) = e~*, given by the relations g,(z) — gn—1(x) = 0,
and g, (z) = —gn(x). Both f,, and g, form admissible families of order 1, and since they both
satisfy the same recurrence equation, their sum satisfies this recurrence equation of order one,
too, so that they are not sum-independent. The derivative of h, = f, + g, is given by

h;z:frlz"i'g;z:fn_gna
and the question is whether or not this is expressible in terms of h, and h,,_;. These are given
by
hn = fn + gn and hn—l = fn—l + Gn-1 = fn + gn

and therefore h,_i, = f,, +gn = hy, for all k € Z. Obviously A, = f,, — g» cannot be expressed
in terms of f, + g, alone so that h,, does not satisfy a derivative rule of any order.

Similarly one shows that the admissible families f,(z) = sin(™ (z), given by f. = —f,_1, and
fn = —fo_2, and g,(x) = f.(x) are not product-independent and for h, = f2 no derivative
rule is valid.

Next we study algorithmic versions of the theorem. The following algorithm generates a
representation of the members f,1x (kK = 0,...,m — 1) of an admissible family in terms of
the derivatives f{lij (j=0,...,m—1). By Theorem 3 we know that such a representation
exists. Without loss of generality, we assume that the admissible family is given by a backward
derivative rule. In case of a forward derivative rule, a similar algorithm is valid.
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Algorithm 1 Let f, be an admissible family of order m, given by a backward derivative rule

Then the following algorithm generates a list of backward rules (k =0,...,m — 1)
m—1
= > Ri(n,2) f}_;(x) (19)
j=0

RF ¢ K(n,z)) for fu_ (k=0,...,m—1) in terms of the derivatives f. . (j =0,...,m—1):
J n—j

1. Shift the derivative rule m — 1 times to obtain the set of m equations
m—
Z n—3,2) faj-r(®)  (G=0,....m—1).

2. Utilize the recurrence equation to express all expressions on the right hand sides of these
equations in terms of f,_x (k= 0,...,m — 1) leading to

Z nxfn () (]:Oaam—l,T‘iGK(n,x))
3. Solve this linear equations system for the variables f,_r (kK = 0,...,m — 1) to obtain

the representations (19) searched for. O

The proof of the algorithm is obvious. It is also clear how the method can be adapted to
obtain forward rules in terms of the derivatives. As an example, the algorithm generates the
representations

l—-n+4+=zx n—1
F — 7F/ - /
and 14 14
n—x n
Fy(x) = 2 (7) — Tron—z nt1(7)

1+2n—2 "
for the Bateman functions in terms of their derivatives.

We note that by means of Algorithm 1 and the results of [17] (see also [32], p. 342, and [24]),
we are able to state algorithmic versions of the statements of Theorem 4.

Algorithm 2 The following algorithms lead to the derivative rules and recurrence equations
of the admissible families presented in Theorem 4:

(a) (Shift) Direct use of derivative rule and recurrence equation lead to the derivative
rule and the recurrence equation for f,11; a recursive application gives the results for

fn:l:k; (k‘ € ]N)

(b) (Derivative) By Algorithm 1 we may replace all occurrences of f,_r (k=0,...,m) in
(18) by derivatives, resulting in the recurrence equation for f; similarly the derlvatlve
rule is obtained.

11



(¢) (Composition) If r is a rational function, then an application of the chain rule leads
to the derivative rule and the recurrence equation of f, or.

(d) (Sum) Applying a discrete version of Theorem 3 (c) in [17] to f, + gn (see also [32],
p. 342, and [24], MAPLE function rec+rec) results in the recurrence equation, and a
similar approach gives the derivative rule.

(e) (Product) Applying a discrete version of Theorem 3 (d) in [17] to f, g, (see also [32],
p. 342, and [24], MAPLE function recxrec) yields the recurrence equation, and a similar
approach gives the derivative rule. O

A MATHEMATICA implementation [15] of the given algorithms generate e. g. for the derivative
F) (x) of the Bateman function F,,(x) the derivative rule
2n—=x

Ei(r) = —5 —— (=D F @)+ (1= n+ o) F).

and the recurrence equation

, B 1
() = A 2n )

(n=1)(@=2n—1)F,_y() + 2 (1-2n*+3na—a?) F (2)) ,

and for the product A, (z) := F2(z) the derivative rule

(n—1) (n—2)°
2nx (1—n+x)
2(n-1) (1-n+az

A, (x) n—2()

An_l(a:)
n
_ (-5n+5n°+4x—8nx+4a?) An(x) |
2Q1—-n+2)x

and the recurrence equation

1 <(n—2)2(n—1)(a¢—n)A

A .
n1(7) (14 n)? n(l—n+zx) 2
n—1)3n—-3n*—4x+8nx— 42?
L (=1 "
n
(x—n)(—3n+3n*+4z—8nz+41?) )
+ Ay
l—-n+ux

are derived.

5 Hypergeometric Functions as Admissible Families

An important example of an admissible family is given by the generalized hypergeometric
function ,F,. The generalized hypergeometric function satisfies a derivative rule of order two
with respect to any of its numerator parameters a (k =1, ..., p), and denominator parameters

b (k=1,...,q).
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We choose one of the numerator parameters n :=ay (k =1,...,p) of ,F;, as parameter n, and
use the abbreviations

A1, A2, 3Ty, Ap
b

x) = i Ag(n) z* .
k=0

From the relation

it follows that
nAg(n+1)=(n+ k) Ax(n) .

Using the differential operator §f(z) = z f'(x), we get by summation

nhei(@) = 1Y At 1)k = (4 8) S A(n) ot
k=0 k=0

= nfu(x)+ f: kAr(n)zF = n fo(z) + 0f () ,
k=0

and therefore we are led to the derivative rule

0fu(@) =1 (fur1@) = ful@) . or (@)= (fon(@) = ful@)) . (20)

Hence we have established that for any of the numerator parameters n :=a; (k =1,...,p) of
pFy such a simple (forward) derivative rule is valid.
We note that by similar means for each of the denominator parameters n:= b, (k=1,...,q)

of ,Fy the simple (backward) derivative rule

n—1
0f(@) = (n=1) (for(@) = ful@)) . 0or  fo@) = " (famr(@) = fula)) (D)
is derived.

Next, we note that f,, satisfies the well-known hypergeometric differential equation

00+ by — 1) (0+ by — Dfula) =20+ a)(0+as) - (0 + ap) fula) . (22)

Replacing all occurrences of 0 in (22) recursively by the derivative rule (20) or (21), a recurrence
equation for f, is obtained having the order of the differential equation (22), i. e. max{p, g+1}.
We summarize the above results in the following

aq as ap
by by - bq

Theorem 5 The generalized hypergeometric function ,F, ( x) satisfies

the derivative rules
0fn(@) = 1 (a1 (x) = ful2))

for any of its numerator parameters n := a; (k= 1,...,p), and

0fn(x) = (n = 1) (famr(2) = ful@))
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for any of its denominator parameters n := b, (k = 1,...,q), and recursive substitution of all
occurrences of # in the hypergeometric differential equation

00 +br— 1) (0+by— 1) fu(z) = 2(0+ a1)(0 + az) - (0 + ap) fu ()

generates a holonomic recurrence equation of order max{p, ¢+ 1} with respect to the param-
eter chosen. After multiplication by the common denominator, this recurrence equation has
coefficients in IK[n, z], that are linear with respect to . In particular, ,F;, forms an admissible
family of order max{p, ¢ + 1} with respect to any of its parameters ay, b. O

We note that if some of the parameters of ,F; are specified, there may exist a lower order
differential equation, and thus the order of the admissible family may be lower than the
theorem states. We note further that this theorem is the main reason for the fact that so
many special functions form admissible families: Most of them can be represented in terms of
generalized hypergeometric functions.

Note that Zeilberger’s algorithm determines the recurrence equation for ,F, even in the case
that the upper and lower parameters are integer-linear in n, and a generalization of Zeilberger’s
algorithm [13] is successful if the parameters are rational-linear in n, but this approach does
not lead to a derivative rule.

On the other hand, one can formulate an algorithm similar (but more complicated) to the one
described in this section to generate a derivative rule for such ,F, which is covered by our
MATHEMATICA implementation [15]. However, in § 8 we will present a more general approach
for the same purpose, based on Grobner basis techniques.

6 Algorithmic Generation of Identities

Since in an admissible family, the linear space spanned by the set of shifted derivatives
Vi, = A{ fr(ézk | j,k € Ny} is at most m-dimensional, any m + 1 distinguished elements
gk (k=0,...,m) of Vy, are linearly dependent, i. e., an identity of the form

f: Pi(n,z) ge(n,x) =0 (P, € Kin, z)) (23)
k=0

is valid. Given the defining holonomic recurrence equation and derivative rule, we can easily
construct P, (k = 0,...,m) solving a linear system of equations, and therefore generate
identity (23):

Algorithm 3 (Generate an identity) Let f, be an admissible family of order m, and
gk (k = 0,...,m) denote m + 1 distinguished elements of V},. To generate an identity of
the form (23),

1. take (23) as an ansatz with still undetermined B, (k =0,...,m).

2. Apply the derivative rule and the derivatives thereof to all g., recursively. This yields
an equation

M
Z Qr(n, ) hg(n,z) =0 (24)
k=0

with rational @ € IK(n,x) (depending on P;) and hy = f,4n, that are shifts of f,.
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3. Apply the recurrence equation recursively to (24) until only m successive shifts of f,
remain.

4. Set the coefficient list of the system hy equal to zero, and solve the system for the m + 1
indeterminates P, (k=0,...,m).

5. Substituting P, (k = 0,...,m), and multiplying with the common denominator yields
(23).

Proof:  Theorem 3 shows that a solution exists. By the described method obviously the sum
(23) is represented by a linear combination of m shifts of f,. If its coefficients vanish, then the
linear combination equals zero. The linear algebra technique described generates the values
Py (k=0,...,m) for which this is the case. a

We note that the identity generated is unique if it is guaranteed that f,, fn—1, ..., fn—m+1 are
linearly independent over IK(n, z), see the remark after the proof of Theorem 3.

7 Application to Spectral Approximation

In this section, we give an application of Algorithm 3 in the field of spectral approximation
(see e. g. [4]). There, it is essential to have a family f,(x) of orthogonal polynomials possessing
a representation

fo(z) = Ay frlz—l(x) + By, f7/7,+1(x) (25)

in terms of the derivatives f,,; with coefficients A, B,, that are constant with respect to z.
In ([4], § 2.3.2), it is described how such an identity

(2n+1) Py(a) = Poy(a) — P y(@)  (neN) (26)

for the Legendre polynomials f,(z) = P,(x) is applied.

Whereas our theory of admissible families guarantees the existence of a relation of type (25),
namely a linear relation between f,(x), f,_i(z), and f,(x) with polynomial coefficients in
x for any admissible family of order two, in particular for systems of orthogonal polynomials,
the fact that the coefficients in (26) do not depend on z, is good luck. This, in general, is not
the case.

If we calculate the resulting relations for the Laguerre, Jacobi, Gegenbauer, Chebyshev and
Hermite polynomials by Algorithm 3, we realize that mostly these are known formulas for
those polynomials. We recall them here, omitting however the lengthy formula that we obtain
for the Jacobi polynomials: For the generalized Laguerre polynomials ljla) (), we have

d _(a 9 (a
(+2n —2) L9 (z) = —(a +n) %Ln_)ﬂx) +(a+n—ux) %Lght)l(x) )

for the Gegenbauer polynomials Cy({\)(x), we have (A # 0)

0 0
200+ ) CV (@) = 5-C (@) - 5

for the Chebyshev polynomials 7,(x), we have
2(n* = 1) Tn(2) = (14 n) Ty () + (1= n) T4 (2)
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for the Chebyshev polynomials U, (x), we have
2(1+n) Up(x) = Up_y () = Upga(2)
and for the Hermite polynomials H,(x), we have
2(1+n) Hy(z) = Hyq(2) .

We see that in the case of the Gegenbauer, Chebyshev, and Hermite polynomials, the method
succeeds, and these polynomials can be handled similarly to the Legendre polynomials. In the
case of the Laguerre and Jacobi polynomials, however, the relations between f,(z), f,_;(x),
and f),,1(z) have coefficients depending explicitly on z, so we have to modify the method.
We notice that the given method can succeed even if a relation between the four terms f,(z),

no1(x), fi(x), and f] | (z) with coefficients not depending on z, exists. It turns out that
such a formula exists for any of the classical families of nondiscrete polynomials. We saw
already the results for the Gegenbauer, Chebyshev, and Hermite polynomials, and we will
consider now the Laguerre and Jacobi polynomials. To obtain the announced relations, we
use Algorithm 3 which generates a solution space of dimension one. If we are lucky, we can
choose the free parameter such that, indeed, the coefficients occurring are independent of x.
Here are the results:

Theorem 6 For the generalized Laguerre polynomials [ﬁf‘)(x), the identity

0 0 (a
L) = 5 L (@) — 5oLt () (27)

is valid.
For the Jacobi polynomials pP )(;1:), the identity

(@.5) L 2(a+n)(B+n) g (o)
B @) = (a—l—ﬁ—l—n)(a—l—ﬁ—l—Qn)(a—l—ﬁ—l—Qn—l—l)axpn_l (z)
2o = f) 9 plap)
+(a—|—ﬁ—|—2n)(a—|—ﬁ—|—2n—|—2) OxP” (2)
2@+ p+n+1) 0 (o, 8)

et Bt Dat Bt 2o () (28)

is valid. O

Note that (27) is well-known (see e. g. [30], VI (1.14)), whereas (28) is new. Note moreover that

(28) shows that only in the case & = 3 a representation of the Jacobi polynomials #na’ﬁ )(;1:)
in terms of only two of %Pfﬁ’lﬁ )(;1:), %P}f"ﬂ )(;1:), or %Pf:ﬁlﬂ )(;1:) with coefficients independent

of x exists.

8 Identification of Admissible Families

In this section, we extend Zeilberger’s holonomic approach [32] to identify holonomic families
as admissible ones using Grobner basis techniques.

Assume a holonomic family f,(x) is given by its holonomic differential equation with respect
to x and by its holonomic recurrence equation with respect to n. We write these equations
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in operator notation using the differential operator D given by D f,(z) = f}(x), and the
(forward) shift operator N given by N f,(x) = f,41(x). This procedure converts the two
holonomic equations into a polynomial equations system in a noncommutative polynomial
ring: From the product rule it follows that D(zf,(z)) — D f,(z) = f.(z), and therefore we
have the commutator relation Dz — xD = 1. On the other hand, for the shift operator we
have N(nf,(z)) —nN fo(z) = (n+ 1) fu41(z) — nfpr1(x) = furi(x) = Nf,(z), and therefore
we have the commutator rule Nn — nN = N.

As an example let us consider the Legendre polynomials f,(z) = P,(z): They form a holo-
nomic family given by the holonomic equations

(@ = 1) fu (@) + 22 f(x) = n(L +n) fo(z) = 0
and
(n+2) fu2(z) = B+ 2n)zfuyr(x) + (n+ 1) fu(z) = 0
(compare (2)—(3)), written here in terms of forward shifts.
In operator notation the holonomic equations read

(2> =1)D?* +2zD—n(1+n) =0 and (n+2)N*—B+2n)zN+ (n+1)=0. (29)

If we like to generate a derivative rule from (29), this is an elimination problem in the given
noncommutative polynomial ring which can be solved by Grobner basis methods ([3], [11],
32), (3], [27)-[20]).

The Grobner basis of the left ideal generated by (29) with respect to the lexicographic term
order (D, N,n,x) is given by

{(xQ — 1)D?+ 22D — n(1 + n),

(14+n)ND — (1+n)zD — (14 n),

(2> =1)ND — (1 +n)zN + (1 +n), (30)
(1+n)(z* —1)D — (1 +n)’N + z(1 4+ n)?, (31)

(n+2)N? = (3+2n)aN + (n+ 1)} ;

we used the REDUCE implementation [21] for the noncommutative Grobner calculations of
this article. After the calculation of the Grébner basis, for better readability I positioned
the operators D and N back to the right, so that the equations can be easily understood as
operator equations, again.

By the given term order, the Grobner basis contains those equations for which the D-powers
are eliminated furthest possible, and (30)—(31) correspond to the relations

(@ = 1)Bpya(2) = (1+n) (zFa(z) — Pa(2))

(@ = 1)By(z) = (1 + n) (Posi(@) — 2F(2))

between the Legendre polynomials and their derivatives.

Therefore, we see that the calculation of the Grobner basis in particular constructed the
derivative rule for the Legendre polynomials, and therefore identified them as an admissible
family.

The following algorithm generalizes this method for the general case:

17



Algorithm 4 Let f,(x) be a holonomic family given by the holonomic equations
P(D,n,x)fo(x) =0  and  Q(N,n,z)fu(z) =0

in operator notation. Assume further that the holonomic equations are of lowest possible
order. Then the following procedure determines whether or not f,(x) is an admissible family,
and returns a forward derivative rule in the affirmative case.

1. Input: the holonomic representation of f, in form of the polynomials P(D,n,x) and
Q(N,n, ).

2. Calculate the Grobner basis G of the left ideal generated by P and @ with respect to
the lexicographic term order (D, N, n,z) by a noncommutative version of Buchberger’s
algorithm. The use of a weighted or graded order can simplify the procedure.

3. Choose the subset £ C G of polynomials that are linear with respect to D.

4. Check whether one of the polynomials in £ does not contain a product of D and N. If
yes, this is either the derivative rule R(D, N,n, z); or the derivative rule R(D, N, n, z) is
easily constructed from the given polynomial, iteratively using the recurrence equation
to decrease the order of N; goto (7.).

5. Iterate the following: Take the two polynomials pi, po € £ having highest degree terms
of the form DN¥. Make them of equal degree multiplying the lower order polynomial
by a suitable power of N. Construct a polynomial p3 as a linear combination such that
the degree of the highest term DN* decreases. Replace p; and ps in £ by ps.

6. Check whether any p € £ does not contain products of D and N. If yes, this is either the
derivative rule R(D, N,n,z); or the derivative rule R(D, N, n,x) is easily constructed
from the given polynomial, iteratively using the recurrence equation to decrease the
order of N; goto (7.). If not, the present method fails.

7. Output: the derivative rule R(D, N, n,z).

Proof:  Using the lexicographic term order (D, N,n,z) the Grébner basis G calculated in
step (2.) eliminates D to the lowest possible order. Therefore if the left ideal Z generated by
P and @ contains a forward derivative rule, G contains at least one element of degree one with
respect to D. If such an element exists for which no term DN occurs, then the procedure
given in (4.) generates the derivative rule. Finally, the iteration in (5.) gets rid of highest
powers of D N* (which may not occur with a suitable chosen graded or weighted order), and
leads to the derivative rule, eventually, or the method fails. O

Note, that the algorithm decides that no derivative rule exists for the Airy functions f,(z) :=
Ai (z), given by (14) (under the hypothesis of the linear independence of Ai (x) and Af (x
over K(z)).

On the other hand, by the given method, it is possible to construct all derivative rules that
can be found in [1] by the corresponding differential and recurrence equations besides one
for the associated Legendre functions since in this case the recurrence equation does not have
polynomial coefficients. Note that we always used a weighted lexicographic order with weights
(2,1,0,0) and never entered parts (5.) and (6.) of Algorithm 4.
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The most time consuming results in this direction are the calculation of the derivative rules for
the Jacobi polynomials Py(la’ﬁ )(J}), see Theorem 8, since this is a 6-variable problem. Note that,
in a similar treatment, Chyzak tried to derive this type of result with a MAPLE implementation,
without success ([5], §4.1). Using the REDUCE implementation [21], any of these calculations
(for the Jacobi polynomials) needs about five minutes on a DEC Alpha workstation (using
the ezgcd switch, see [10], §9.3). Note that also with a pure lexicographic term order, the
Grobner bases are derived in a similar time. For all other families considered, the calculation
needs only seconds.

As an example, we consider the Whittaker functions M, ,,(z) with respect to the parameter
m for which no derivative rule is listed in [1], see § 13.4. In Theorem1, we found the holonomic
recurrence equation

(14 2m)m(4m? — 1 — 2nz)(m + 1)
z(2m—1)(2n+ 1+ 2m)(2n — 1 — 2m)
(m + 1)m(1+ 2m)?
(2n+142m)(2n—1 — 2m)

My mii(x) = 16

nm(x) -

My m—1(x) .
On the other hand, the holonomic differential equation
(1 —4Am?+dnz — ;U2) My () 4 422 My . (x) =0
is well-known ([1], (13.1.31)). Therefore we have the operator polynomials
P(D,m,z):=1—4m?+4nx — 2> + 42° D?*
and
Q(M,m,z) = 16(1+m)((2+m)(1+2m)(B+2mfz

+16(1+m)(2+m)(3+2m)(2nz—3—8m —4m’) M
+(142m)(2n—3—2m)(3+2m+2n)z M?*,

M denoting the shift operator with respect to m.
Using the method described above to eliminate the second order terms of D and M, we find
for the Whittaker functions:

Theorem 7 The Whittaker function M, ,,(z) satisfy the forward and backward derivative

rules

1+4m+4m?—2nz)
2(14+2m)x

14+2m—2n) (1+2m+2n)
8 (1+m) (1+2m)?

Mrlz,m(x) = ( My m () + nam+1(7)

and
(—1 —|—4m—4m2—|—2nx)

2(-14+2m)z

M{Zm(x) =2m M, m-1(x)+ My m(x)

with respect to m.
Similarly, the Whittaker functions W}, ,,, (x) satisfy the forward and backward derivative rules

1+4m+4m? —2nax) (-1—2m+2n)

w, = ( Whm Whm
and
, _(-1+2m+2n) (-14+4m—4m?+2nx)
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Note that M, () is one of the rare cases for which the second part of part (4.) of Algorithm 4
is entered.

In the rest of this section, we apply Algorithm 4 to derive derivative rules for the classical
orthogonal families. Well-known are backward or forward derivative representations for the
derivative with respect to x of the (nondiscrete) orthogonal polynomials f,(z) in terms of
fu(x) and f,—1(x), or in terms of f,(z) and fn41(x).

Note that derivative rules with respect to n are commonly stated (see e. g. [1], (22.8)), whereas
those with respect to the other parameters are not.

Applying the above mentioned algorithms to the generalized Laguerre, Jacobi, and Gegenbauer
polynomials yields the following derivative rules:

Theorem 8 The generalized Laguerre polynomials [ﬁf‘)(x) satisfy the forward and backward
derivative rules

0 (o —l-a—-n+z 1+n (o
FL(@) = L (@) + —— Ly ()
a+n

_ (@) o (a)
= — L °L

T n—l(x)—i_x n (J))
= LM () - L (2)

a+n o
— LD (p) - = (@)
L2 e @) - S L @)

with respect to the parameters n, and a.
The Jacobi polynomials Py(la’ﬁ )(J)) satisfy the forward and backward derivative rules

D gy _ AtratBin)(a—B+2+atf+2n)z 44
ortn @) = 2+a+p+2n)l-2) P (@)
_2(1+n)(1+a+ﬁ+n) PEB) ()
(2+a+B+2n)(1—a2) "M

2(a+n)(B+n) (@) () n(—a+ B+ ax+ B+ 2nx) 4

(a+B+2n)(1 —a2) ™! (a+ B +2n)(1 — 22) ()

— _Liﬁiﬁiﬁpm@@g+£iﬂiﬁiﬁpmﬂm()

14+ " 14z
20+n) (o 20+n —nx
T e wr

l+ta+B8+n 5, l+a+B8+n 5,
__T____Rym() __Tj___p(wﬂ()
— X €T

2(8+n) _ 28 +n+nx

= b7 V(@) - S ——5— —— P’ ()

with respect to the parameters n, o, and f.

The Gegenbauer polynomials Cy({\)(x) satisfy the forward and backward derivative rules

0 20+ n)z ) 1—|—n )
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1—-2\x—n nT
= T2 W) - 1 O (@)
_2/\ +n 2

- (M) 22 o+
L2 0P (@) + = 00 ()

(242204 ) (=120 +n) -
TS W o e S S O

1 -2\ —n+na?
x(1— 22)

M (x)

with respect to the parameters n, and A. O

Similarly, we get for the Krawtchouk, Meixner, discrete Laguerre, and Charlier polynomials
the following derivative representations.

Theorem 9 The Krawtchouk polynomials kﬁf ) (z, N) satisfy the forward and backward deriva-

tive rules

0 —n+2np— Np+=x
—kP)(z,N) = kP (z, N) +
op (@) (p—1)p (@, N)

I+n
k z, N
(1-p)p w1 ()

= (-1+n—N)K? (2,N)

n—N+zx »)
= — N

N —=x
(p) 1. N

_ 7 kP (2 —1,N) + n-zv EP) (2, N)
p p

-1 - N 1-— N
_ Zitn= N kP (2, N) + 1ot N kP (2, N +1)
p p
N—x —N+np+=x
= EP) (N — 1)+ —————— kP (2, N
(p—1)p ( ) (p—1)p (=, N)

with respect to the parameters n, x, and N.
The Meixner polynomials mﬁf”“ ) (z) satisfy the forward and backward derivative rules

- 1
S (@) = TS 00 ) L0 2

o " (1= p)p g L—p "

(1= p)p

_ n(-14+~y+n) m(%#)(x) _

A—wp "

_ytntz
1

mﬁ?’“) (z)
mO (z) + Tt mO+L) (1)

— (=1+7+n) (v—1,1) (1=7) (7,1)

_ 7“_”""/‘”"'/“7”(%#)(;3) otz

(v,10)
" my, " (r +1
(1—pp l—p (@+1)

x

" (g
(1—p)p ()

= — mg{‘h#) (J,‘ - 1) - n

(1—pp
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with respect to the parameters n, 7y, and x.
The discrete Laguerre polynomials lﬁ{’ ’a)(x) satisfy the forward and backward derivative rules

0

—1l-n—ap+z—pz I+n (pa
—lﬁf’a)x = lﬁf’a)x + —— 1Pz
@ (p—1p (@) @—1M"H()
ey - )
= T - i) (32)
a+x

+x
- _ lﬁf’a) z) + a_lglp,a—l—l) T
5 (@)+— ()

. a+n (pra—1)
= oD (z)+

_ otz lﬁ{”o‘)(x)

I—p

—a—n-+np (p,)

(p=Vp " ()

_atz
I—p

1) (g 4+ 1)

1—=x
0T e )y
(p—1)p ( )

—1—n—|—np—|—xl(p7a)

(p—1)p )

with respect to the parameters n, o, and x.
The Charlier polynomials cgf ) (z) satisfy the forward and backward derivative rules

0

pc@) = @) - )
= S athi@) - ) (33)
= @)~ P+ 1)
L
=~ —1) - =)
with respect to the parameters n, and x. O

Note that many of the above derivative rules are a direct consequence of Theorem 5 in view
of the hypergeometric representations (7)—(11).

Note further that some of the above derivative rules have appeared in the literature. Relation
(32) e. g. can be found in ([6], (3.19)), for &« = 0, and in ([31], (2.28)) for general «, and
(33) is in ([6], (3.31)). However, these relations nowhere appeared systematically. All given
representations can be calculated by a computer algebra system, and were done by the REDUCE
implementation [21], as well as by our implementation in MATHEMATICA [15].

This section can be summarized as follows: If a holonomic family f,(z) is given by a holonomic
differential and a holonomic recurrence equation, it seems to be wise to use Algorithm 4 to
find a derivative rule for f,(z). In the affirmative case, any identity of the form of Algorithm 3
can be discovered by linear algebra techniques only. So only in the first step, Grobner basis
techniques are needed to discover whether or not f,(z) forms an admissible family.
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9 Representations of Parameter Derivatives

Whereas it turned out that for any of the classical nondiscrete families f,(x) of orthogonal
polynomials a representation of the derivative with respect to the principal nondiscrete vari-
able z in terms of f,(z) and f,_1(x) exists (see e. g. [30], Chapter IV, (4.8)), this is, in
general, not the case with respect to other variables involved. Frohlich [9] gives, however, the

n
following argument: For any family ffla)(x) = > ap(a)z* of orthogonal polynomials there is
k=0

a representation of the form

f ) Z o f k;a (34)
for the a-derivative of féa)(x), since by termwise differentiation, the expression

f (a Z aak

is seen to be a polynomial of degree n with respect to z, and since any polynomial of degree
n has a representation of the form (34) by the orthogonality of the family ffla)(a:). Rather
than having representations in terms of the last two polynomials, in the given situation we
generally have representations in terms of the complete system { f,f, )| k=0,...,n}. We
call the derivative with respect to a a parameter derivative of ffl

It is a simple task to give representations of the parameter derivatives for hypergeometric
functions, and families of orthogonal polynomials in terms of symbolic sums of hypergeometric
functions, or in terms of the -function (see [1], § 6.3), by termwise differentiation of the
defining series representations, since

%o(zifn = aaa(ln()) 8804<IDH a+k>

an—l n—1 1
= In(a+ k) = =Y(a+n)—¢Y(a). 35
ga (@t =X = vlatn) v (35)

On the other hand, generally it is a nontrivial question to determine the coefficients (}Ca) of
representation (34).

In connection with the development of Galerkin methods, i. e. numerical techniques involving
orthogonal polynomials, a result in this direction was given by Wulkow who obtained the
parameter derivative representation

0
(p ) p (o)
aa Z z () (36)

([31], (2.30)) for the discrete Laguerre polynomials with respect to the parameter a.
Using the hypergeometric representation (10), this identity can be rewritten

-n, n—1 c —k,
% (ﬁ 2F1< . b |x>> = ];)7]{:! ((n)f R 2F1< kc b LI?) (37)
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as representation for the derivative of the Gaufl hypergeometric polynomial with respect to
its third argument c.

By the product rule, (uv) = v v+v' u,i. e, v = % — “7 v, and therefore we get from (37),
using (35)

d —n, b nl (O —k,b 2 (), —n, b

. F ) — F ) _ c F )

0( i ) O im0 20 e 7))

n—1
—1 —n, b n! —k, b
= E ’ F; ’ .
= <c+k2F1< c |x>+k!(n—k;)(c—|—k‘)n_k2 1( c |x>>

Recently, Frohlich deduced the analogous representation

0 —n, b w1 —n, b n! kb
%2F1< c |J}> - Z <b+k 2F1< C JJ) N k"(n—k‘)(b+k’)n—k 2F1< ¢ |x>> (38)

k=0
([9], Theorem 1) for the parameter derivative of the Gau hypergeometric polynomial with
respect to its second argument b.
By the product rule, again, we obtain from (35) and (38)

d [ (b)n —n, b 2 20b), —n, b b) —k, b
5 (om0 ) -5 () - metm e ))

which is a statement similar to (37) for the parameter b. Note that the advantage of represen-
tations (36), and (37), is the fact that in these cases the derivative polynomials are of degree

n—1,1. e. Q(Za) = 0, and therefore the n** polynomial féa)(x) does not explicitly appear on
the right hand side. Whether this situation applies or not, depends on the standardization
that is used. Further, we realize that in (36), and (37), the 1-function does not occur on the
right hand side, either. Unfortunately, the other derivative representations mentioned do not
have the same simple structure.

Using (38), Frohlich moreover obtained the following representations of the parameter deriva-
tives

) ol 1
9 plap) _ - 39
Ja " (2) kz::ooc+ﬁ+1+k+n (39)
142k (/8+k+1)n—k (a,8)
(plad)(z) 4 O+ pla >
(” (z) + n—k  (a+B+k+1),_p F @)
and
n—1
9 ple.s) = (40)

agi ) = ];)a+ﬁ+1+k+n

) (P(a’ﬂ)(x) n (_1)n—k Oé—|—,3—|—1-|—2k‘ (Oé +k+ 1)n—k mﬂ)(a}))

n—k  (atB+k+1)uy *
([9], Theorem 3) for the Jacobi polynomials Py(la’ﬁ )(J}) with respect to «, and .

In the following theorem, we list some more parameter derivative representations for families
of orthogonal polynomials, that can be obtained from the above results.
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Theorem 10 For the generalized Laguerre polynomials [ﬁf‘)(x), we have the representation
of the parameter derivative

0 =l "1
Z L @)=Y L (@) =3 - L (@) (41)
oa - k = k

with respect to the parameter a.
For the Gegenbauer polynomials Cy({\)(x), we have the representation of the parameter deriva-
tive

9 n-! 2(1+k) 2
N(z) — g
aACn (z) kz:o((2/\-1-]43)(2/\-1-1-1-2]{})—1_2/\+k‘+n>0n (=)

o1+ (1)) (A + k)
> 2AX+Ek+n)(n—k)

c(x) (42)

+

k=0

with respect to the parameter \.
For the Krawtchouk polynomials kﬁf )(J}, N), we have the representation of the parameter
derivative

D =S (L ()" p" (N =t Dnk ), )
2 4P,y }3()(35_;#“ () + T ek e ) ) a3)

with respect to the parameter x.
For the Meixner polynomials mﬁf”“ ) (z), we have the representation of the parameter derivative

0 nol n!
I C D)) _ }: L G AT 44

with respect to the parameter ~.

Proof:  From (39), representation (41) easily follows using the limit relation

2z
L (z) = lim P{®P) (1 — —>
@) = Jim P :

(see e. g. [1], (22.15.5)).
To deduce (42), we utilize the representation

20 _ _
07(3\)(.%,) _ (/\(—1_1/2) P7(Z>\ 1/2,\ 1/2)(.7})

(see e. g. [26], (4.7.1), and [30], V (7.2)) for the Gegenbauer polynomials, and use both, (39),
and (40). Writing o = A—1/2, and 8 = A — 1/2, we get with the multidimensional chain rule

d D [ (2N po1ja >
I ey = L (Y poiza-i
) = 5y ((/\+1/2)n a ()
1 9
_ L so=12a-172) 0 9
= Drian (@) 75 (X))

25



HEO PO o5 ()
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n

(A +1/2),, O

n—1 ) 1 )
— _ A
N 0<2A+k A+1/2+k>0” @)

_CNn (0 pap)y) 4 2 plas)
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n—1

B 2(1+k) 2 o)
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21+ (D" F (2N, 220+ 2k M+ k+1/2) PO-1/22-1/2)
2A+k+n A+1/2), n—k 2 \+k)pp F

Eod

+

k=
-1

0
- 1-|—k‘) 2 )
- (2/\+k 2/\+1+2k)+2/\+k+n>0” (z)

2 2(1+ (1)) (A + k)
@A+ k+n)(n—k)

A
(@),
k=0
e. (42).
According to (7), representation (43) is a reformulation of (38), whereas relation (44) imme-
diately follows from (36), using (10). O

Using the abbreviation

= (1+ k) 2
9(@) = Z((2A+k)(2A+1+2k)+2A+k+n>0w(x)

B ( (2kz+3k:2+4/\+8k:/\+4/\2+n+kn)> )
k=0

PIEIC) S TAT oy Wiy g R (z)

representation (42) for the parameter derivative of 07({\)(;1:) can be rewritten as

) B = “D"F) A +E) o
O (@) = Z 2/\—|—k‘—|—n)( —7y O @)
A+n—1
- )+ Z 2/\ —I—)Q)n( —er) z Lefe)

[n/ 2]
A+n—2k

_ W )
= 9@+ D) A (z) .

g 2 Dn—k)k
Whereas (39)—(40) are rather difficult formulas, and difficult to obtain, formula (41) is so
simple that it seems to be rather unlikely that it should not be found somewhere in the
literature. Nevertheless, we were not successful doing so, hence (41) seems to be new.
Obviously, after having found this formula, it may be proved by other means as well. By the
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computations

= nljl da
_ S (=) (@ + 1+ zj: 1 ;
= n! j! = ootk
and
n—1 n—1
) 1 (a+1) (—k);
> L) = >, > Tk
k;:on_k k:On—k‘ k! s (+1); 4!
n—1n—1
1 —k
= ZZ —k‘(k" )'j(a+1+])k—jxja
7=0 k=j n J

we may compare coefficients to find that (41) is equivalent to the identity (j =0,...,n —1)

(—MMa+1+ﬁwf351 1 gf 1 (k)

e - 1 y o
! ot 1]tk En—k K (@t 1+ )k

k=0 k

or equivalently

N~ 1 S nl (k) (el ey
a(n,j) = kzz:o M‘l—‘i‘j‘i‘k_;;(n_k)k!(_n)j (+ 1+ j)n—j
n—1 - .
S n! (k—j+1) 1 — A(n, §) . (45)

& = AR (0= + 1), @+ 1+ R

The last identity can easily be proved by Zeilberger’s algorithm: It turns out that both sides
of (45) satisfy the inhomogeneous first order recurrence equation (see e. g. [23])

. . . . 1
a(n+17])_a(n7]) = A(n+ 1’])—14(72,]) - l+a+n

of the y-function, having the same initial value a(j + 1,7) = A(j + 1, j) :a+11+j.
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