
Lawrence Berkeley National Laboratory
Recent Work

Title
ORTHOGONAL POLYNOMIALS AND SECOND ORDER DIFFERENTIAL EQUATIONS

Permalink
https://escholarship.org/uc/item/6gb1013j

Author
Grunbaum, F.A.

Publication Date
1982-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6gb1013j
https://escholarship.org
http://www.cdlib.org/


LBL-15652 
Preprint c.d-

ITtl Lawrence Berkeley Laboratory 
11;:1 UNIVERSITY OF CALIFORNIA 

Physics, Computer Science & 
Mathematics Division 

To be submitted for publication 

ORTHOGONAL POLYNOMIALS AND SECOND ORDER 
DIFFERENTIAL EQUATIONS 

F. Alberto Grunbaum 

December 1982 

MAR 21 1983 

TWO-WEEK LOAN COP~. 
Th. is a Library Circulating Copy- . 

~~ h . be borrowed for two weeks. 
wh1c may 11 
For a personal retention copy, ca 

Tech. Info. Division, Ext. 6782 . 

. 
Prepared for the U.S. Department of Energy under Contract DE~AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-15652 

ORTHOGONAL POLYNOMIALS AND SECOND ORDER DIFFERENTIAL EQUATIONS1 

F. Alberto Grfulbaum 

Department of Mathematics 
and 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

December 1982 

1The :research :reported here was supported in pa."i. by National Science Fou."ldation Grant 
MCSBl-07086 and by the Director, Office of Basic Energy Sciences, Engineering, Mathematical, and 
Geosciences Division of the U.S. D-epartment of Energy under contract DE-AC03-76SF00098. 



--- .~- -­., 
I :) 

I \ 
._.-~ 

-1-

Introduction 

Back in 1927 Bochner [1], [2, p.l07] and [3, p.lSO], proved that 

a sequence of polynomials 

deg Pn = n n=O,l,2, ••• 

satisfy a differential equation of the form 

(1) 

only in a very limited set of cases. After a change of variables you 

must have the so called "classical orthogonal polynomials" connected 

with the names of Jacobi, Laguerre, Hermite and Bessel. 

This is a nice result from the standpoint of elegance but it is 

bad news for applications of orthogonal polynomials to boundary value 

problems. 

In a recent paper prompted by work on a nonlinear differential 

equation [4], R.Smith (5] relaxes the condition on the degree of poly-

nomials and allows these degrees to advance in steps of length m. 

He then shows that the differential equation can be reduced to one of 

the forms below: 

( m) " ~ m 1 m-1 1-x xY - (k-l+ux )Y + n(n+o-l)x Y n n n = 0 

Y" (k m) 1 m-1 x n - - 1 + mx Yn + mnx Yn = 0 

In this note we point out for any value of n a solution Yn(x) 

of (A) is given in terms of Jacobi polynomials, namely, 

(A) 

(B) 



Yn(x) 
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k o+k -m-1 
k piii, m 

= x n-k 
""""iD 

m 
(1 - 2x ) (2) 

One can then see that if either n or n-k is an integer multiple of m, 

Yn(x) is a polynomial in x. 

We notice too that a solution of (B) is ,given in terms of 

generalized Laguerre polynomials 

(3) 

and again if either n or n-k is an integer multiple of m, Yn (x) is 

a polynomial in x. 

The result of Smith therefore strengthen those of Bochner, and 

show that unfortunately in the presence of extra properties like (1), 

orthogonal polynomials are as useful as they are rare. 

Canonical Form for the Differential Equation (A) 

Take (A) in the form 

2-m m " m 1-m , 
X ( 1 - X ) Y - (k -1 + 0 X ) X Y + n ( n + 0 - 1) Y ~ 0 • ( 4) 

Now define a new variable z by means of 

. mz (s~n T )
2 

to rewrite (4) in the form 

m-2k . 2 mz 
~ - (cS-l)s~n T 

. mz mz 
s~n T cosT 

:; + n(n+o -l)Y = 0. 

(5) 

(6) 

r 

/ 
'-' 



'" I 
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Now put 

-~ f S(z)dz 
r(z) = e 

where S(z) denotes the coefficient in front of :~ in (6). 

One obtains 

2- 2o +m-2k 2k-m 

r(z) = ( mz) 2m cos 2 ( . mz)Ziil s1n-
2 

and then (6) can be written as 

r ( z) [ d:: (! g ~ ) + V ( z) ! g ~ + n (n + o - 1) ! g~ J = 0 

where 

V(z) = m
2 

- 4k
2 

16 . 2( mz ) s1n -, 
2 

The Jacobi Polynomials 

m2 
- (2o + 2k - 2m - 2) 

2 

+ + 

16 cos2
( m; ) 

co-l) 
4 

If we set e = mz we see that the solutions of (6) are given by 

Y(z) = r(z)y(z) (7) 

where y (= y(u)) satisfies 

+ 
( o+k-m-1)2 ) 4 - 1 

__.:_._m -:- Y = 

16 cos2 ~ 

2 

(
2n-o-1) 

2m Y · 

Now ,a glance at Szego [2, p.67] shows that we can take 



with 

y(6) 

k a=­m 

= 

• B = 

-4-

o+k-m-1 
m • 

and P~· 8 ccos6) the standard Jacobi polynomials. Therefore we obtain, 

in terms of z, 

Y(z) = 

2k 

( )
- a,B 

sin T m Pn-k (cos mz) 
-

. 0 

m 

Recall now some of the expressions for P~'B in terms of hyper­

geometric functions from [2, p.62] and [6, p.212], namely 

and 

Pa'B(cos mz) 
'V 

Notice that 

1 -cos mz 
2 = 

( 'V+CL) ( 1 - cos mz ) ~ v 
2
F

1 
-v, v+a+B+l, a+l, 

2 

• 
1 +cos mz 

2 = m 1-x 

A look at (5), (7') and (8) shows that except for multiplicative 

constants 

= X
k ( k-n k+o-l+n 

ZFl m, m 
k+m m) , X 
m 

(8) 

(9) 

(10) 
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and when 

n-k = nonnegative integer --m 

the second factor is a polynomial in m 
X • 

A look at (5), (7') and (9) show that except for a multiplicative 

factor 

= F (n+cS-1 n 
21 m ,-iii, cS+k-1 m) ---,1-x m 

and we get a simple polynomial in 1 - xm any time that 

n 
m = nonnegative integer 

(11) 

Expressions (8) and (9) are equivalent, and the choice of one or the 

other is a matter of convenience. 

As an illustration we give the polynomials obtained using (10) 

and (11) in the case (treated in [4]) 

m = 4 , k = 1 ' cS = 6 . 

From (10) we obtain 

X ' Y 
5
(x) It 

= (5 -11x ) ~ = (3 -18x4 
+ 19x

8
)x. 

5 3 

From (11) we obtain 

It 
3x - 1 

8 It 221x - 182x + 21 
2 60 
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Canonical Form for the Differential Equation (B) 

Take (B) kn the form 

Define a new variable z by means of 

to rewrite (3) as 

(m- 2k) 

mx 

Now put~ as before~ 

r(z) a e 

z a 

2 2 m x ·-2 

and equation (3) is written as 

2 m/2 -x m 

dY + mnY = 
dz 

e 

2 2 m z 
-r 

0 

r(z) [ d:

2

2 Ggl) + V(z) !~~l + mn ~~~l J • 0 

where 

V(z) ( 

.. 2 

- ~ + 
16 

(12) 

(13) 

(14) 

.. 
I 

I . 

I 

• 
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The Generalized Laguerre Polynomials 

If we set 

mz 
- = u z 

we see that the solutions of (14) are given by 

Y(z) = r(z)y(z) 

where y (= y(u)) satisfies 

- ~ + u2 + = d
2 

( 4(k/m) - 1) Y 
du 2 4u2 

Now this has for solutions 

y(u) = 
2 

-u /2 a+~ 
e u 

(a) 
L (u2) 

n/m 

with a= -k/m and L~ the generalized Laguerre polynomials. 

To get Y(u) we need to multiply by 

and we get, except for a multiplicative constant, 

Y (u) n = 
-k/m 

L (u2) 
n/m 

(15) 

(16) 

From (16) it is clear that if n is an integer multiple of m, 

Yn (u) is a polynomial in xm . 
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Using the expression 

= -a v 
1 

F 
1 

( -v-a, 1-a., v) 

involving the Kummer function, [6, p.243], we see that 

2k 
m = u F (- !! + k 1 + mk ' u z\ 

1 1 m m ' J 

= xk F (- !! + k 
1 1 m m 

(17) 

This last expression makes it clear that if n;k is a nonnegative 

· Y · h d f k · 1 ·1· m 1.nteger, n l.S t e pro uct o x tJ.IDes a po ynom1.a . 1.n x . 

As an illustration, take 

m = 2 , 

and using (16) and (17), obtain 

y = X ' 1 

k = 1 

Notice in closing that except for multiplicative constants we have 

exactly the Hermite polynomials, namely, 

= (18) 

Thus, in spite of Smith's statement [5], {HnCx)} is obtained 

from a single family of generalized Laguerre polynomials, not withstand-

ing the familiar relations which involve two such families, ~ -~ L and L • n n 

"· I 

• 

... 
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Conclusion 

A slight elaboration of the results in [5] shows that orthogonal 

polynomials connected with second order differential equations (1) 

have simple and elegant expressions in terms of Jacobi (2) or generalized 

Laguerre polynomials (3). 
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