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Section 5.2: Series Solution Near Ordinary Point, Part I

Example (5.2.1) Solve the differential equation y” — y = 0 using a series solution about zy = 0.

This could be solved by assuming y = e

solve using series solution instead.

rt

, since the differential equation has constant coefficients and is linear. We will

First, since p(xz) = 0 and ¢(z) = 1, which are analytic about 2 = 0, the point = 0 is an ordinary point. Therefore, the
assumed solution for the differential equation is

Substitute into the differential equation:

oo

Zn(n—l Yanx

n=2

E an(z — 20)"
g na,x" "

S

Z (n—1Dayx n—2

/!

?J_y:

E anpx™ =

Relabel each term so it has an =™:

oo

Z(n—i— 1)(n 4+ 2)ap422™ Zan

n=0

[e.°]

Z [(n+1)(n+2)ant2 — an]z”

n=0

For this to be true for all values of xz, each coefficient of the series must be zero,

(n+1)(n+2)apte —a, =0, n=0,1,2,3,...

This is the recurrence relation. We solve the recurrence relation for a, 42, then determine the first few coefficients a; and
try to determine a pattern. We will not always be able to determine a pattern!
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n=0,1,23,...

unspecified, assume not equal to zero

unspecified, assume not equal to zero
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The pattern in the above is as, = ag/(2n)! for even terms, and for odd terms we get as,+1 = a1/(2n + 1)!. Therefore,

ylx) = Z anz”
n=0
oo o0
= Z agn®" + Z A2n+1T 1
n=0 n=0
= a > a
. 0 o2n 1 2n+1
| |
= (2n)! = (2n+1)
0 2n 0 2n+1
T
= @) Gt ,
o (2n)! o (2n+1)

= agcoshx + a;sinhz
We were able to sum the infinite series, or more precisely we recognized them as Taylor series expansions of known
functions. This is what we would really like to be able to do all the time, but it is not always possible.

The ag and a; are the constants of integration which would be determined by initial conditions if we had an initial value
problem. We might prefer to write the solution as y(z) = c1y1 () + caya (), where y; (z) = coshx and yo(z) = sinh 2 form
a fundamental set of solutions.

Example (5.2.2) Solve the differential equation y” — 2y’ — y = 0 using a series solution about zo = 0.
This could not be solved by assuming y = e"?, since the differential equation has variable coefficients.

First, since p(z) = —x and ¢(z) = —1, which are analytic about 2 = 0, the point = 0 is an ordinary point. Therefore,
the assumed solution for the differential equation is

y = E an(x — x0)" E anz"
y = E na,z""*t
-1

o0

T Zn(n—l)anx”_2

n=2

Substitute into the differential equation:

y' —xy -y = 0
oo oo o0
Z n(n — 1)anm"*2 —x Z na,z" ! — Z apz” = 0
n=2 = n=0
oo oo
Z n(n — Dayz Z na,x" Z apz” = 0
n=2 n=0
Relabel each term so it has an z™:
oo oo
Z(n+1)(n+2 Yantox" Znan — Zanx" =0
n=0 n=0

Now we need each sum to start at the same value of n; we can achieve this by removing the n = 0 terms from the first
and third sum:

oo oo
(2a9 — ag)x Z n+1)(n+ 2)an422" Z na,x" — Z apx” =
n=1 n=1
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(2a3 — ag)z® + Z [(n+1)(n+2)ant2 —na, —ay]z™ = 0

n=1

For this to be true for all values of z, each coefficient of the series must be zero,

2a2—a0 = 0
(n+1)(n+2)apse —nan, —a, = 0, n=1,2,3,...

Notice that since the sum started at n = 1, the second equation is true for n =1,2,3,....

These are the recurrence relations. Sometimes (but not always!) it is the case that the recurrence relations can be written
forn =0,1,2,3,.... We see here that n = 0 in the second equation gives us 2as — ag = 0, so the first equation is really

the second with n = 0. A bit of algebra gives us for the recurrence relations (since n + 1 # 0):

(n+2)apy2 —a, =0, n=0,1,2,3,...

We solve the recurrence relation for a,42, then determine the first few coeflicients a; and try to determine a pattern.

an

a —, n=20,1,2,3,...

agp = ¢ unspecified, assume not equal to zero

a1 = co unspecified, assume not equal to zero
ao C1

@ = 5=3
aq C2

)
as C1

“u = T3
as C2

a = —_— = —

° 5 35

The pattern in the above is agr, = ¢1/(2-4-6---(2k)) for even terms, and for odd terms we get agi41 = c2/(1-3-5 -

7---(2k 4+ 1)). Therefore,

y(z) = Zan:c"

n=0

o0 o0
2k 2k+1
= E Aok +§ agpr12"t

2k:+1

= 612246 +6221357 2kt 1)

= ayi(z) + coya(x )
oo 2%

xr
yi(z) = kgm
oo $2k+1
ya(z) = ’;1.3.5.7-~(2k+1)

The y;1(x) and yo(x) are linearly independent since one is odd and the other even, so they form a fundamental set of

solutions.
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We would like to simplify these functions if possible, so let’s see what we can do!

yi(z) = I GINY
224246 (2n)
> 2n

- S
2 9n(1-2-3n)
& 2n

- Z Qx”n!

n=0

o0

_ oy L=y

o n! \ 2
n=0

ew2/2

oo n

zz%.

n=0

where we recognized the Taylor series e*

The second function is trickier. Notice that we almost have a factorial in the denominator, but we are missing

2:4-6---(2n) =2(1-2-3---n):
oo 2n+&
velw) = 21 357 (2n+1)
7 i r?t12(1.2.3...n)
- 4Z1-2:3:4:5--(2n+1)
> 2plg2ntl
B g(2n+1)

This is an improvement, since we have removed the - - -

Mathematica you can simplify this even further.

o = 26" 2\ /7 erf(z/2).

and now have factorials. We can leave it here, but if you fire up

2 x
The error function erf(x) is given by erf(z) = T / et dt, and it is commonly seen in probability theory.
T Jo

Example (5.2.21) Hermite Equation Solve the differential equation y” — 22y’ + Ay = 0 using a series solution about

To =0.

This could not be solved by assuming y = e

, since the differential equation has variable coefficients.

First, since p(z) = —2z and ¢(x) = A, which are analytic about = 0, the point « = 0 is an ordinary point. Therefore,

the assumed solution for the differential equation is

y = E an(x — x0)" E anT
n=0 n=0
o0
y = E na,z""*
n=1
o0
y// _ n(n—l)anx”_2

n=2
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Substitute into the differential equation:

”—2my'+)\y =0

in(n—lan —2mZnan n- 1+)\Zanx = 0
n=2

i n(n — Dayz Z 2na,x" + Z Aarz™ = 0

n=2

Relabel each term so it has an z™:

i(n + 1) (n+2)ap 22" Z 2nanx” + Z Aapz” = 0
n=0

Now we need each sum to start at the same value of n; we can achieve this by removing the n = 0 terms from the first
and third sum:

(2a3 + Aag)x® +Zn+1(n+2an+2x ZQnana: —i—Z)\an = 0
n=1
o0
(2as + Aag)x Z n+1)(n+ 2)an+2 — 2na, + Aay]z" = 0

For this to be true for all values of x, each coefficient of the series must be zero,

2a9 +Xag = 0
(n+1)(n+2)ant2 —2na, +Aa, = 0, n=1,2,3,...

Notice that since the sum started at n = 1, the second equation is true for n =1,2,3,....

These are the recurrence relations. Sometimes (but not always!) it is the case that the recurrence relations can be written
forn =0,1,2,3,.... We see here that n = 0 in the second equation gives us 2a2 — Aag = 0, so the first equation is really
the second with n = 0. A bit of algebra gives us for the recurrence relations :

(n+1)(n+2)apt2 + (A —2n)a, =0, n=0,1,2,3,...

We solve the recurrence relation for a, 49, then determine the first few coeflicients a; and try to determine a pattern.

an(2n — X)
An+2 m, n=20,1,2,3,...
ag = c1 unspecified, assume not equal to zero
a1 = co unspecified, assume not equal to zero
_ao(=A) _al(=A)
2T Ty T T
a3 = a1(2—)\) 202(2—)\)
2-3 3!
0 = az(4 —X) _ c1(=A)(4 - N
3-4 4!
az(6—X)  ca(2—X)(6—N)
“T Ty T ]
0 = aq(8 — N) _ (=N =M (8-
5-6 6!
v = a5(10 — X) _ c2(2=X)(6—N)(10—N)

6-7 7!
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The pattern in the above is a bit difficult to write out, but it is readily apparent there is a pattern! For even terms, the
pattern is

(2:0=A)(2-2=A)(2-4—A)(2-6—\)---(2(2k) — \)

a2k+2 = €1 2k +2)! ,k=0,1,2,3,...
(40— A)(4-1T—A)(4-2—A)(4-3—N)---(4k - N)
= =0,1,2,3,...
C1 (2k+2)' 7k 07 ) 537
1 k
= —_— 4.9 — =0,1,2,3,...
C1 (2]{7 ¥ 2)| g( ¢ A)’ k 07 ) 73a

(2:2=A)(2-4—=A)(2-6—))---(2-2k — A)
T (4-i— )

For odd terms, the pattern is identified in terms of products using =1,

(2-1-A)(2-3-AN)(2-5-X)---(22k+1) — )
Q2k43 = C2 (2 +3)!
L 21N 2R3 NE AN 5N 22k =Nk D -N)
e 2k +3) T (40— N) T e
2k+1
ey Azt @120 g
2k + 3T, (40— N)

 k=0,1,2,3,...

I have checked these patterns in the associated Mathematica file. That’s always a good idea when you are doing some
complicated simplifications!

Therefore,

ylx) = iansc"
n=0

oo oo
2k+2 2k
= ag+ Y agri2r™ Pt arz+ Y agkygz®t?
k=0 k=0

= ¢ (1 T i _r ﬁ(4 i — )\)x2k+2> ( i 2k+1(2 i )\) x2k+3>
i (2k+2)! 25 = 2k + 3T, (4-i— )

= ayi(z) + coye()
0o k
yi(z) = 1+Zﬁﬂ(4~i—k)x2k+2

[ i-) 2k+3
Z k3T di- N

ya(z) =

The y1(z) and ya(z) are linearly independent since one is odd and the other even, so they form a fundamental set of
solutions. If we can’t recognize the pattern, which we saw was a difficult process, we can instead write the first few terms
in the series (usually four or five will do). If more terms are required, the coefficients can be calculated using the recursion
relations.

The Hermite Polynomials

What follows is particularly of interest to physicists, since the Hermite polynomials H, (z) arise in solving the Schrodinger
equation for a harmonic oscillator. However, it also shows one way in which special functions arise from differential
equations, so in that sense it is of interest to all.
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If A is nonnegative even integer, then A = 2m, and something interesting happens to our solutions. One of these solutions
will become a polynomial in this case-the first if m is even, and the second if m is odd. Let’s see how this happens.

Assume m is even.

oo k
mix) = 1+ Z m It i = a2

1+Z 2k—|—2'H -i — 2m) kT2

ok+1 k

= ”ZWH(”‘”‘”M
m/2 2k+1 k

- e e

where we have stopped summing at k = m/2 (which is an integer since m is even) since higher terms will have a factor
2-m/2 —m =0 in the product.

Assume m is odd.

yo(z) = i = @i 23

k43T (40— N)
ZDO H%H@ i —2m) 2k+3

pu— Jj
Py (2k 4+ 3 TF_, (4 i — 2m)

(m—1)/2 2k+1 .
= z+ 2+t Iz (i—m) L2k+3

e CURLY § <2z— m"

The product in the numerator will have a zero factor when 2k + 1 — m = 0. Therefore, we stopped the summing at
k = (m —1)/2. This is an integer since m is odd.

The Hermite polynomial H,,(z) is defined as the polynomial solution to the Hermite equation with A = 2m for which the
coefficient of ™ is 2"*. The Hermite polynomials are found from flipping back and forth between y; and ys, depending
on which one has the terminating infinite sum, and then normalizing.

m Hy, (2) (@), (@),

0 1 1 -

1 2 — = 2(22)

2 —2 + 422 1— 222 = - (-2 + 42?) -

3 —12x + 82 - x— 323 = — & (—122 + 82%)

4 | 12—-4822 +162* | 1 —4a? + 32 = 5(12 — 4822 + 162*) -

5 | 120z — 1602® + 322° - T — %aﬁ?’ + 10 (1205(: — 1602° + 322°)

What this means is that the differential equation y” — 22y’ + 2ny = 0, n an integer, has a solution H,(z), which is a
polynomial, not an infinite series. The other solution is an infinite series, and can be represented by a Hypergeometric
function.

In physics, this differential equation arises when solving the quantum mechanical harmonic oscillator. The solution which
is an infinite series is not physical, since it leads to a quantum mechanical wavefunction which is infinite as * — oo.



