SOLUTIONS OF SECOND ORDER LINEAR DIFFERENTIAL EQUATIONS
AS POWER SERIES

Suppose that we are trying to solve the initial value problem

fo(@)y" + fi(x)y' + fo(@)y=0; y(xo) =ao; ¥ (x0) = a1,

where the functions f; are continuous in some interval containing x.
Substituting the initial values in the equation, we find

fa(x0)y" (x0) + f1(zo)y'(xo) + fo(zo)y(zo) =0,
and, provided fa2(xg) # 0,

y" (z0) = —(f1(z0)a1r + fo(xo)ao)/ f2(xo) -

If the functions foy, f1, and fy are differentiable, we can differentiate the differ-
ential equation to obtain

(@)Y + (fo(z) + fr(2)y” + (fi(@) + fo(x)y + folx)y =0.

Once again, if we evaluate this equation at xg, we obtain

fo(@o)y" (x0) + (f2(xo) + f1(w0))y" (z0) + (f1(z0) + fo(20))y' (x0) + fo(zo)y(z0) =0
y" (z0) = (f3(w0) + f1(20))(f1(w0)ar + fo(zo)ao)/ f3 (xo)
— ((fi(xo) + folwo))ar + fo(zo)ao) / fa(zo)

We could proceed in this fashion for as many times as the coefficient functions
have derivatives. Indeed, if the coefficient functions are analytic functions, and
have derivatives of all orders, we could in theory determine the values of all the
derivatives of the solution y at the point zy. This means that we could (again, in
theory) write down the Taylor series expansion

It can be proved that this Taylor series expansion converges for |z — zo| < R,
where R is the distance from z to the nearest (complex) zero of fa(zx).
Note that if we write the equations in the standard form

y' +pi(z)y +po(z)y=0,

we have py = f1/fe and pg = fo/f2, so that as long as fo(x) # 0, p1 and po are
continuous, and the existence and uniqueness theorems apply.

Independent solutions.

The procedure outlined is valid for any choice of the initial values ag and a;. In
particular, we can determine a solution y;(x) such that yi(z9) =1, yj(zo) =0,
and another solution ys(z) such that y2(z9) =0, y5(xp) =1 . For these solutions
we have (o) (o) Lo
Y1{Zo) Y2(To
i | =0 1] =170
so that they are independent solutions in a neighbourhood of xy, and the general
solution satisfying y(xo) = ag, ¥’ (z9) = a1 can be written as

W(y1,y2)(x0) =

y(r) = aoy1(z) + ary2(z) .
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Practical solution techniques.

In practice we restrict our attention to the cases in which the functions f; are
polynomials in z, of degree at most 2.

Furthermore, rather than differentiate the equation, we assume a power series
form for the solution y and substitute this into the equation.

e.g. Proceeding formally, find two linearly independent power series solutions in
powers of x for each of the following differential equations.

y' —xy —y=0

oo [o.¢] o0
— /
Let y = 5 apx” ;Y = E na,z" "t xy = 5 na,r"
n=0 n=0 n=0

o0 o o
T Z n(n — Da,z" 2 = Z n(n — Dapaz™ 2 = Z(n +2)(n+ 1)ay122"™
n=0 n=2 n=0

y' —axy —y= Z 2" ((n+2)(n + Vanso — na, — ay)
n=0

which vanishes provided (n +2)(n+ 1)an4+2 = (n+ 1)a,, for all n > 0.

Since this recurrence relation does not involve a,,11, we can determine the odd and
even terms independently. Setting n = 2m, we have

1 1

(2m + 2)a2m+2 = Q2m 5 A2(m+1) = §m 1

a2m

Considering the first few terms we have

1 1 1N 1 nN"tt 1
a = —-— — —qap = — —AQao.
2mt) Tom+1\2) ml'°T \2 (m—+1)1°

Since this formula holds for m = 0, it holds for all m > 0 by the principle of
Mathematical Induction.
One solution of this equation is therefore

_ - = 2m I i _ x“/2
y_aon;(2> Lo _aozm!(Q) )

m=0

[Note that this power series converges for all values of z. This is in accord with
the earlier remark, since the function fy(z) =1 has no zeros.]
For a second independent solution we set n = 2m + 1, giving
1
m+3

(2m + 3)a2m+3 = G2mi1 3 G2(mt1)+1 = 5 a2m+1



Again considering the first few terms, we have

1 1 1
as = gal ; a5 = ﬁal ; a7 = 3.5‘7<l1-
and in general
1 24....2m 2™Mm!

=85 L 2m D) T Cmr T @mr

A second solution is therefore

Using the ratio test, we see that the radius of convergence of this series is

_ 2" m)! (2m + 3)! . (2m+2)(2m+3)
lim = lim =00,
m—oo (2m + 1)1 2m+tH(m + 1)1 m—oo 2(m+1)

which also accords with our expectations.

e.g.

(1-x)y" +y=0

(e @]
Let y = Z anx"
n=0

Z n(n —1a,z" 2 = Z n(n —1Da,z" 2 = Z(n +2)(n+ 1)ay422"
n=0 n=2 n=0
oo oo oo
AT Z n(n —1)a,z" ' = Z n(n —1)a,z" ' = Z(n + Dnayqi2"”
n=0 n=1 n=0
1—2)yy" +y= Z x" n+ Dapt2 — (n+ D)napt1 + an)

which vanishes provided (n + 2)(n + 1)an4+2 = (n 4+ 1)nay4+1 — ay, for all n > 0.
We can determine two independent solutions by first considering ag = 1,a; = 0,
and then ag = 0,a; = 1.
In the first case we have

1 1 1 1
0-1)=—=: S(2(—2)—0) = —>
(0.0-1) 5 7 03 6(( 2) 0) 5
1 1 1 1 1 1 1 1
ay 12(6(—5) 5)— 51 0 2_0(12(_ﬁ)+6) ~%0
y1—1—1m2 le_i$4_i5_



In the second case we have

1 1
a2:§(01—0)20,a3—6(20—1):——
1 1 1 1 1. 1 1
a =505 =0 =—1555 a5 =55(12(-5) + ) = —5;
1 1 1
Yyo=a— —x° — —at — —a° —

Note that in this case we do not have nice closed forms for the coefficients, so
that we have to content ourselves with the numeric computation of the leading
terms.

Since fa(x) = 1 — x has a zero at © = 1, these power series will converge for
|z| < 1.

Legendre’s Polynomials.

One important equation of this type, which arises in three-dimensional problems
using spherical polar co-ordinates, is Legendre’s equation

(1 -2y —2zy' +ala+1)y=0.
If we derive solutions as power series in x, we expect that the series will converge

for |z| < 1.
Proceeding as above, we have;

(@) oo o0
Let y = E arx” Yy = E ra,x" "t xy = E ra,x”
r=0 r=0 r=0

o o0 o
T— Zr(’r’ —1a,z" % = Z(r +2)(r 4+ Dayyoz” 5 2%y = ZT(T ~ Daya”
r=0 r=0 r=0

(1 —2?)y" = 2zy' + a(a+ 1)y

= Zmr((r +2)(r+ Dayyo —r(r — 1)a, — 2ra, + a(a+ 1)a,)

which vanishes if the coefficients satisfy the recurrence relation
(r+2)(r+1)art2 = (r—a)(r+a+1)a,.

Since the recurrence relation does not involve a,.41, we can find two independent
solutions one of which is even (i.e. a, = 0 if r is odd) and the other of which is odd
(i.e. a, = 0if r is even).

For the even solution, we set ag = 1, a; = 0.

Note that, since a; = 0, ag = 0, and hence a5 = 0 etc.

For the other coefficients, set » = 2m in the recurrence relation.

(2m +2)(2m + L)agm41) = (2m — a)(2m + 1 + a)agy, .



The calculations can be further simplified if we set ag,, = ba,,/(2m)! . Then

bo(mt1) = (2m — a)(2m + 1 + a)bay,
bo 1
= (-a)(1+a)
= ()2 -a)(1+a)B+a)
bom = nﬁ(%’—a)ﬁ(?k—l—l—l—a)
k=0 k=0

Notice that if &« = 2N, where N is an non-negative integer, then the factor
(2m — «) vanishes when m = N, so that by, (and ag,,) also vanish for m > N. In
this case the power series reduces to a polynomial. For example

a=0; y=1
a=2; y=1-32"

35
a=4; y:1—10m2+§x4

Scaling these solutions so that they take the value 1 when x = 1, we obtain the
Legendre Polynomials, designated Pon(z). That is

Po(x) =1

3 1
PQ(.CC) = 5[1)2 — 5

35 15 3
Pi(e) = gt = o’ +g

For the odd solution, set ag = 0, a; = 1, and set
r=2m+1, and agmi1 = bame1/(2m+ 1)!

in the recurrence relation. This gives

bam+3s = (2m+1 —a)(2m—|—2+a)b2m+1
by =1
=1-a)2+a)
b5 =1-a)B3-—a)2+a)d+a)
b2m+1 = Tﬁ (2]€+ 1 —Oé) ﬁ(Qk‘-f—(l/)
k=0 k=1

In this case the solution reduces to a polynomial if &« = 2N + 1, where N is a
non-negative integer. For example

a=1; y==x
5)
oa=3; =z -1’
Y 3
14 21
a=5; y=x— —a° z°
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The corresponding Legendre polynomials Pyyi1(x) are the solutions for which
Pyn+1(1) = 1, namely

Pi(x)==x
Ps(z) = ga:?’ — gw

63 5 35 4, 15

Ps(x) = g7 12 3

Legendre Polynomials and Orthogonality.
Legendre’s differential equation can be written in the form

(1—2?)y) = —ala+1)y,
so that the Legendre Polynomial P, (x) satisfies

n(n+1)P,(z) = —% (1- 1‘2)P7/1(.T)) .
Therefore
n(n+1) /_1 P, ()P, (z)dx = — /_1 {% (1- J;Q)P;L(x))] P, (x)dx

1
=~ (1= )P@) Pulo)' + [ (=) PU@) P (o) do
-1

- / (1 - )P () Pl () de

=m(m+1) /_1 P, (z)P,(x) dz

Hence, if m # n, we have

/1 P, (2)Py(z)dzr =0 .

—1
The Legendre Polynomials form a set of Orthogonal Polynomials on the interval
[—1,1].
This property is important in the theory of approximation. If we want the best
polynomial approximation p(x) of degree N to a function f(x) on the interval [—1, 1]
in the sense of minimizing the Mean Square deviation

1
/ (f(z) - p(a))? da

-1
then it can be shown that

N
p(z) =) arPi(z)
k=0
where the coefficients a; are calculated by

/_11f(a:)Pk(a:) do = a /_11 P2(z) da (: 2kz+1ak> .

[Similar considerations give rise to the Fourier Series expansions.|

The orthogonality of these polynomials is also relevant in the numerical proce-
dure known as Gaussian Quadrature.



Singular points.

Suppose that the functions fy, f1, and fy are analytic functions on the real line
(—00,00). (As noted above, they are usually polynomials.) Then we can find power
series solutions of the differential equation

fo(@)y" + fri(x)y + folx)y =0

in powers of (z — xg) provided fa(zo) # 0. Such points are called ordinary points
of the differential equation, while the points at which fo(x) = 0 are called singular
points of the equation.

Consider the differential equation

ny//+xy/ + (IQ . I/Q)y =0.

This equation has one (finite) singular point at © = 0. Therefore, for any ¢ # 0 we
can find power series solutions of the form

Z ap(z —c)* .
k=0

However, these series converge only for |z — ¢| < |c|, so that no solution is valid for
all 0 < |x| < co. This problem could be overcome if we could somehow incorporate
the singular point into the power series.
It turns out that this is possible if the singular point is regular. A regular singular
point is one for which the equation can be written in the form
Fy(z)(z — ¢)*y" + Fi(z)(2 — o)y’ + Fo(z)y =0
where Fj(c) and Fi(c) are finite and Fs(c) # 0.
In this case we can consider the approximate equation
Fy(c)(z = o)*y" + Fi(c)(x — o)y’ + Fo(c)y =0
or, equivalently
(x—c)*y +alz—c)y +By=0
in the neighbourhood of x = ¢, and use this information to construct a generalised
power series solution on a wider interval.

The approximate equation is in the form of an Fuler equation, the solutions for
which were considered earlier in the case of systems.

Euler equations.
For ease of writing, it will be assumed that ¢ = 0.

Consider the differential equation

L(y) = 2%y 4 azy’ +By=0; z>0.

L(z") = 2?(r(r — D)2"?) + ax(ra"" 1) + Bz"
= (r’—r+oar+B)"
= F(r)x"
where F(r)=7r*+ (a—1)r+4.

F(r) is called the indicial polynomial for the operator L, and we can see that x®
will be a solution of the equation if and only if F'(a) = 0. As before, the solutions
for z < 0 can be obtained by replacing z by |x| if necessary.
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e.g. Determine the general solution of each of the following second order differential
equations that is valid in any interval not including the singular point.

(1) 22y +dzy’ +2y =0

Lety=a". ¢y =ra" Ly =r(r—1)az"2.

22y 4 dry +2y = r(r — D" +dra” + 22" = (r® —r +4r +2)2" = (r® +3r +2)z"

The indicial equation is (r? +3r+2)=0; (r +2)(r+1)=0;r=—1or —2.
Therefore the general solution of the equation is

-1 -2
Yy=cxr ~+cxr 7,

which is valid in either (—o0,0) or (0, c0).

(10) (x—2)%" +5(@x —2)y +8y=0
Let y=(x—2)". ¢/ =r(x—-2)"" Ly =r(r—1)(xz—-2)""2.
(x—2)%y" +5(x—2)y +8y = (r(r —1) +5r +8)(x —2)" = (r* + 4r + 8)(x — 2)".

The indicial equation is 72 +4r +8 =0; (r+2)2= -4 ;r = -2 £ 2i.
The equation therefore has solutions of the form
_ —2 2 _ —2 .
y=|r—2]"%|x—2]" =]z — 2| " exp (2ilog|z — 2]|)
= |z — 2|72 (cos (2log |z — 2|) + isin (2log |z — 2))
together with the complex conjugate. The general solution can therefore be written

as
y = |z — 2|72 (1 cos (2log |z — 2|) + ¢y sin (21og |z — 2|)),

and the solution is valid on either (—o0,2) or (2, 0).

When the indicial polynomial has repeated roots; F(r) = (r — a)? ; there is
only one independent solution in this simple form. To obtain a second solution we
differentiate with respect to the parameter r.

Ja ,\_ 0 ,
L(EJJ>—§F(T)ZC

0
=2(r—a)a" + (r—a)®=—a"
r
=0 if r=a.
0 0
Z r — 2 rlogz
87’33 or
= logz e = logza” .

Therefore a second solution in the case where the indicial polynomial has a repeated
root is z%logx when x > 0, and |z|®log|z| when z < 0.



e.g.
Find the general solution of

2y —ay +y=0.
The indicial polynomial is
Firy=r(r—1)—r+1=r>=-2r+1=(r—1)>.
Therefore the general solution of the equation is

_{x(a1+aglog.r) x>0
V= x(by +balogl|z|) <0

Alternatively we can use the substitution y = vz to show that if ry is a repeated
root of r(r — 1) + ar + =0, then ™ and z™ Inz are solutions of

22y + azy’ + Py =0, x> 0.
If the indicial equation has a repeated root, then
rir—1)4+ar+8=r—-r)*; =0 a—1=-2r; a=1-2r.
Setting y = vz™, we have

y =2 + ey =02 4 2r0 2™ T ey (r — D™ T2,

z?y" + axy' + By
= 220" 2™ + 2r 02 T () — Doz 2) + (1 = 2r)z (V2™ + rpoz™ ) + rioz™
=0 22 2T (20 41— 2r)) oz (ry(ry — 1) 4+ (1 = 2ry)ry +17)
= 2" (20" +0) = 0 if a2’ +0 =0; (20') =0

o' =c ;v =c1/r; v=cilogr+co; y=1"(c1logx + ca).

The method of Frobenius.
For the case of a more general regular singular point, we now assume that there
will be solutions of the form

y=(x—c) Zak(:c —of = Zak(x — )kt
k=0 k=0

where it is further assumed that ag # 0.
Substituting this form into the equation

(2 — )y + (z — )P(2)y + Qa)y = 0



10

we obtain

y_E:ak: k+r
00

Y = Z(k +r)ag(z — c)F Tt
k=0

(x—c)y = Z(k +r)ag(z — )k
k=0

y' = (k+r)(k+r—Dag(x— )2
k=0

=)’y = (k+r)(k+r—Dag(x—c)*"

k=0

Expanding P(x Z Py (z — c

and Q) = ZQk@:—c)’f

we have L(y) = )’y + (z — o) P(2)y + Q(z)y

00 k
+Z( Pkll+ral) x—c)k
k
e

—c)"(r )+ Por 4+ Qo)ao)+

(=0 > (((k+r)(k+7r—1)+ Po(k+7)+ Qo)art

o) k—1
Z( k—}—Tak—}—Zszl—FT’)‘FQk l)al)( C)IH—T
k=1 =0

This series expansion will be a solution of the equation provided

F(r)ap =0
k—1

F(k+r)ap=—Y (+7) Pt + Qr-t)a
=0
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The first condition gives us a quadratic equation F(r) = 0 for the appropriate
indices r = rq,ro, and the second condition permits us to calculate the coefficients
ay as multiples of ag provided there is no value N > 0 such that F(N +r;) = 0.

If r1 > 7o, this can only happen if r; — ro = N, and then it only affects the
calculation of the solution corresponding to r = rs.

e.g. Each of the following differential equations has a regular singular point at
x = 0. Determine the indicial equation, the recurrence relation, and the roots of
the indicial equation. Find the series solution (z > 0) corresponding to the larger
root. If the roots are unequal and do not differ by an integer, find the series solution
corresponding to the smaller root.

(1) 2¢y” +y +axy =0

o0 o0
Setting y = Z anz" Ty = Z(n + ) a,z" T
n=0

n=0
y' =Y (nAr)(n+r—1Daa™ %5 2y = (ntr)(n+r - Daga™ !
n=0 n=0
o0 o0
Ty = Z anxn+r+1 _ Z an72xn+r—1'
n=0 n=2
o0 0o
20y +y 4+ xy = Z[Q(n +r)(n+r—1)+ (n+r)]az" " + Z Qpox™ T
n=0 n=2

[2r(r —1) 4+ r|ag =0
2+ 1r+(r+1)a; =0
2n+r)n+r—1)+(n+r)a, +a,—2=0 for n>2

Since we assume that ag # 0, the first equation reduces to the indicial equation
r(2r — 1) = 0 whose roots are r = 0 and r = 1/2. The second equation is now
(r+1)(2r + 1)a; = 0. Since the polynomial in r is non-zero for both r = 0 and
r = 1/2, we satisfy this equation by taking a; = 0. The recurrence relation now
shows that a,, = 0 for all odd n.

When r = 1/2, and n = 2m, we have

2m(4m + 1)agm = —ag(m-1)
1 (=1)m ag
Aoy = — Ao (m—1) =
2 om(dm + 1) 2D T 2mml (dm+ 1)(4m —3)...5

— 1/2 1
Y= dot < +mZ::1m!(4m+l)...5( 2 ) )
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When r = 0 and n = 2m, we have

2m(4m — 1)asm = —ag(m-1)
1 (—1)WL ap
Aom = ———————Qo(m_1) =
2 2m(dm — 1) 2D T ompl (dm—1)(4m —5)...3
= 1
Y “°< +mZ:1m!(4m—1)...3 ( 2 ) )
(2) zy" +y=0
Setting y = Z anx™" oy = Z(n +7)(n+7r—1)a,z"" 2
n=0 n=0
xy” = Z(n +7r)(n+r—1az"tt = Z (n+7r+1)(n+r)a, 2™t
n=0 n=-—1

oo
xy” +y =71 —1agz" ' + Z[(” +7+ 1) (n A+ r)ants + anla™ "
n=0

The indicial equation is r(r — 1) = 0, whose roots 0,1 differ by an integer.
Corresponding to the root » = 1, we have the recurrence relation

(n+2)(n+ 1anr1 = —an
1 (—1)n+t

T T D r2)™ T D2 ™
R o S Gl
y—aoxzn'(nﬂ)'
n=0

e.g. The Laguerre (1834-1886) differential equation is
2y + (1 —x2)y + My = 0.

Show that x = 0 is a regular singular point. Determine the indicial equation , its
roots, the recurrence relation, and one solution (z > 0). Show that if A = m, a
positive integer, this solution reduces to a polynomial. When properly normalized
this polynomial is known as the Laguerre polynomial, L,,(z).

oy +(1—2)y + Xy =0, 22" +(1—2)zy +  Aay =0, P(x) = (1 —z) — 1
as ¢ — 0, and Q(z) = \x — 0 as x — 0. Hence x = 0 is a regular singular point of
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the equation.

o0
Setting y = Z anx™ "

n=0
y = Z(n +r)a,z" T = Z (n 47+ 1Day12™t"
n=0 n=—1
oo
y" = Z (n47+1)(n+r)app 2™t
n=-—1

zy" + (1 —2)y + Ay

= Y [n+r+ D)+ (4 Dlapae™ " + [ (n+7) + Nagz"™"
n=—1 n=0
r2ag =0

(n47+1)%ap41 = (n+7—Na, for n>0.

Since the indicial equation 72 = 0 has the repeated root r = 0, we can determine
only one solution from this approach. Setting » = 0 in the recurrence relation we
have

(n 4 1)2ap41 = (n — Nay,

O eV S e IS GV

R (TR A
~(n—1-2A —A

Y = ao (1 + E_l ( (n';2 ( )xn>

When A = m an integer, the product (n—1—\)...(—\) contains the zero factor
(m — A) whenever n —1 > m, n > m + 1, so that the sum effectively terminates
when n = m. Hence we have

y=ay when m=20

)= a <1+i(—l)nm(m—l)...(m—n—i—l)xn) vhen m > 1

(n!)?

The Laguerre polynomials are recovered by setting ag = m!, so that

Lo(x) =1

Li(x)=1—-z

Ly(z) = 2 — 4w + 22

Li(z) = 6 — 182 4 92% — 3
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Orthogonality.
If we multiply the differential equation by e~*, we get
(ze™"y') = —Ae™"y
so that (a:e_mL;n(x))’ = —me "L, ()

m/ooo e " Lyp(z)Ly(z)de = — /OOO (xe_IL;n(x))/Ln(x) dx

= — we "L}, (z)Ln(2)|, +/ re L (x)L! (z)dx
0

/0 et L ()L, (2) da
—n /0 " L (2) Lo (1) da

/000 e “Ly(x)Ly(z)de =0 ifm#n

Hence, the Laguerre polynomials are orthogonal on the interval [0, c0) with respect
to the weight factor e~®. They are used to approximate functions on [0,00), and

in numerical integration. (c.f. Legendre polynomials)

Exceptional cases.

The standard Frobenius procedure allows the determination of two independent
solutions in most cases. However, it gives only one solution when the indicial
equation has repeated roots, and usually fails when the roots of the indicial equation
differ by an integer.

Repeated roots.
When there are repeated roots of the indicial equation, we can obtain two inde-
pendent solutions by effectively reversing the solution procedure. Having obtained
0o k—1
L(y) = F(T)ag(:ﬁ — c)r + Z (F(k + r)ak + Z(Pk—l(l + T’) + Qk_l)a1> (1‘ — C)’H—r
k=1 1=0

we formally set
k—1

F(k+r)ay = — Z(Pk—l(l +7) + Qr_1)a
1=0
and use this recurrence relation to calculate ay as a function ay(r) of r. Then if we
set

y(z,r) =ag(zr —c)" + Z ai(r)(z — C)k+7~
k=1
we have
L(y(z, 7)) = F(r)ao(z — ¢)" = (r —r1)%ao(z — )" .

Hence

L(y(%‘, Tl)) =0

and L (%y(x, r) ) = [2(r —r1)ao(z = ¢)" + (r —r1)%ag(x — )" log(x — ¢)]|, =0

1

so that we obtain two independent solutions of the equation.
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e.g.

22y +xy + 22y =0
The indicial equation for this differential equation is r(r —1)+r+0 =0, r? = 0,
so that in this case we have the repeated root r = 0.
If we make the standard substitution

Yy = Z anx™" oy = Z(n + 1) a x|y = Z(n +7)(n+1r—1)a,z" "2
n=0 n=0 n=0
then
2y" + wy + 22y = Z[(n +r)n+r—1)+ n+r)]az"" + Z 20, 12"
n=0 n=1

oo
= TQCLOLUT + Z[(n + T‘)Zan + 2an71]xn+r
n=1
2.r . 2
=r“x" provided ag=1, and a, = _W
n—+r
(=2)"

(1+7r)2...(n+r)?

ap—1 for n>1.

This gives ap =

We get one solution to the original equation by setting r = 0.

The second solution is obtained by taking the partial derivative with respect to

r of
( +Z l-l-r n—l—r))

and then setting r = 0.
0 - > —2z)"
a—‘:{:logxac (1—1—;(1_'_74)(2.“)(”_,_7“)2)
= )" 2 2
(Z_: 1+7“ n-l—r) {_l—l-?“_”'_n-l-r})
(—2z)" = (—22)™ [1 1
(

9y
or r=0

n=1

x)logx — 22 %H(n)
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Roots differing by an integer.
When the roots differ by an integer, the solution procedure breaks down for the
smaller root 79 when N + ro = r1. Then we have

N-1

F(N+T2)GN(:F(T1)GNZOGN Z Z—FT‘PNZ—FQN l)
=0

In some fortunate cases (such as Bessel’s equation of order n+ %) the right hand side
of this equation vanishes identically, so that this equation becomes vaccuous, and
we are at liberty to choose ay arbitrarily; this choice being equivalent to adding a
multiple of the solution corresponding to r = r; to the second solution.

Usually however the only way to maintain consistency in this equation is to set
ag =---=an_1 = 0, so that the solution which we are calculating begins
an(z —c)N*"2 = an(x — )™, i.e. we merely obtain a multiple of the first solution
and not a second INDEPENDENT solution.

To overcome this problem there are two techniques available. One is an extension
of the procedure used for the case of repeated roots. The second assumes the
appropriate form for the solution and substitutes this expression into the equation.
These are illustrated in the following example.

2y"—|—2xy'+xy -0

The indicial equation for the equation 22y +2zy'+zy = 0is r(r—1)+2r+0 = 0,
r(r 4+ 1) = 0, so that the indices are 0 and —1. Corresponding to the larger of the
roots we can determine a series solution in the normal manner.

o0 o0
Y= Z an,x" T = Z apz™ when 1r=0

(@) o0
y = Z na,x" Z na,x" "t xy = Z na,x"
n=0 n=1
o0 o0
y" = Zn(n —Daya™ 2 ; 2%y’ = Zn(n — Dayz™
n=0 n=1
Ty = Z an,z"tt = Z Ap—1T
n=0 n=1
oo
2y + 2xy + oy = Z([n(n — 1)+ 2n]a, + an_1)x"
n=1
(n+1a, + 0 !
n(n n +Qn_1=0; ap, = —————Qp_
! n(n+1) !
_(=D"
fin nl(n + 1)'a0
o0
(—2)"
y=ao Z n!(n + 1)!
n=0

To derive the second solution, we have two alternate procedures available.
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Firstly, consider y = 3~ a,z"™" | where ag = (r + 1).

y—Zan:c Dy —Z(n—i-?“)anx”JrT_l
n=0
0
Zn+r Yn+7r—1Dax" " 2;333/—2@” L

n=1

22y + 2xy +axy = [r(r — 1) + 2r]agx”

#3247 = 1)+ 200+ 1an + an-)a™

n=1
—r(r+1)% +Z (n+7)(n+r+1)an + an_1)z""
n=1

If we now choose the coefficients a,, to satisfy (n +r)(n+r+ 1)a, + a,—1 = 0 for
n>1, 2%y" +2zy +xy =r(r +1)%".

We have (r+1)(r+2)a; = —ap=—(r+1); a1 = _(r—le)
1 (=)™

d, f > 2 n=— n—1 =
and, Ior n-z-zsz4 a (n—i—r)(n-l—r-i—l)a 1 (2_|_r)2(n+7“)2(n—|—7"+1)

S (=2)"
that =" 1
sothat y== ((” )+n¥1(2—|—r)2...(n+7“)2(n—|—7“—|—1)
L(y)=r(r+1)*2" = 0 when r=0orr=—1. |

Both these choices give multiples of the solution already found. However, we also
have the possibility

L <%> =[(r+1)*+2r(r+D]z" +7r(r+1)*2" logx

which also vanishes when r = —1.

ay a)
= = 2" logw ((r-l— +Z (2+7)2. (n+r)2(n+r+1)>

" (=z)" 22
+x (14-1;(2—|—r)2,..(n—|—7°)2(n+7”—|—1){ (2+7) (n+7) (n+r+1)]>l
0 . X ()™
8_73{ S = @ logz (0+712_:1 (n(— 1))!n!
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The alternative approach is to set

y—log:rz + be

! ! 3 (
y =logz y;(x) — Zm " n—z_lnb -
1S (—z)"
_ " h —nN)—
=logx yl(I)ernZZO( n)n!(n+1)!
n—2
* 3 0-Dy  3 neo e

xy = log x zy; (x) + Z bp_1x"

xy’ =logx zy)(x +Zn'n+1 x" + Z nb,x"

2.1 2 //
=1 )+ E
Ty ogrx-y n'n 1

n

—l—Zn—l n—|—1 :1:”+ Z (n—1)b

2y + 20y +xy = logz [2®y] + 2xy; + 2y

—|—Z[n+ (n—1)+2] E ,x + Z (n—1) + 2n]byz" +an 1"

n=0
io: (n+(n+1) ﬂx” + Z[n(n + )by, + bp—1]a™
nl(n+1)! —
. _ ="
Settlng bn = mcn for n Z 0
we have 1+b_1=0
(-1 (r
1) ——F"—= 1 n n—1 =20
(ot D) o TP D et s i !
B 11
Cn = Cp—1 n n+ 1

Taking c¢p=-1, ¢, =—-H(n)—H(n+1), and

oo

y =logxyi(x) — (x_l + Z %[H(n) + H(n + 1)]) .
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Bessel’s equation and Bessel Functions.
Bessel’s equation is
x2y// + xy' + (fL’2 o VZ)y =0.
It originally arose in the solution of astronomical problems associated with orbital
perturbations, but it also appears in cylindrical problems.

The solutions are usually presented in standardised form as J,(z) and Y, (),
known as the Bessel Functions of order v of the First and Second Kinds.

Using the method of Frobenius we make the substitution

o
Y= E apxtT .
k=0

This gives
S (k+r)k+r =1+ (k+r) =) apa™" == ap_oa
k=0 k=2

For k = 0 we obtain
(r* = 1v*)ag =0,
so that the roots of the indicial equation are v and —v, which for the moment we
will assume do not differ by an integer.
For k = 1 we obtain

((r+1)2—=v?)ay = (1+£20)a; =0 .

Since we are assuming 2v is not an integer, this gives a; = 0.
For k > 2 we have the recurrence relation

(k+7)* = v?)ar = —ap—2 .

Since a; = 0, it follows that as,;,+1 = 0 for all m, so that we need only consider
k= 2m.

(4m? + 4mv)agm = — dom_o
dm(m + v)agy, = — agm-1
—11 1
“an =
—-11 1
2T 9211,
~11T(1+v)
2172 +0) "
—-11 1
M= 2994,

A2m

if ap

(-1)2 1 T(1£v)

24 2T(3+1)"
(—1)™ 1 T(1+v)

22m mIT(m+1+v) "
(—1)™ 1 1
22mEv I T(m+ 1+ v)

1

9TV D(1 £ v)
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Using these coefficients we have the Bessel Functions of the First Kind

L& () aye
Tulx) = mz::() m!I'(m +1+v) <§>

I-u(z) = ZO m!I‘((n;:—)T— ) @)m_y

Returning to the original equation, we make the substitution y = z~'/?w.
/ 1 —3/2 —-1/2,.1 " 3 —5/2 —-3/2,,1 —-1/2, 1
y:—ia: w+x w ;Y :Zilj w— w +x w
ny// —|—xy' + (.1’2 o VQ)y —
— 32 M2 1 §:1:_1/2w _ lx—l/zw 4220 4 2320 — 227 1/2,

4 2

11
Therefore x3/2 (w” +w+ — (- — VQ)’U)) =0
x= 4

For large values of = this leads to the approximation
w'+w=0,

so that w ~ acos(x + b) (for some a and b) for large values of x. Hence we expect
the Bessel functions to oscillate with algebraically decreasing amplitude as x — oo.
A more thorough analysis (MLA373) gives the formulae

T (z) ~ \/gcos (g; _ (-g + i) 7r)

The Bessel Function of the Second Kind is defined in terms of this asymptotic
behaviour. If we take

Y, (2) = —— (cosvm Jy(z) — J_(@))

sin v

and use the asymptotic formulae above, we obtain

Y, (z) ~ \/gsin (m— (g + i) 7r) .

The defining formula for Y, (z) only holds for non-integral values of v; for integral
values we take the limit.

Y, (z) = lim

v—n SIn VT

(cosvm Jy(x) — J_(2)) ,
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Bessel Functions of Order n + %

When v =n+ %, 2v = 2n+ 1, and the roots of the indicial equation differ by an
integer. This means that the solution process may run into difficulties. However,
the recurrence equation in which the difficulty arises is

2n+1)(2n+1—2v)ag,+1 = —a2,-1 ,

and our solution procedure has already set ar = 0 for all odd k. Hence, this
equation is always consistent, and we recover the above solution form for J_, (z) if
we set agny1 = 0.

Note also that the equation w” 4+ w = 0 for w becomes exact if v = %, so that

we have
2 T 2
Jl/g(x):\/gcos(x—i):\/gsm:c
Toaale) =y =
_1/2(x) =/ —cosz .
1/2 -

Bessel Functions of Integer Order.
Firstly, let us consider J,(x).
For integral values, I'(N + 1) = N/, so that the expansion of J,(x) for n > 0 is

o —_1\ym 2m+4n
In(x) = Z % <£> :
A= mi(m+n)! \2
This power series converges for all values of x, and has no fractional powers of x,
so that the function J,(z) is entire.

(Other entire functions with which you are familiar are e”, sinx, and cosx .)

Although they appear forbidding, there is a simple program for calculating the
values of J,(z) on a pocket calculator, and these functions can be considered as
elementary functions.

When we consider J_,(x), the situation degenerates. In contrast to the case
above, if ¥ = n, the recurrence relation in which trouble occurs is

2n(2n — 2v)ag, = —agy—2 ,

so that we have to set a9 = as = --- = as,—2 = 0. With appropriate scaling this
gives the result
Jon(z) = (=1)"Jn(x)
so that this is not an independent solution. However the limiting process for Y,
does produce an independent solution in the form
n—1

Yo(z) = 2 [log (g) —|—’y} In(x) — 1 Z(n k1) (g)mc_”

7T s
k=0
1 i": (—1)m (:1:
| |
m £= ml(m +n)! \2
where v = .5772156. .. is Euler’s constant, and
1 1
H(p):1+§+---+5 , p>0,H(0)=0.

Different forms for a second independent solution can also be obtained by the
methods used earlier in the general cases.

2m—+n
) [H(m) + H(m + n)]
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EXAMPLES OF EXAM (QUESTIONS

1. Consider the differential equation
(1—2?)y" — 2y + o’y =0,

where « is a constant.

(a) Determine two linearly independent solutions in powers of z for |z| < 1.

(b) Show that if « is a nonnegative integer n, then there is a polynomial solution
of degree n.

(¢) Find a polynomial solution for each of the cases a« =n =0,1,2, and 3.

2. Find two independent solutions of the differential equation
y" —2xy' +2py =0
in the form of power series in x.
For which values of x do these series converge?

Show that if p is an integer N, the one of the solutions is a polynomial of degree
N in x.

3. Use the method of Frobenius to obtain two solutions of the differential equation
12 1 /
z(l-2)y" + (5 —3)y —y=0

as series in powers of .

4. Use the method of Frobenius to obtain two solutions of the differential equation
x(1—a2)y" + (1 —-22)y +6y=0

in a neighbourhood of z = 0.



