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ABSTRACT. The Legendre, Laguerre, and Hermite equations are
all homogeneous second order Sturm-Liouville equations. Using
the Sturm-Liouville Theory we will be able to show that polynomial
solutions to these equations are orthogonal. In a more general
context, finding that these solutions are orthogonal allows us to
write a function as a Fourier series with respect to these solutions.

1. INTRODUCTION

The Legendre, Laguerre, and Hermite equations have many real
world practical uses which we will not discuss here. We will only focus
on the methods of solution and use in a mathematical sense. In solving
these equations explicit solutions cannot be found. That is solutions
in in terms of elementary functions cannot be found. In many cases it
is easier to find a numerical or series solution.

There is a generalized Fourier series theory which allows one to write
a function f(x) as a linear combination of an orthogonal system of
functions ¢ (z),p2(x),...,0n(x),... on [a,b]. The series produced is called
the Fourier series with respect to the orthogonal system. While the
Jo F(@)¢n(x)da

J. 2 (@)da
are called the Fourier coefficients with respect to the orthogonal system.
We are concerned only with showing that the Legendre, Laguerre, and
Hermite polynomial solutions are orthogonal and can thus be used to
form a Fourier series. In order to proceed we must define an inner
product and define what it means for a linear operator to be self-
adjoint.

coefficients ,which can be determined by the formula ¢, =

Definition 1. We define an inner product (y;|yz) = f y1(x
where yl,yz € C [a b] and two functions aresaid to be orthogonal zf

(y1]y2) = f yi(z =0.

Definition 2. A linear operator L is self-adjoint if (Lyi|y2) = (y1|Ly2)
for all yy,ys.
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2. THE STURM-LIOUVILLE THEORY

A Sturm-Liouville equation is a homogeneous second order differen-
tial equation of the form

(2.1) [p(@)y'] + q(x)y + Ar(z)y = 0

where p(z), r(z) > 0 on the interval [a, b] and where the function ¢(z)
is real-valued. In order to make the problem simpler to solve we assume
p(x), p'(z), r(x), ¢(x) € Cla,b]. We rewrite the equation in the form
of an eigenvalue equation by defining a linear operator L on C?[a,b] as

(2.2) Ly = [p(x)y'] + q(x)y.

Once Ly is defined, the Sturm-Liouville equation can be written in the
form

(2.3) Ly+ Ar(z)y=0

Now we impose boundary conditions such that y € C?[a,b] so that
L will be self-adjoint with respect to the inner product defined above
which allows us to rewrite differential equations of the same form to
show that its solutions y;, 4. € C?[a,b] form an orthogonal basis. It
is also necessary to note that if y # 0 and y € BC?[a, ] is a solution
to Ly + Ary = 0 then y is an eigenfunction and A is an eigenvalue.
Therefore (y, \) is an eigenpair.

Remark. We want to know the boundary conditions necessary for L to
be self adjoint. We want (Ly;|y2) — (y1|Lys) = 0. Note that

(Ip(x)h] + q(@)uly2) — (nllp(x)ys] + q(x)y2)

b

= / (P'Yi % + pyi T + quilz — D' Yh — YipYs — hGiYs)dx
b (— —

= / (V'Y %2 + vy Tz — nip'vs — yipys)de

b
= / P(y172 — yoyr)]' da
= p(0) (41 (0)72(b) — y5(0)y1 (b)) — p(a)(y1(a)T2(a) — yh(a)yr(a))
In order for the equality to hold we wish to impose the boundary con-
ditions y(a) = y(b) = 0 ¥/(a) = y/(b) = 0. With these conditions we
say that y € BC?a, b].

Lemma 2.1. The eigenvalues of a Sturm-Liouuville problem are real.
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Proof. Suppose y # 0, y € BC?[a,b] is a solution and satisfies Ly +
Ary = 0 and compute (Lyly) = (y|Ly).

Ly = —X\ry
(=Aryly) = (y| = Ary)
—(Aryly) = —(y[Ary)

(Aryly) = (y|Ary)
Aryly) = Mylry)

/\/ab yyr(z)dr = X/ab yyr(z)dx
yfwwWM@M=X/ﬂmwwuwx
. o

S AeR

With this equality, we have a new inner product called the weighted
inner product

b —_
(2.4) @Mﬁ:/m@mwmwz

where yy,y2 € C?[a,b] and (y|y) > 0 when y # 0.

Lemma 2.2. If (y1, A1), (y2, A2) are eigenpairs where Ay # Ao then iy,
and yo are orthogonal.
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Proof. We know that L is self-adjoint becasue y € BC?a,b], Ly =
—Ary, and A € R.

(Ly1ly2) = (v1|Ly2)

(=Aryiy2) = (yi| — Aarye)
= —<y1\>\2ry2>
(Mryilye) = (yi] Aarye)

)
)
—(Mryilye)
)
)

A (ryly) = Xa(yi|ry2)

b b
>\1/ y1%7"(93)d93=/\2/ v1Yar(z)dx

M (yaly2)r = Ao (y1|y2),
(A1 = X2)(ylya)r =0
<y1ay2>r =0

Therefore y; and y, are orthogonal.

3. THE LEGENDRE POLYNOMIALS
The Legendre Differential Equation is
(3.1) (1 -2y — 22y +nn+1y=0ne R,z € (-1,1)

We know that = 0 is an ordinary point of equation (3.1). We see that
when we divide by the coefficient (1 —x?) that z € (—1,1). We will see
later that the property of orthogonality falls out on the interval [—1, 1]
by the Sturm-Liouville Theory. In order to find the series solution to
this differential equation we will use the power series method.

Insert these terms into the original equation (3.1) to obtain
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(1 —a?) Zakk(k — 1)z % — 2 Zakk::vk_l +n(n+1) Zakxk =0.
k=2 k=1 k=0

which gives

Zakk;(k: —1)zF2 Z apk(k — 1)z" — 22 apka®
k=2 k=2
+n(n+ 1)2@;@’“ =0
k=0

making powers and indicies equal

> appa(k+2)(k+ Dab =Y " apk(k - 1)2* =2 " ap(k)2*
k=0 k=0 k=0

+Y nn+1agz® =0
k=0

simplify

> [k +2)(k + Dagss — (k) (k — Dag — 2kay + n(n + ag)z* =0
k=0

equating coefficients
(k+2)(k + Dag2 — (k)(k — Dag — 2ka, + n(n+ 1)ax =0

solving for a.o gives us a recurrence relation

k(k+1) —n(n + 1)

(3:2) G2 = T R )k + 1)

ag.
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Remark. We are looking for polynomial solutions. If we assume our
solution has degree L then

L
Zakxk:a0+a1x+a2$2+"'+aL+0$L+l—|—OxL+2_|_...
k=0

Where all the terms following a; will be zero, while a;, # 0. So we
know,

L(L+1)—n(n-1)
(L+2)(L+1)
LIL+1)—nn—-1)
(L+2)(L+1)
L(L+1)—nn+1)=0
L(L+1)=n(n+1)
L=norL=—(n+1)

=0

ar4+2 = ar,

So L = n is our solution because all terms after n+1 are zero. Therefore
the degree of our polynomial solution is n where n is an integer.

We get two linearly independent series solutions from the recurrence
relation (3.2). The first solutions comes from the even values of k.
While the second solution comes from the odds values of k. We assume
ap # 0 and ay # 0.

yi(z) = aoll — n(n2—i— 1)x2 4 (n— 2)n(n4—!i— 1)(n+ 3) 4
C(n=H(n-2Qnn+D(n+3)(n+5) 4
6! T 4]

1o(z) = axfz— (n — 12))(!71—1— 2)$3+(n —3)(n — 1;$n + 2)(n+4)$5+. .

Where both solutions are valid for x € (—1,1). Finding the Le-
gendre polynomials can be very long and difficult. There are many
methods including Rodrigue’s Formula that are useful in finding these
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polynomials. The first five Legendre Polynomials turn out to be

Py(x)=1

Pi(x) =z

Py(x) = %(3x2 - 1)

Pa) = yu(5a* ~ 3)

Py(z) = é(35x4 — 3022 + 3)

By rewriting the Legendre Polynomial as a Sturm-Liouville problem,
we can prove its orthgonality. We find that the operator can be written
as

Ly = [(1—a2)yT.

where f,g € C[—1,1]. After imposing the conditions that any f,g €
BC?|—1,1] whenever f,g meet the conditions. We want (Lf|g) =
(f|Lg). That is we want L to be self-adjoint.

(Lflg) — (f|Lg) =0
/_ Lf(@)(o) — (@) Lg(w)dz

- / (1= ) fYg(z) — f@)(1 — ?)gVde

1

- / (—20f + (1— ) f")g — f(—2aq — (1 — a®)g")du

1

1
= / (1—2*)f"g—2xfg+22fgd — (1 —2°)fg"dx

1

- / (1= 2)(f'g — ¢ ))de

=1 =2")(f'g -9 N
= 0.

Therefore L is self-adjoint with no imposed conditions.
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Let y, and y,, ,where n # m, be polynomial solutions to the differ-
ential equation, Ly, = —n(n + 1)y.

= (Lyn|Ym

= (Yn|Lym

= (Wn| —m(m + 1)ym)
= _m(m + 1)<yn‘ym>

- n(n + 1)<yn|ym>
)
)

So, _n(n + 1)<yn|ym> = _m(m + 1)<yn|ym>v since n # m, <yn|ym> = 0.
We could have also used Lemma (2.2) to say that the Legendre polyno-
mials are orthogonal due to the Sturm-Liouville theory. The Legendre
polynomaials are orthogonal on the interval [—1, 1] with respect to the
the weight function r(z) = 1.

4. THE LAGUERRE POLYNOMIALS

The Laguerre differential equation is
(4.1) zy"+(1—2)y +ny=0,ne€R, z € [0,0).

We know that x = 0 is a regular singular point of equation (4.1). In
order to find the series solution to this differential equation we must
use the Frobenius method which is useful for solving equations of the
form

(4.2) 2y + xp(x)y + q(x)y = 0.

We will use the Frobenius method to find a series solution to equation
(4.1) of the form

(4.3) yi(z) =" i arz® ag #0

k=0

where 7 is the root of the indicial equation

(4.4) r(r—1) 4+ por + qo-

We compare the Laguerre equation(4.1) to our standard form equation
(4.2). We multiply (4.1) by = to obtain the equation
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(4.5) 2+ (1 —2)ay + nry
We see that
p(r)=(1—-2z) and gq(x)=nx
p(0) =1 and ¢(0)=0.

Hence our indicial equation is
r(r—1)4+r=0
or
r? =0.

Thus the roots of the indcial equation are r; = ro = 0. Both roots are
equal so we will have a second linearly independent equation, which we
will not use, of the the form

(4.6) yo(z) = y1(x) Inz + 2™ Z bra®.

k=0

We will now find the recurrence realtion for the coefficients for y; (z)
by direct substitution of y;(z) into equation (4.1).

y(r) =" Z apx® = Z apzFF)
k=0 k=0
y'(z) = Z(k + rapeFY
k=1
y'(z) = Z(k + ) (k+r — Dagae®=2

B
||

2

Plug above equations into (4.1) to get
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xz k47r)(k+r—1agz® 2 + (1 -2z Z k + r)agztr—Y
k=1

k=2
+n Z apzF =
k=0

which gives us

Z k+r)(k—+r—1)agz® +Z k4 r)apzFrr—
k=2 k=1

=Y (b +r)ae™
k=1

+ Z nayz " =0
k=0

making all powers equal

Z k+r+1)(k+r)apo® + Z k+7+1)apz®
k=1 k=0

— Z(k + r)agz®t
k=1

+ ) nagat =0
k=0

set r=0 to get
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> (k+ D)(k)agsz® +> (k+ Dagpa”

[o.¢]
k=1 k=0

for the terms with k£ = 1 we see that the kK = 0 terms add nothing so

Z[(k + 1) (k)agss + (k + Dagyy — kag + nag)z® = 0.
k=0

Due to the uniqueness of a power series we set the coefficients equal to
zero and solve for the recurrence relation.

—~

k+1)(k)ags1 + (k + Dagyr — ka + nag) =0
[(k+1)(k) + (k+ D]agsr + (—k+n)a, =0
S (k —n)ay

R+ D)+ (k£ 1))
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The coeflicients are

ag = (1-njar _ n(n—1)ag
4 22
as = (2 —n)ay _ —n(n —1)(n — 2)ag
9 22. 32
ay = (3 — n)ag _ n(n — 1)(n — 2)(n _ 3)a0
16 22.32.42
0 = (k=D —nary _ (=D*n(n—1)(n—2)..(n—k+1)
k2 92.32.42... k2
— (—=1)*nlag
= G b

Therefore by substituting these coefficients into equation (4.3) we ob-
tain the series solution for equation (4.1).

B nn—1) , nn—-1)(n-2) 4
(4.7) Yn(z) = ag(l — nz + — T~ SPREE x
n(n—1)(n—2)(n —3)ag ,
SRETIVE ot
(=1)*n! k

BRI ECETR
Which is

2. (=1)*nlag
(4.8) Yn(z) = ’; mxk k=0,1,2, ...

When n =0,1,2,3, ... the series (4.7) ends. That is the terms after the
nth term are zero. If we take ay to be k! then we get polynomials. We
call these polynomials Laguerre polyomials. The Laguerre Polynomials
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are
(4.9) Lo(z) =1
Li(z) =—x+1
Lo(x) = 2* — 4z + 2
Ly(z) = —2° + 92* — 187 + 6
Ly(7) = 2* — 162° + 722% — 967 + 24

The Laguerre equation is a Sturm-Liouville equation. By showing that
it is one we will show that the Laguerre polynomials are orthogonal. By
doing so we will be able to express more complicated functions with
these polynomials. The polynomials are said to be orthogonal with
respect to a weight function.

Equation (4.1) can be written in this form, but first we must multiply
equation (4.1) by r(x) and solve for r(z).

(4.10) r(z)zy” +r(x)(1 —2)y + nr(z)y = 0.

We see by comparing (4.10) to equation (4.1) that

(4.11) p(x) = xr(x)
(4.12) p'(z) =r(x)(1 -z

We take the derivative of (4.11) and we obtain

(4.13) p(z) = ar'(x) + r(x)

Setting equation (4.12) equal to (4.13) and solving we get
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Therefore

Equation (4.10) now becomes

(4.14) ze "y +e (1 —2)y +ne"y=0
(4.15) (e zy") + ne "y =0

where

(4.16) L= (e"xy)

In order to prove that the polynomial solutions to the Laguerre equa-
tion are orthogonal we must first prove that (4.16) is self adjoint.We
let y; and y; be Laguerre polynomials.

(L)) = / Ly )y

0
= / (e 2y)) yodx

0
— gl - [ s

0
=0 —O—/ e ayyyda
0
= - / e "wy ypda
0
— (e TmfF — [ (e )
0

= /000 y1(e "wyy) dx
= (y1|L(y2))
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We know that y; and y, are continuous at 0. We also see that the
weighting function r(z) = e™* causes

lim e “zy1y5 = 0, lim e "ayjys = 0
T—00 T—00

lim e *zy iy = 0, lim e "z, = 0

z—0 z—0
Here we do not need to impose boundary conditions. Also by Lemma
(2.2) we can see that the polynomial solutions to the Laguerre equa-
tions are orthogonal on the interval [0, —oc) with respect to the weight
function r(x) = e™".

5. HERMITE POLYNOMIALS
The Hermite differential equation is

(5.1) y' —2xy 4+ 2ny =0n € R,z € (—o0, 00)

We know that x=0 is an ordinary point of equation (5.1). We may use
the power series method to find the polynomial solutions.

Yy = i akxk
k=0
y = Zakkxk’l = Zak+1<k +1)z*

Y —Zakﬂk-i-l Zak+2k+2)(k—l— 1)2*

k=0 k=0

By substitution,

Z apso(k +2)(k 4 1)z" — 22 Z g (k+ 1)k + QnZ apz® =0

k=0 k=0 k=0
Z apyo(k +2)(k 4 1)z" — 2 Z appr (b + 1)+t 4 Z 2napz® =0
k=0 k=0 k=0

Z apyo(k + 2)(k 4 1)z" + Z 2napx’ — 2 Z arka® =0

k=0 k=0 k=0

i[amz(k‘ + 2)(k 4 1)2* + 2ax(n — k:)]xk —0
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We obtain the recurrence realation by seting the coefficients equal to
zero. This recurrence relation is

_ —2(n—k)
W2 ek 2k + 1)

Qg

Remark. We are looking for polynomial solutions. If we assume our
solution has degree L then

L
Zakxk:ao+a19€+a29€2+~~+aL+OxL“—|—O;CL+2_|_...
k=0

Where all the terms following a; will be zero, while a;, # 0. By our
recursion formula, we know

B —2(n— L)
T YL )
—2(n—-L)
(L+2)(L+1)
—2(n—L)=0
n—L=0
n=1L

So L = n is our solution because all terms after n+1 are zero. Therefore
the degree of our polynomial solution is n where n is an integer.So we
can rewrite a polynomial of degree L as

n

E akxk

k=0

where n must be an integer. This means we can find polynomial solu-
tions where ay is determined by the recurrence relation above.
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After evaluating the Hermite recurrence relation we find that the
polynomials solutions are

Py(z)=1

P(z) =2z

Py(7) = 42* — 2

Psy(z) = 82 — 122

Py(z) = 162" — 482° + 12

In order to show that the polynomial solutions are orthogonal we
must put the Hermite equation into the Sturm-Liouville form by finding
some r(x) by which we will multiply the equation (5.1). As in the case
of the Laguerre equation we solve a differential equation of r(z) to get
r(z) = e™*". After multiplying equation (5.1) by r(z) we get

(e=y) + 2ne~"y = 0
ey — 2me ™y + 2ne "y =0
We find the linear operator in our case to be Ly = (e *"y/) and \r(z) =

2ne~*"y. Now, we want L to be self-adjoint for any two polynomial
solutions f and g, f # g, on the interval C(—o0,00) so we want

(Lflg) = (f|Lg)
(Lflg) — (flLg) =0
So

<Lﬂm—wﬂLm:1/mqumu»—f@ﬂgWMx=o

For Hermite solutions, Ly = [e‘ny’ ], so we want to place restrictions
on f and g so that

/mLﬂma@—fuwmmmzo

—00
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From the Sturm-Liouville theory we get

/ (e @) ga) — f@)(e g (@) da

oo

-/ (e (P @)g() — o (@) f () da

—00

After further evaluation as in the Legendre case we obtain

lim [(e™*")(f'(z)g(z) — ¢'(z) f(x))]

a——00

+ Jim [(e7) (/' (@)g(x) — ¢/ (x) f (@)

We want
lim e f(z)g'(z) =0
T—7F00
for all f,g € BC?(—00,0). So we impose the following conditions on
the space of functions we consider
lim e */2h(z) =0

r—+o00

and
lim e /2h/(z) =0
r—+o00

for all h € C?(—00,00). The Hermite polynomials are orthogonal on

the interval (—oo, 00) with respect to the weight function r(z) = e=*’
by Lemma (2.2).
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