Series Solutions of Linear Equations

6.1 Review of Power Series

6.2 Solutions About Ordinary Points
6.3 Solutions About Singular Points
6.4 Special Functions

Chapter 6 in Review

Up to this point in our study of differential equations we have primarily solved
linear equations of order two (or higher) that have constant coefficients. The only
exception was the Cauchy-Euler equation in Section 4.7. In applications, higher-
order linear equations with variable coefficients are just as important as, if not mor
than, differential equations with constant coefficients. As pointed out in Section 4.7,
even a simple linear second-order equation with variable coefficients such a

" + xy = 0 does not possess solutions that are elementary functions. But this is
not to say that we can t find two linearly independent solutions of y” + xy = 0; we

can. In Sections 6.2 and 6.4 we shall see that the functions that are solutions of this

equation are defined by infinite series.

In this chapter we shall study two infinite-series methods for finding solutio
of homogeneous linear second-order DEs a,(x)y" + a;(x)y" + ay(x)y = 0, where
the variable coefficients a,(x), a;(x), and a,(x) are, for the most part, simple
polynomial functions.
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232 ° CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

6.1 REVIEW OF POWER SERIES

REVIEW MATERIAL

¢ Infinite series of constants, p-series, harmonic series, alternating harmonic series, geometric
series, tests for convergence especially the ratio test
e Power series, Taylor series, Maclaurin series (See any calculus text)

INTRODUCTION

In Section 4.3 we saw that solving a homogeneous linear DE with constant

coefficients was essentially a problem in algebra. By finding the roots of the auxiliary equation, we
could write a general solution of the DE as a linear combination of the elementary functions
e, xke x*e**cos Bx, and xfe**sin Bx. But as was pointed out in the introduction to Section 4.7,
most linear higher-order DEs with variable coefficients cannot be solved in terms of elementary
functions. A usual course of action for equations of this sort is to assume a solution in the form of
an infinite series and proceed in a manner similar to the method of undetermined coefficient

(Section 4.4). In Section 6.2 we consider linear second-order DEs with variable coefficients that
possess solutions in the form of a power series, and so it is appropriate that we begin this chapter
with a review of that topic.

The index of summation need not >
startat n = 0.

absolute
divergence convergence divergence
)

! ° !
a—R a a+R
Lseries mayAT

converge or diverge
at endpoints

FIGURE 6.1.1 Absolute convergence
within the interval of convergence and
divergence outside of this interval

X

— Power Series Recall from calculus that power series in x — « is an infinit
series of the form
c(x —a)y' =cy+ ci(x —a) + c(x —a) + -
n=0
Such a series also said to be a power series centered at a. For example, the power
series 2o _o(x + 1)"is centered at « = —1. In the next section we will be concerned
principally with power series in x, in other words, power series that are centered at

a = 0. For example,

22 =14 2x + 42+ - -

n=0

is a power series in x.

— Important Facts The following bulleted list summarizes some important
facts about power series 2 _,c,(x — a)".

» Convergence A power series is convergent at a specified value of x if
its sequence of partial sums {Sy(x)} converges, that is, lim Sy(x) =
Nli_r)nw SN_oc, (x — a)" exists. If the limit does not exist at x,_t)hmen the series
1s said to be divergent.

* Interval of Convergence Every power series has an interval of convergence.
The interval of convergence is the set of a/l real numbers x for which the series
converges. The center of the interval of convergence is the center a of the series.

* Radius of Convergence The radius R of the interval of convergence of a
power series is called its radius of convergence. If R > 0, then a power series
converges for |x — a| < R and diverges for |x — a| > R. If the series
converges only at its center a, then R = 0. If the series converges for all x, then
we write R = o, Recall, the absolute-value inequality |x — a| < Ris
equivalent to the simultaneous inequality « — R < x < a + R. A power series
may or may not converge at the endpoints ¢ — R and a + R of this interval.

* Absolute Convergence Within its interval of convergence a power series
converges absolutely. In other words, if x is in the interval of convergence
and is not an endpoint of the interval, then the series of absolute values
>7_olc(x — a)"| converges. See Figure 6.1.1.
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6.1 REVIEW OF POWER SERIES ° 233

» Ratio Test Convergence of power series can often be determined by the
ratio test. Suppose ¢, # 0 for all n in 2/_, c,(x — a)", and that

| epx — @)

lim |———7—

n—o

=L

. e
= |x — a|lim |
)(x — ay e,
If L < 1, the series converges absolutely; if L > 1 the series diverges; and
if L = 1 the test is inconclusive. The ratio test is always inconclusive at an

endpoint @ = R.

DVNVINZNE Interval of Convergence

oo _ 3 n
Find the interval and radius of convergence for , (sz)
n=1 n
SOLUTION The ratio test gives
(x _ 3)n+1
im [2"(n + 1 . +1 1
,,lg?o nth =|x—3|hmn =—|x - 3|
=3 e 22
2"n

The series converges absolutely for %|x —3|<lorlx—=3|<2o0rl1<x<5.
This last inequality defines the open interval of convergence. The series diverges for
|x — 3| > 2, that is, for x > 5 or x < 1. At the left endpoint x = 1 of the open
interval of convergence, the series of constants 2;_,; ((—1)"/n) is convergent by
the alternating series test. At the right endpoint x = 5, the series 2,2, (1/n) is the
divergent harmonic series. The interval of convergence of the series is [ 1, 5), and the

radius of convergence is R = 2. =

* A Power Series Defines a Functio A power series defines a function
that is, f(x) = 25—, ¢,(x — a)" whose domain is the interval of
convergence of the series. If the radius of convergence is R > 0 or R = »,
then fis continuous, differentiable, and integrable on the intervals
(a — R, a + R) or (—, ), respectively. Moreover, /" (x) and [/(x) dx can be
found by term-by-term differentiation and integration. Convergence at an
endpoint may be either lost by differentiation or gained through integration. If

y=Dex"=cotext+ e+ e + o
n=1
is a power series in x, then the first two derivatives are y' = Z7_, nx""! and
y" = 37_, n(n — 1)x" 2 Notice that the first term in the first derivative and
the first two terms in the second derivative are zero. We omit these zero
terms and write

Y = Xenx" U =c + 2cx + 3cx? + dey Xt +
n=1 (1)

Y= Denn — Dx" "2 = 2¢, + 6c3x + 12¢,x% + - -
n=2

Be sure you understand the two results given in (1); especially note where
the index of summation starts in each series. These results are important and
will be used in all examples in the next section.

* Identity Property IfX;_,c,(x — a)" =0, R > 0, for all numbers x in
some open interval, then ¢, = 0 for all n.

* Analytic at a Point A function f'is said to be analytic at a point a if it
can be represented by a power series in x — a with either a positive or an
infinite radius of conve gence. In calculus it is seen that infinitel
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234 ° CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

differentiable functions such as ¢, sinx, cosx, " In(1 + x), and so on, can
be represented by Taylor series

SO ay = fia) + L0 — 0y + 0 ap v
n=0 ! 1! 1!

or by a Maclaurin series

iwxn =f(0) +@x +@x2 + ...
=l 1! I

You might remember some of the following Maclaurin series representations.

Interval
Maclaurin Series of Convergence
x_1+£+)ﬁ+x_3+ —iln — o0 o0
R TR T T (=2, %)
2 A 46 & (-1,
cosx=1-3+ -+ —ngo(zn)' (=, %)
3 5 7 = (1
sinx=x——+=-24...=3% D" e (=0, )
3t 507 n=o(@n + 1!
x3 x5 x7 o (_l)n
tainlx=x——+———"+ = ) ——x*! -1,1 2
S T ,,202n+1x =L@
P L 1
= —_ —_ J— P 2n —
cosh x 1+2!+4!+6!+ rzo(zn)' (—o0, )
3 5 7 oo 1
hx x4 5 T i3 L | (Law
3! ! ! n=o(@n + 1!
x2 x3 x4 00( l)n+1
In(1 + =x——=—+—=-—-—+ = " -1,1
R T 2, (=1.1]
1 o
=l+x+2+3+ - =2x (-1 1)
I —x n=0

These results can be used to obtain power series representations of other
functions. For example, if we wish to find the Maclaurin series representatio
of, say, ¢ we need only replace x in the Maclaurin series for e*:

2 4 6 o
5 X X X 1
=l =+ =+ = Y=
121 3 on!

Similarly, to obtain a Taylor series representation of Inx centered ata = 1
we replace x by x — 1 in the Maclaurin series for In(1 + x):

lnx=ln(1+(x—1))=(x—1)—(x_1)2+(x_1)3_(x_1)4+,_,:i(_lniﬂ(x_l)n'
n=1

2 3 4

The interval of convergence for the power series representation of e is the
A A same as that of e¥, that is, (—2, ). But the interval of convergence of the
You can also verify that the interval of . . .. . . .
convergence is (0, 2] by using the ratio P Taylor series of Inx is now (0, 2]; this interval is (—1, 1] shifted 1 unit to
test. the right.

* Arithmetic of Power Series Power series can be combined through the
operations of addition, multiplication, and division. The procedures for
powers series are similar to the way in which two polynomials are added,
multiplied, and divided —that is, we add coefficients of like powers of x,
use the distributive law and collect like terms, and perform long division.
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DN\ IJNIPE Multiplication of Power Series

Find a power series representation of e*sinx.

SOLUTION We use the power series for e* and sinx:

xz2 X X XX x7
eXsinxz(l+x+—+—+—+---)(x——+———+-~>
2 6 24 6 120 5040

I 1 11 1 1 1
=(1)x+(1)x2+<——+—>3+<——+—)x4+(———+—>x5+~-
6 2 6 6 120 12 24
XX
=x+xX+t =+
3 30

Since the power series of e* and sinx both converge on (—, «), the product series
converges on the same interval. Problems involving multiplication or division of
power series can be done with minimal fuss using a computer algebra system. =

= Shifting the Summation Index For the three remaining sections of this chap-
ter, it is crucial that you become adept at simplifying the sum of two or more power
series, each series expressed in summation notation, to an expression with a single >.
As the next example illustrates, combining two or more summations as a single summa-
tion often requires a reindexing, that is, a shift in the index of summation.

DVWIHANIEY Addition of Power Series

Write

oo oo
> — Dex" 2+ X e xnt!
n=2 n=0

as one power series.

SOLUTION In order to add the two series given in summation notation, it is neces-
sary that both indices of summation start with the same number and that the powers
of x in each series be “in phase,” in other words, if one series starts with a multiple
of, say, x to the first power, then we want the other series to start with the same power.
Note that in the given problem, the first series starts with x° whereas the second
series starts with x'. By writing the first term of the first series outside of the summa-
tion notation,

series starts  series starts
with x with x
forn = Sl forn = Ol
o0 oo o0 o0
> — Dex" 24 2 exm™ =2+ 1e,x® + D n(n — De,x" 2 + ) e xnt!
n=2 n=0 n=3 n=0

(€)

we see that both series on the right side start with the same power of x, namely, x'.
Now to get the same summation index we are inspired by the exponents of x; we let
k = n — 2 in the first series and at the same time let kK = n + 1 in the second series.
Forn =3ink=n—2wegetk = l,andforn = 0Oink =n + 1l wegetk = 1,and
so the right-hand side of (3) becomes

same

2¢, + 2 (k + 2)(k + Degoxk + X ¢ ixk. )
k=1 k=1
1 same i)
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Remember the summation index is a “dummy” variable; the fact that k = n — 2 in
one case and k£ = n + 1 in the other should cause no confusion if you keep in mind
that it is the value of the summation index that is important. In both cases & takes
on the same successive values £ = 1,2,3,... when n takes on the values
n=2734,...fork=n—1landn=20,1,2,...fork=n + 1. We are now in a
position to add the series in (4) term-by-term:

©

S —De,x" "2+ Xex"=2c+ D [(k+ 2)k+ Depor+op X5 5) =
n=2 n=0 k=1

If you are not totally convinced of the result in (5), then write out a few terms on
both sides of the equality.

=— A Preview The point of this section is to remind you of the salient facts about
power series so that you are comfortable using power series in the next section to fin

solutions of linear second-order DEs. In the last example in this section we tie up
many of the concepts just discussed; it also gives a preview of the method that will
used in Section 6.2. We purposely keep the example simple by solving a linear first
order equation. Also suspend, for the sake of illustration, the fact that you already
know how to solve the given equation by the integrating-factor method in Section 2.3.

[DVN\IHANW A Power Series Solution

0

Find a power series solution y = Y, ¢,x" of the differential equation y’ + y = 0.
n=0

SOLUTION  We break down the solution into a sequence of steps.
(i) First calculate the derivative of the assumed solution:
y = E c,nx" !« see the first line in (1)
n=1
(if) Then substitute y and y’ into the given DE:
Y +y= Yenx N+ Xex
n=1 n=0

(7ii) Now shift the indices of summation. When the indices of summation have the
same starting point and the powers of x agree, combine the summations:

yt+y= Ecnnxn_l + Ecnx"
n=1 n=0
— -
k=n—1 k=n

= Dl + DXf + X ot
k=0 k=0

Il
M s

[Ck+1(k + l) + Ck]xk.
k

0

(iv) Because we want y' + y = 0 for all x in some interval,

Dlceeitk+ 1) + k=0
=0

is an identity and so we must have ¢, (kK + 1) + ¢, = 0, or

1
k+1

o k=0,1,2,....

7
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6.1 REVIEW OF POWER SERIES ° 237
(v) By letting k take on successive integer values starting with k£ = 0, we fin
c| = __CO = _CO

= =7 = —=(—¢) = ECO

I 11 1
%zﬁqz?&ﬁz_ny

1 T 1
“z_ffbj(s-faz4ﬁ-f°

and so on, where ¢ is arbitrary.

(vi) Using the original assumed solution and the results in part (v) we obtain a formal
power series solution

y=cyFtox+cx®+oexdt+ext+ -

1
3:2

3 1
X’ + ¢ Xt =
4:3:2

1, | 1 .
= ¢ 1—x+5x 3.5 +4.3.2x =

It should be fairly obvious that the pattern of the coefficients in part (v) is

=cy— Ccox + Ecoxz - ¢y

e = co(—=DF/k!, k= 0,1,2,....so that in summation notation we can write
_1 k
If desired we could switch back to n as Yy =¢ 2 X (8) =
the index of summation. > k=0

From the first power series representation in (2) the solution in (8) is recognized
as y = c¢ype . Had you used the method of Section 2.3, you would have found that
y = ce *isasolution of y’ + y = 0 on the interval (—2, o). This interval is also the
interval of convergence of the power series in (8).

EXE RC | S E S 6. 1 Answers to selected odd-numbered problems begin on page ANS-9.
In Problems 1-10 find the interval and radius of convergence 15. In(1 — x) 16. sinx?
for the given power series.
1 E (_ )n 2 i lx” In Problems 17 and 18 use an appropriate series in (2) to fin
aml on? the Taylor series of the given function centered at the indi-
i on i 5n cated value of a. Write your answer in summation notation.
3 —x" 4. —x"
a1l n=on! 17. sinx, a = 27 [Hint: Use periodicity.]
(= W S 18. Inx;a =2  [Hint:x = 2[1 + (x — 2)/2
5. Y — 5) 6. KHix — 1F . Inx;a int: x [ X )/21]
Eﬂm ) g =1
% * In Problems 19 and 20 the given function is analytic at
7. E 2+ k(3x - 8. E 37K4x — 5)f a = 0. Use appropriate series in (2) and multiplication to
=1 k=0 find the first four nonzero terms of the Maclaurin series of
9 - 2_5]‘ x k 10 i (G the given function.
- 23 P Iy
=t =0 19. sinxcosx 20. e *cosx

In Problems 11-16 use an appropriate series in (2) to find the

Maclaurin series of the given function. Write your answer in In Problems 21 and 22 the given function is analytic at

summation notation a = 0. Use appropriate series in (2) and long division to fin
the first four nonzero terms of the Maclaurin series of the
1. 2 12. xe™ given function.
1 X
13. Tty 14. T+ 2 21. secx 22. tanx
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In Problems 23 and 24 use a substitution to shift the summa-
tion index so that the general term of given power series
involves x*.

e <]
23. D ne,x"t2

n=1

24. > (2n — De,x"?

n=3
In Problems 25-30 proceed as in Example 3 to rewrite the

given expression using a single power series whose general
term involves x.

e <] o0
25. Dne,x" !t — Y e, x"

n=1 n

=0
e <] el
n—1 n+2
26. Done,x" '+ 3 c,x
n=0

n=1

27. D 2nc,x"' + Y, 6c,x""!
n=1 n=0

© ©

28. Dnn — De,x" 2+ Y e,x"2

n=2 n=0

29. Y nn — De,x" 2 — 2D ne,x" + ¢ x"
n=2 n=1 n=0

30. Dn(m — De,x” + 22 n(n — De,x" 2 + 3 ne,x”

n=2 n=2 n=1

CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

In Problems 31-34 verify by direct substitution that the
given power series is a solution of the indicated differential
equation. [Hint: For a power x”" "' letk = n + 1.]

© (_1 n ) ,
3. y= 'x”,y+2xy=0

n=0 M:

32. y= D (—1yx?, (1 +x2)y +2xy=0
n=0

S (=t —
3Boy=>——x", (x+1p ' +y =0
n

n=1

Sy
34. y = oty txy=0
Y n§022”(n!)2x R A

In Problems 35-38 proceed as in Example 4 and find a

power series solution y = , ¢,x" of the given linear first

order differential equation. !
35. y) =5y =0
37. y = xy

36. 49" +y=0
3. 1 +xp' +y=0

Discussion Problems

39. In Problem 19, find an easier way than multiplying two
power series to obtain the Maclaurin series representa-
tion of sin x cos x.

40. In Problem 21, what do you think is the interval of con-
vergence for the Maclaurin series of sec x?

6.2 SOLUTIONS ABOUT ORDINARY POINTS

REVIEW MATERIAL

e Power series, analytic at a point, shifting the index of summation in Section 6.1

INTRODUCTION At the end of the last section we illustrated how to obtain a power series
solution of a linear first-order differential equation. In this section we turn to the more important
problem of finding power series solutions of linear second-order equations. More to the point, we
are going to find solutions of linear second-order equations in the form of power series whose
center is a number x, that is an ordinary point of the DE. We begin with the definition of an

ordinary point.

— A Definition

equation

If we divide the homogeneous linear second-order differential

a(x)y" + ai(x)y" + ag(x)y =0 (M

by the lead coefficient a,(x) we obtain the standard form

V' + Py’ + O(x)y = 0. )

We have the following definition
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DEFINITION 6.2.1 Ordinary and Singular Points

A point x = X, is said to be an ordinary point of the differential of the
differential equation (1) if both coefficients P(x) and O(x) in the standard
form (2) are analytic at x,,. A point that is not an ordinary point of (1) is said
to be a singular point of the DE.

DYNVIINNE Ordinary Points

(a) A homogeneous linear second-order differential equation with constant coefficients
such as

V' +y=0 and "+ 3y + 2y =0,

can have no singular points. In other words, every finite value” of x is an ordinary
point of such equations.
(b) Every finite value of x is an ordinary point of the differential equation

V' + ey + (sinx)y = 0.

Specifically x = 0 is an ordinary point of the DE, because we have already seen in

(2) of Section 6.1 that both e* and sin x are analytic at this point. =
The negation of the second sentence in Definition 6.2.1 stipulates that if at least

one of the coefficient functions P(x) and Q(x) in (2) fails to be analytic at x,, then x;
is a singular point.

DN\ IZNIPE Singular Points

(a) The differential equation

V' +xy" + (Inx)y =0
is already in standard form. The coefficient functions ar
P(x) =x and Q(x) = Inx.

Now P(x) = x is analytic at every real number, and Q(x) = In x is analytic at every
positive real number. However, since Q(x) = In x is discontinuous at x = 0 it cannot
be represented by a power series in x, that is, a power series centered at 0. We
conclude that x = 0 is a singular point of the DE.

(b) By putting x)”" + y" + xy = 0 in the standard form
1
Vit -y +ty=0,
X

we see that P(x) = 1/x fails to be analytic at x = 0. Hence x = 0 is a singular point

of the equation. =

= Polynomial Coefficients We will primarily be interested in the case when the
coefficients a,(x), a;(x), and ay(x) in (1) are polynomial functions with no common
factors. A polynomial function is analytic at any value of x, and a rational function is
analytic except at points where its denominator is zero. Thus, in (2) both coefficients

Po =19 g o) = W)

a,(x) a(x)

*For our purposes, ordinary points and singular points will always be finite points. It is possible for a
ODE to have, say, a singular point at infinit .
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are analytic except at those numbers for which a,(x) = 0. It follows, then, that

A number x = x, is an ordinary point of (1) if ay(x,) # 0, whereas x = x, is a
singular point of (1) if ay(x,) = 0.

DVNVILNIEN Ordinary and Singular Points

(a) The only singular points of the differential equation

=1y +2xy +6y=0
are the solutions of x> — 1 = 0 orx = = 1. All other values of x are ordinary points.
(b) Inspection of the Cauchy-Euler
¢a2(.r) =x>=0atx =10

X +y=0
shows that it has a singular point at x = 0. All other values of x are ordinary
points.
(¢) Singular points need not be real numbers. The equation

A+ +x) —y=0

has singular points at the solutions of x> + 1 = 0—namely, x = =*i. All other values

of x, real or complex, are ordinary points. =

We state the following theorem about the existence of power series solutions
without proof.

THEOREM 6.2.1 Existence of Power Series Solutions

Ifx = x,is an ordinary point of the differential equation (1), we can always find two
linearly independent solutions in the form of a power series centered at x,, that is,

0

y= 2 cu(x — xo)".

n=0

A power series solution converges at least on some interval defined by
[x — xo| < R, where R is the distance from x, to the closest singular point.

A solution of the form y = X%_, ¢,(x — x,)" is said to be a solution about the
ordinary point xy. The distance R in Theorem 6.2.1 is the minimum value or lower
bound for the radius of convergence.

D VNVIHNN Minimum Radius of Convergence

Find the minimum radius of convergence of a power series solution of the second-
order differential equation

@ =2x+5+x) —y=0
(a) about the ordinary point x = 0, (b) about the ordinary pointx = —1.

SOLUTION By the quadratic formula we see from x> — 2x + 5 = 0 that the singular
points of the given differential equation are the complex numbers 1 * 2i.
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(a) Becausex = 0 is an ordinary point of the DE, Theorem 6.2.1 guarantees that we
can find two power series solutions centered at 0. That is, solutions that look like
y = 27_,c,x" and, moreover, we know without actually finding these solutions that
each series must converge at least for | x| < \/5, where ® = \/5 is the distance in the
complex plane from either of the numbers 1 + 2i (the point (1, 2)) or 1 — 2i (the
point (1, — 2)) to the ordinary point 0 (the point (0, 0)). See Figure 6.2.1.

(b) Because x = —1 is an ordinary point of the DE, Theorem 6.2.1 guarantees that
129 we can find two power series solutions that look like y = 27_.c,(x + 1)". Each of
power series converges at least for |x + 1| < 22 since the distance from each of

FIGURE 6.2.1 Distance from singular e gingular points to —1 (the point (—1, 0)) is & = V/8 = 2/2. =
points to the ordinary point 0 in Example 4

In part (a) of Example 4, one of the two power series solutions centered at 0 of
the differential equation is valid on an interval much larger than (—V/5, V/5); in
actual fact this solution is valid on the interval (—2, o) because it can be shown that
one of the two solutions about 0 reduces to a polynomial.

=— Note In the examples that follow as well as in the problems of Exercises 6.2
we will, for the sake of simplicity, find only power series solutions about the ordinary
point x = 0. If it is necessary to find a power series solutions of an ODE about an
ordinary point x, # 0, we can simply make the change of variable 1 = x — x; in the
equation (this translates x = x,, to # = 0), find solutions of the new equation of the
formy = X5 _qc,t", and then resubstitute = x — x,,.

= Finding a Power Series Solution Finding a power series solution of a homo-
geneous linear second-order ODE has been accurately described as “the method of
undetermined series coefficients” since the procedure is quite analogous to what we
did in Section 4.4. In case you did not work through Example 4 of Section 6.1 here,
in brief, is the idea. Substitute y = 27_c,x" into the differential equation, combine
series as we did in Example 3 of Section 6.1, and then equate the all coefficients to
the right-hand side of the equation to determine the coefficients c,. But because the
right-hand side is zero, the last step requires, by the identity property in the bulleted
list in Section 6.1, that all coefficients of x must be equated to zero. No, this does not
mean that all coefficients are zero; this would not make sense, after all Theorem 6.2.1
guarantees that we can find two solutions. We will see in Example 5 how the single
assumption that y = 27_c,x" = ¢, + c;x + x> + - - - leads to two sets of coeffi

cients so that we have two distinct power series y,(x) and y, (x), both expanded about
the ordinary point x = 0. The general solution of the differential equation is
y = C(x) + Coyy(x); indeed, it can be shown that C; = ¢y and C, = ¢;.

DN AW Power Series Solutions
Before working through this example, we

recommend that you reread Example 4 of P Solve y" +xy =0.
Section 6.1.

SOLUTION Since there are no singular points, Theorem 6.2.1 guarantees two
power series solutions centered at 0 that converge for |x| < cc. Substituting
y =2>7_,c,x" and the second derivative y' = 37_, n(n — 1)c,x" % (see (1) in
Section 6.1) into the differential equation give

Y+ xy= Denn— DX 2+ x 2 ex" = Xen(n — DX+ X e (3)
n=2 n=0 n=2 n=0

We have already added the last two series on the right-hand side of the equality in (3)
by shifting the summation index. From the result given in (5) of Section 6.1

Y+ xy=2c+ X[k + Dk + 2)cn + ¢ q]xF = 0. 4)
k=1
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At this point we invoke the identity property. Since (4) is identically zero, it is neces-
sary that the coefficient of each power of x be set equal to zero—that is, 2¢, = 0
(it is the coefficient of x°), and

(k+ D)k +2cn + ey =0,  k=1,2,3,.... )

Now 2¢; = 0 obviously dictates that ¢, = 0. But the expression in (5), called a
recurrence relation, determines the ¢ in such a manner that we can choose a certain
subset of the set of coefficients to be nonzero. Since (k + 1)(k + 2) # 0 for all val-
ues of k, we can solve (5) for ¢4, in terms of ¢4—:

Cr—1

= - k=1,2,3,.... 6
Cr+2 (k+1)(k+2)9 5 &5 Dy ()

This relation generates consecutive coefficients of the assumed solution one at a time
as we let £ take on the successive integers indicated in (6):

=1 o=
Cy
k=2 S
4T T3
k=3, Cs = — @ =0 <« ¢, is zero
4.5
1
k=4, Ce = — S = Co
5.6 2-3-5-6
C4 1
k:5, = — =
T 767 3-4-6-7°"
k=6, cg = _70'58 =0 < ¢ is zero
Ce 1
k=1, S -
97789 2.3.5-6-8-9°°
C7 1
k=8 = — =
T T 0T 3-4.6-7-9-10°"
k=09, Ccip = — 106:811 =0 < cg is zero

and so on. Now substituting the coefficients just obtained into the original
assumption

Yy =cyF cx + ox? + oyxd F oegxt +oesxd F cx® + epx’ F oegx® + cox® + cpx!? + ot + -,
we get
c c c
y=cp+tox+0— ——x -~ +0+—"xb
2-3 3-4 2:-3:-5-6
C1 Co ¢
+— 7 +0- X - X0+ 0+
3:4:6-7 2:3:5-6-8-9 3:4:6-7-9-10

After grouping the terms containing c( and the terms containing c¢;, we obtain
Y = coyi(x) + c1y2(x), where
1 1 = (—1)F

»n=1-

YaX) = x —

+ 6 _ 9+...:1+ 3k
2:3:5:6° 2:3:5:6-8-9" ,212-3---(31{—1)(31{)
1 1 2 — 1)k
+ x - X0+ =x+ Y ) XL
34:6-7 3:4:6-7-9-10 Z3 4 -GGk T )
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Because the recursive use of (6) leaves ¢ and ¢; completely undetermined, they
can be chosen arbitrarily. As was mentioned prior to this example, the linear
combination y = c¢gy(x) + c1y2(x) actually represents the general solution of the
differential equation. Although we know from Theorem 6.2.1 that each series solu-
tion converges for | x| < o, that is, on the interval (—c©, «). This fact can also be ver-
ified by the ratio test =

The differential equation in Example 5 is called Airy’s equation and is named
after the English mathematician and astronomer George Biddel Airy (1801-1892).
Airy’s differential equation is encountered in the study of diffraction of light, diffrac-
tion of radio waves around the surface of the Earth, acrodynamics, and the deflectio
of a uniform thin vertical column that bends under its own weight. Other common
forms of Airy’s equation are y” — xy = 0 and " + a?xy = 0. See Problem 41 in
Exercises 6.4 for an application of the last equation.

DVWIHNEW Power Series Solution

Solve (x*> + 1)y" + xy' —y =0.

SOLUTION As we have already seen on page 240, the given differential equation has
singular points at x = *i, and so a power series solution centered at 0 will converge at
least for |x| < 1, where 1 is the distance in the complex plane from 0 to either i or —i.
The assumption y = 2_ ¢,x” and its first two derivatives lead t

2+ 1) D am — Dex™2 +x 2 ne,x™ ' — D ¢,x"

n=2 n=1 n=0

= n(n — De,x™ + N n(n — De,x"2 + D ne,x" — ¢, x"
n=2

n=2 n=1 n=0

e <]

- 0 — 10 _ _

= 2¢,x cox® + 603x + ¢x — ¢ix + Xy n(n— 1)c,x"
n=2

k=n

e 2] e 2] o
+ X nn — De,x"2 + X next — D cpx"
n=4 n=2 n=2

-

k=n—2 k=n k=n

=2¢, — ¢y + 6c3x + X, [k(k — ey + (K + 2)(k + Depry + key — o)]x*
k=2

=2¢, — ¢y + 6c3x + 2 [(k + D)k — Dy + (k + 2)(k + D)e,]xk = 0.
k=2

From this identity we conclude that 2¢, — ¢g = 0, 6¢3 = 0, and

(k + D)k — Dep + (k + 2)(k + 1)cpps = 0.

1

Thus 622560
C3:O
1 —k

Ck+2:H—2ck9 k:2,3,4,....

Substituting k£ = 2, 3, 4, . . . into the last formula gives

1 1 1
e A T
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2
cs=——-c3=10 < c; is zero
5
33 13
T e T 2 460 2331
4
c;=—2¢=0 <« c5 is zero
7
s 35 _1:3-5
BT TR T2i46-87 2t 0
6
cg = ——c; =0, < ¢ is zero
9
7 3-5-7 1:3-5-7
0T 0% T 2 4-6-8-1007 2551 ©

and so on. Therefore

Y =cyF+ cx + cx? + o333+ cuxt +oesx® F cgx® + eqx” Foegx® +ocgx’ Fooppx0+ - - -

1 | 13, 1-3-5
2 .4 6 __ 8
C"[l TN T Ty T T 4T

1-3:5-7
255!

xlo—-~~]+clx

coyi(x) + ¢1ya(x).

The solutions are the polynomial y,(x) = x and the power series

“3:5---(2n—3)
2"n!

DVN\YIHANIE Three-Term Recurrence Relation

If we seek a power series solution y = X_, ¢,x" for the differential equation

Vi (L + Xy =0,

. 1 .
we obtain ¢, = ; ¢, and the three-term recurrence relation

2 x| <1,

1 < 1
n@ =140+ 3 (=1
n=2

Cr + Cr—1

=————— k=1,2,3,....
Cr+2 (k+ 1)(k+2)9 5 &5 Dy

It follows from these two results that all coefficients ¢, for n = 3, are expressed in
terms of both ¢y and c;. To simplify life, we can first choose ¢¢ # 0, ¢; = 0; this
yields coefficients for one solution expressed entirely in terms of ¢(. Next, if
we choose ¢g = 0, ¢; # 0, then coefficients for the other solution are expressed
in terms of ¢;. Using ¢, = %co in both cases, the recurrence relation for
k=1,2,3,...gives

co#0,¢,=0 co=0,c, 70
1

C2:5C0 C2:5C0:0
=Gt G % =Gt a _a
243 243 2.3 2:3 6
C_Cz+01_ C _ % C_Cz+01: a _a

YT 3.4 2.3.4 24 YT 3.4 3.4 12
C_c3+c2: Co l l:ﬁ C:c3+02: c _ <
> 4.5 4-5|6 2| 30| 4.5 4-5-6 120
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and so on. Finally, we see that the general solution of the equation is
¥ = coyi(x) + c1ya(x), where

1 1 1 1
@ =l+-X+-*+—x*+—=x+---
2 6 24 30

1 1 1
=x+-x+—=x*+—x+- -
and »x) =x 6x 2* 120x

Each series converges for all finite values of x. =
= Nonpolynomial Coefficients The next example illustrates how to find a
power series solution about the ordinary point xo = 0 of a differential equation when

its coefficients are not polynomials. In this example we see an application of the
multiplication of two power series.

DN IZNRE DE with Nonpolynomial Coefficient

Solve y” + (cos x)y = 0.

SOLUTION We see that x = 0 is an ordinary point of the equation because, as we
have already seen, cos x is analytic at that point. Using the Maclaurin series for cos x
given in (2) of Section 6.1, along with the usual assumption y = 2_ ¢,x" and the
results in (1) of Section 6.1 we fin

z 2 ox X z
Y+ (cosx)y=2 nn— Dex 24+ (1 —=+=—=+---]> cx"
n=2 2! 4! 6! n=0
2 4
=202+6c3x+12c4x2+2005x3+-~-+<1—E-I—Z-l—---)(co+clx+c2x2+c3x3+---)
1 2 1 3
=2c, + ¢yt (6c3 + ¢c))x + 12c4+cz—zcox + ZOC5+C3—ECI x+---=0.

It follows that
1 1
2¢y + ¢y =0, 6cy + ¢, =0, 12044‘02—500:0, 20c5+c3—5c120,

P 1 1 1 1
and so on. This gives ¢, = —5¢,¢3 = —¢¢1, ¢4 = 73Cp5 C5 = 35C15 - - - . By group-

ing terms, we arrive at the general solution y = ¢y (x) + c1y2(x), where

1 1 1 1
yl(x)=1—§x2+ﬁx4—--- and yz(x)=x—gx3+%x5—"'

Because the differential equation has no finite singular points, both power series con-

verge for | x| < . =

=— Solution Curves The approximate graph of a power series solution y(x) =

27_, c,X" can be obtained in several ways. We can always resort to graphing the
terms in the sequence of partial sums of the series—in other words, the graphs of the
polynomials Sy(x) = 2Z_, ¢,x". For large values of N, Sy(x) should give us an indi-
cation of the behavior of y(x) near the ordinary point x = 0. We can also obtain an ap-
proximate or numerical solution curve by using a solver as we did in Section 4.10.
For example, if you carefully scrutinize the series solutions of Airy’s equation in

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



246 o

Y1

N\ A AN
\/ V V]

=

-
-2 2 4 6 8 10
(a) plot of y(x)
Y2
1/ N\
JAWAWAR
. \J UV
-2
_3\
-2 2 4 6 8 10

(b) plot of y,(x)

FIGURE 6.2.2 Numerical solution

curves for Airy’s DE

CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

Example 5, you should see that y(x) and y,(x) are, in turn, the solutions of the initial-
value problems

y'+xy =0, y0)=1 »'(0) =0,
y'+xy=0, y0)=0, y'(0)=1.

The specified initial conditions “pick out” the solutions y;(x) and y,(x) from
y = coy1(x) + c1y2(x), since it should be apparent from our basic series assumption
y = 27_, ¢, x" that y(0) = ¢( and y'(0) = ¢;. Now if your numerical solver requires
a system of equations, the substitution y' = u in y” + xy = 0 gives y" = u' = —xy,
and so a system of two first-order equations equivalent to Airy’s equation is

(11)

Y =u
, (12)
u' = —xy.
Initial conditions for the system in (12) are the two sets of initial conditions in (11)
rewritten as y(0) =1, u(0) =0, and y(0) =0, u(0) = 1. The graphs of y;(x)
and y,(x) shown in Figure 6.2.2 were obtained with the aid of a numerical solver.
The fact that the numerical solution curves appear to be oscillatory is consistent
with the fact that Airy’s equation appeared in Section 5.1 (page 197) in the form
mx" + ktx = 0 as a model of a spring whose “spring constant” K(f) = kt increases
with time.

REMARKS

(?) In the problems that follow, do not expect to be able to write a solution in
terms of summation notation in each case. Even though we can generate as
many terms as desired in a series solution y = >*_ ¢,x" either through the use
of a recurrence relation or, as in Example 8, by multiplication, it might not be
possible to deduce any general term for the coefficients c,. We might have to
settle, as we did in Examples 7 and 8, for just writing out the first few terms of
the series.

(if) A point x¢ is an ordinary point of a nonhomogeneous linear second-order
DE y" + P(x)y" + O(x)y = f(x) if P(x), O(x), and f(x) are analytic at x.
Moreover, Theorem 6.2.1 extends to such DEs; in other words, we can
fin power series solutions y = 27_;c,(x — xy)" of nonhomogeneous
linear DEs in the same manner as in Examples 5-8. See Problem 26 in
Exercises 6.2.

EXERCISES 6.2

Answers to selected odd-numbered problems begin on page ANS-9.

In Problems 1 and 2 without actually solving the given
differential equation, find the minimum radius of convergence

In Problems 7-18 find two power series solutions of the
given differential equation about the ordinary point x = 0.

of power series solutions about the ordinary point x = 0.

About the ordinary pointx = 1.
L =25 +20 +y=0

2. (2 —2x+ 10" +xp —4p =0

In Problems 3—6 find two power series solutions of the given 13. x—1p"+y =0
differential equation about the ordinary pointx = 0. Compare
the series solutions with the solutions of the differential equa-

"

7.9 —xy =10 8.V +xy=0

9. )" —=2xy' +y =0 10. y" —xy' + 2y =0
. Yy +x% +xp=0 12. ' +2x)' +2y =0
4. x +2) " +xp ' —y=0

15. y)—(x+ 1)y ' —y=0

tions obtained using the method of Section 4.3. Try to explain 16. x>+ 1" — 6y =0
any differences between the two forms of the solutions.

3.y"+y=0
5.y =" =0

4. y"—y=0
6. " +2y'=0

17. (2 + 2" +3xp' —y=0
18. (2 —1p " +xp)' —y=0
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In Problems 19-22 use the power series method to solve the
given initial-value problem.

19. x — 1" —xp" +y=0,0) = =2,y (0) = 6

20 x + 1" — 2 —xp' +y=0,0)=2,y'(0) = —1
21. y" — 2xy" + 8 =0,»(0) = 3,»'(0) =0

22. (x> + 1" + 2xy" = 0,1(0) = 0,y'(0) = 1

In Problems 23 and 24 use the procedure in Example 8§ to
find two power series solutions of the given differential
equation about the ordinary point x = 0.

23. y" + (sinx)y = 0
24, y" + ey —y =0

Discussion Problems

25. Without actually solving the differential equation
(cosx)y” + y" + 5y = 0, find the minimum radius of
convergence of power series solutions about the ordi-
nary point x = 0. About the ordinary pointx = 1.

26. How can the power series method be used to solve the
nonhomogeneous equation y” — xy = 1 about the ordi-
nary point x = 0? Of y" — 4xy’ — 4y = €*? Carry out
your ideas by solving both DEs.

27. Is x = 0 an ordinary or a singular point of the differen-
tial equation xy” + (sin x)y = 0? Defend your answer
with sound mathematics. [Hint: Use the Maclaurin
series of sin x and then examine (sin x)/x.

6.3 SOLUTIONS ABOUT SINGULAR POINTS ° 247

28. Is x = 0 an ordinary point of the differential equation
'+ 5xy" + Vay = 0?

Computer Lab Assignments

29. (a) Find two power series solutions for y” + xy" + y =10
and express the solutions y;(x) and y,(x) in terms of
summation notation.

(b) Use a CAS to graph the partial sums Sy(x) for
yi(x). Use N =2, 3,5, 6, 8, 10. Repeat using the
partial sums Sy(x) for y,(x).

(¢) Compare the graphs obtained in part (b) with
the curve obtained by using a numerical solver. Use
the initial-conditions y;(0) = 1, y{(0) =0, and
¥2(0) = 0, y2(0) = 1.

(d) Reexamine the solution y(x) in part (a). Express
this series as an elementary function. Then use (5)
of Section 4.2 to find a second solution of the equa-
tion. Verify that this second solution is the same as
the power series solution y,(x).

30. (a) Find one more nonzero term for each of the solu-
tions y1(x) and y,(x) in Example 8.

(b) Find a series solution y(x) of the initial-value

problem y” + (cosx)y =0, y(0) =1, y'(0) = 1.

(¢) Use a CAS to graph the partial sums Sy(x) for the

solution y(x) in part (b). Use N =2, 3, 4, 5, 6, 7.

(d) Compare the graphs obtained in part (c) with the
curve obtained using a numerical solver for the
initial-value problem in part (b).

6.3 SOLUTIONS ABOUT SINGULAR POINTS

REVIEW MATERIAL
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e Section 4.2 (especially (5) of that section)
e The definition of a singular point in Definition 6.2.1

INTRODUCTION The two differential equations

y'+xy=0 and xy"+y=0

are similar only in that they are both examples of simple linear second-order DEs with variable
coefficients. That is all they have in common. Since x = 0 is an ordinary point of y" + xy = 0, we
saw in Section 6.2 that there was no problem in finding two distinct power series solutions centered
at that point. In contrast, because x = 0 is a singular point of xy"” + y = 0, finding two infinit

series—notice that we did not say power series—solutions of the equation about that point becomes

a more difficult task

The solution method that is discussed in this section does not always yield two infinite series
solutions. When only one solution is found, we can use the formula given in (5) of Section 4.2 to

find a second solution



248

CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

=— A Definition A singular point x of a linear differential equation

a@)y" + a()y" + ag(x)y =0 (M

is further classified as either regular or irregular. The classification again depends on
the functions P and Q in the standard form

y'+ Py + Oy = 0. 2

DEFINITION 6.3.1 Regular and Irregular Singular Points

A singular point x = x is said to be a regular singular point of the differential
equation (1) if the functions p(x) = (x — x¢) P(x) and ¢ (x) = (x — x0)>OQ(x) are
both analytic at x. A singular point that is not regular is said to be an irregular
singular point of the equation.

The second sentence in Definition 6.3.1 indicates that if one or both of the func-
tions p(x) = (x — xo) P(x) and g(x) = (x — x()*>Q(x) fail to be analytic at xo, then
Xo is an irregular singular point.

= Polynomial Coefficients As in Section 6.2, we are mainly interested in
linear equations (1) where the coefficients as(x), a;(x), and ao(x) are polynomials
with no common factors. We have already seen that if a;(xg) = 0, then x = x( is a
singular point of (1), since at least one of the rational functions P(x) = a(x)/a»(x)
and O(x) = ao(x) /ax(x) in the standard form (2) fails to be analytic at that point.
But since a;(x) is a polynomial and x is one of its zeros, it follows from the Factor
Theorem of algebra that x — x is a factor of a,(x). This means that after a;(x) /a>(x)
and a((x) /a>(x) are reduced to lowest terms, the factor x — xo must remain, to some
positive integer power, in one or both denominators. Now suppose that x = x is
a singular point of (1) but both the functions defined by the products p(x) =
(x — x0) P(x) and ¢(x) = (x — x0)>O(x) are analytic at xo. We are led to the conclu-
sion that multiplying P(x) by x — xo and Q(x) by (x — x0)? has the effect (through
cancellation) that x — x( no longer appears in either denominator. We can now
determine whether x is regular by a quick visual check of denominators:

If x — x¢ appears at most to the first power in the denominator of P(x) and at
most to the second power in the denominator of Q(x), then x = x is a regular
singular point.
Moreover, observe that if x = x( is a regular singular point and we multiply (2) by
(x — x0)?, then the original DE can be put into the form

(x — xp)’y" + (x — x)px)y" + qx)y =0, 3)

where p and ¢ are analytic at x = x,.

DVNVIANINE Classification of Singula Points

It should be clear that x = 2 and x = —2 are singular points of

(X2 —4)%y" +3(x —2)y + 5y =0.

After dividing the equation by (x?> — 4)? = (x — 2)?(x + 2)? and reducing the
coefficients to lowest terms, we find th

3 5

PO = a2y ™ O Ta oy

We now test P(x) and Q(x) at each singular point.
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For x = 2 to be a regular singular point, the factor x — 2 can appear at most to the
first power in the denominator of P(x) and at most to the second power in the denom-
inator of Q(x). A check of the denominators of P(x) and Q(x) shows that both these
conditions are satisfied, so x = 2 is a regular singular point. Alternatively, we are led
to the same conclusion by noting that both rational functions

3
p) =G -2JPx) = ——5 and  ¢(x) = (x = 2)’0() =

(x + 2)? (x + 2)?

are analytic at x = 2.
Now since the factor x — (—2) = x + 2 appears to the second power in the

denominator of P(x), we can conclude immediately that x = —2 is an irregular
singular point of the equation. This also follows from the fact that
3

p(x) = (x + 2)P(x) = [ y———

is not analytic atx = —2. =

In Example 1, notice that since x = 2 is a regular singular point, the original
equation can be written as
p(x) analytic q(x) analytic
lal x=2 léll x=2

5
x—=2%"+x—-2) o 2)zy’ + ot 2)2)/ =0.

As another example, we can see that x = 0 is an irregular singular point
of x*y" —2xy’ + 8 = 0 by inspection of the denominators of P(x) = —2 /x>
and Q(x) = 8/x>. On the other hand, x =0 is a regular singular point of
xy" — 2xy" + 8y = 0, since x — 0 and (x — 0)> do not even appear in the respective
denominators of P(x) = —2 and Q(x) = 8/x. For a singular point x = xo any
nonnegative power of x — x( less than one (namely, zero) and any nonnegative
power less than two (namely, zero and one) in the denominators of P(x) and O(x), re-
spectively, imply that x( is a regular singular point. A singular point can be a complex
number. You should verify that x = 37 and x = —3i are two regular singular points
of @2+ 9)y" — 3xy' + (1 —x)y = 0.

— Note Any second-order Cauchy-Euler equation ax?y” + bxy’ + cy = 0, where
a, b, and c are real constants, has a regular singular point at x = 0. You should verify that
two solutions of the Cauchy-Euler equation x?y” — 3x)’ + 4y = 0 on the interval (0, )
are y; = x* and y, = x* In x. If we attempted to find a power series solution about the
regular singular point x = 0 (namely, y = 27_, ¢,x"), we would succeed in obtaining
only the polynomial solution y; = x2. The fact that we would not obtain the second so-
lution is not surprising because In x (and consequently y, = x? In x) is not analytic
at x = 0—that is, y, does not possess a Taylor series expansion centered at x = 0.

— Method of Frobenius To solve a differential equation (1) about a regular sin-
gular point, we employ the following theorem due to the eminent German mathe-
matician Ferdinand Georg Frobenius (1849-1917).

THEOREM 6.3.1 Frobenius’ Theorem

If x = x¢ is a regular singular point of the differential equation (1), then there
exists at least one solution of the form

o

y=_(- «\’0)"2 c,(x — xp)" = E ¢, (x — x)" v, “)

n=0 n=0
where the number 7 is a constant to be determined. The series will converge at
least on some interval 0 < x — xg < R.
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Notice the words at least in the first sentence of Theorem 6.3.1. This means
that in contrast to Theorem 6.2.1, Theorem 6.3.1 gives us no assurance that two series
solutions of the type indicated in (4) can be found. The method of Frobenius, findin
series solutions about a regular singular point x, is similar to the power-series method
in the preceding section in that we substitute y =X7_; c¢,(x — x,)""" into the given
differential equation and determine the unknown coefficients ¢, by a recurrence rela-
tion. However, we have an additional task in this procedure: Before determining the co-
efficients, we must find the unknown exponent 7. If 7 is found to be a number that is not
a nonnegative integer, then the corresponding solution y =X%_, ¢,(x — x,)"*" is not
a power series.

As we did in the discussion of solutions about ordinary points, we shall always
assume, for the sake of simplicity in solving differential equations, that the regular
singular point is x = 0.

DV NWIHANIPE Two Series Solutions

Because x = 0 is a regular singular point of the differential equation

3xy"+y' =y =0, Q)

we try to find a solution of the form y = Z7_ ¢,x"*". Now

Y =2 (n+ re,xtr! and Y=+ rm+r— Dex""72,
n=0 n=0

SO

3"+ =y =33 (1 + Dt = Dex I+ Y (n+ et =Y e ant
n=0

n=0 n=0

=Y (n+ rGn+ 3r—2ex" = e xmtr
n=0 n=0

=x"[r(3r — 2)ecox '+ D (n + PBn + 3r — e, x" = c,,x”}

n=1 n=0
—

k=n—1 k=n

~

=x"r(3r — ecox "+ 2 [(k+ r + DGk + 3r+ gy — ck]x"} =0,
i k=0

which implies that r(3r —2)cp =10
and (k+7r+ 1)Bk+3r+ ey, — =0, k=10,1,2,....
Because nothing is gained by taking ¢y = 0, we must then have

r(3r—2)=0 (6)

Ck
d = . k=012, ... 7
an “ Tkt DGk 3+ D) M

When substituted in (7), the two values of r that satisfy the quadratic equation
6),r, = % and r, = 0, give two different recurrence relations:

2 Ci
=2 S T— R 8
=3 Cr+1 Gk + 5)(k + 1), > 1,2, (8
ry =0, S k=0,1,2,.. .. )

C T kT DG+ 1)
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From (8) we fin From (9) we fin
_ % _ %o
T 5 AT
Cy Co Cy Co
8§82 2!15-8 2.4 2114
&) Co G Co
11-3 3!5-8-11 3.7 3!1-4-7
C3 Co 3 Co
14-4 4!5-8-11-14 410 4!'1-4-7-10
Co ) Co
c, = . c, = .
n!5-8-11---Gn + 2) nll-4-7---Gn—2)

Here we encounter something that did not happen when we obtained solutions
about an ordinary point; we have what looks to be two different sets of coeffi
cients, but each set contains the same multiple c¢. If we omit this term, the series
solutions are

* 1
=231+ " !
nix) = x [ ’121”!5.8-11---(3n+2)x] o

) = xO[l L3 !

S 4T (Bn— 2)4' an

By the ratio test it can be demonstrated that both (10) and (11) converge for all val-
ues of x—that is, |x| < . Also, it should be apparent from the form of these
solutions that neither series is a constant multiple of the other, and therefore y; (x) and
y2(x) are linearly independent on the entire x-axis. Hence by the superposition prin-
ciple, y = Cyy1(x) + C,y,(x) is another solution of (5). On any interval that does not
contain the origin, such as (0, ), this linear combination represents the general solu-

tion of the differential equation. =

= Indicial Equation Equation (6) is called the indicial equation of the problem,
and the values r| = % and 7, = 0 are called the indicial roots, or exponents, of
the singularity x = 0. In general, after substituting y = 27_, ¢, x"*" into the given dif-
ferential equation and simplifying, the indicial equation is a quadratic equation in r
that results from equating the fotal coefficient of the lowest power of x to zero. We
solve for the two values of » and substitute these values into a recurrence relation
such as (7). Theorem 6.3.1 guarantees that at least one solution of the assumed series
form can be found.

It is possible to obtain the indicial equation in advance of substituting
y =27, c,x""" into the differential equation. If x = 0 is a regular singular point of
(1), then by Definition 6.3.1 both functions p(x) = xP(x) and g(x) = x>Q(x), where
P and Q are defined by the standard form (2), are analytic at x = 0; that is, the power
series expansions

p(x) = xP(x) = ay + a;x + a,x* + - - and g(x) = x*0(x) = by + byx + byx* + - - - (12)

are valid on intervals that have a positive radius of convergence. By multiplying
(2) by x2, we get the form given in (3):

"+ x[xP()]y" + [¥*0(x)]y = 0. (13)
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n+r

After substituting y = 2_, ¢,x""" and the two series in (12) into (13) and carrying
out the multiplication of series, we find the general indicial equation to b

r(r — 1) + ayr + by = 0, (14)

where ag and b are as defined in (12). See Problems 13 and 14 in Exercises 6.3

DN IANBEW Two Series Solutions

Solve 2xy” + (1 + x)y' + y = 0.

SOLUTION Substituting y = 27_ ¢, x" " gives

200"+ (1+x)y +y=22@n+rn+r— Dex™ 1+ X (n+ r)cxmtr!

n=0 n=0

oo o
+ D (n + P)e,x" + ) e xntr
n=0 n=0

= E (n+rQ2n+2r — Dext =1+ E (n+r+ exmr
n=0 =0

=x"|r2r — Degx '+ 2 (n + 12n + 2r — De,x" ' + X (n + r + 1e,x”
n=1 n=0
Y Y
k=n—1 k=n
=x"|r2r — Degx '+ 2 [(k+ r + DRk + 2r + Degyy + (K + 7+ Dedxt],
k=0
which implies that r@2r—1)=0 (15)
and k+r+ 1DQCk+2r+ ey +(k+7r+ 1) =0, (16)
k=0,1,2,....From (15) we see that the indicial roots are r;, = %and = 0.

Forr, = % we can divide by k£ + % in (16) to obtain

—c,
=— k=0,1,2,... 17
Cr+1 2(k+1)7 s Ly &y s ( )
whereas for 7, = 0, (16) becomes
—c,
= k=0,1,2,.... 18
Cr+1 2k+15 s Ly &y ( )
From (17) we fin From (18) we fin
—Co —Co
¢ = ¢ =—
Y2l L
_ "4 __ % _ A _ <
CTy T2 | T3 T3
_ Cy _ —Cy ___Cz_ —Cy
ST T3 | 9T s T1-3-5
“T4 T 24 Y7 13547
(=D"¢o
_1 n = .
cn_m Cn 1-3:5-7---2n—1)
2"n!
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Thus for the indicial root r, = % we obtain the solution

nix) = x1/2|:1 +i ﬂx"] =§: ﬂxrﬁ—lﬁ

=1 2'n! =0 2"'n!

where we have again omitted ¢(. The series converges for x = 0; as given, the series
is not defined for negative values of x because of the presence of x'/%. For r, =0 a
second solution is

(=D"

=1+ ! <.
72 2755 oy =

On the interval (0, ) the general solution is y = C1y(x) + Coya(x).

DN\ NN Only One Series Solution

Solve xy" + y = 0.

SOLUTION From xP(x) = 0, x>’Q(x) = x and the fact that 0 and x are their own
power series centered at 0 we conclude that ag = 0 and by = 0, so from (14) the
indicial equation is #(» — 1) = 0. You should verify that the two recurrence relations
corresponding to the indicial roots 7; = 1 and r, = 0 yield exactly the same set of
coefficients. In other words, in this case the method of Frobenius produces only a
single series solution

S (Gl D A 1, 1

1
= = x — — 4+ — 3 = — =
7 ,EO aln + 1)! TN TR T

= Three Cases For the sake of discussion let us again suppose that x = 0 is a
regular singular point of equation (1) and that the indicial roots »; and r, of the
singularity are real. When using the method of Frobenius, we distinguish three cases
corresponding to the nature of the indicial roots 71 and 7;. In the first two cases the
symbol | denotes the largest of two distinct roots, that is, 7; > r;. In the last case
ry = ra.

— Case I: Ifry and r; are distinct and the difference ; — r; is not a positive inte-
ger, then there exist two linearly independent solutions of equation (1) of the form

o o
@) =2, g #0,  3x) =2 b, X" by # 0.
n=0 n=0

This is the case illustrated in Examples 2 and 3.

Next we assume that the difference of the roots is N, where N is a positive
integer. In this case the second solution may contain a logarithm.

— Case ll: 1Ifr; and r; are distinct and the difference »; — r; is a positive integer,
then there exist two linearly independent solutions of equation (1) of the form

1) =2 X", e #0, 19)
n=0

P(x) = Cy,(x) Inx + 2, b,x"*", by # 0, (20)

n=0
where C is a constant that could be zero.

Finally, in the last case, the case when r; = r;, a second solution will always
contain a logarithm. The situation is analogous to the solution of a Cauchy-Euler
equation when the roots of the auxiliary equation are equal.
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— Case lll: Ifr; and r; are equal, then there always exist two linearly indepen-
dent solutions of equation (1) of the form

.}"1(“\) E‘/z‘””ﬂ Co i 03 (21)

n=0

Po(x) = y(x) Inx + X, b,x"tn, (22)
n=1

= Finding a Second Solution When the difference r; — r, is a positive integer
(Case II), we may or may not be able to find two solutions having the
form y = 37_ ¢,x"*". This is something that we do not know in advance but is
determined after we have found the indicial roots and have carefully examined the
recurrence relation that defines the coefficients c,. We just may be lucky enough
to find two solutions that involve only powers of x, that is, y,(x) = Zi_, ¢, x"™"
(equation (19)) and y,(x) = 27, b,x""" (equation (20) with C = 0). See Problem 31
in Exercises 6.3. On the other hand, in Example 4 we see that the difference of the in-
dicial roots is a positive integer (#; — 7, = 1) and the method of Frobenius failed to
give a second series solution. In this situation equation (20), with C # 0, indicates what
the second solution looks like. Finally, when the difference r; — r; is a zero (Case III),
the method of Frobenius fails to give a second series solution; the second solution (22)
always contains a logarithm and can be shown to be equivalent to (20) with C = 1. One
way to obtain the second solution with the logarithmic term is to use the fact that

e - P(A)dx
yix)

is also a solution of y” + P(x)y’ + Q(x)y = 0 whenever y(x) is a known solution.
We illustrate how to use (23) in the next example.

DVNVILNIRE Example 4 Revisited Using a CAS

Find the general solution of xy” + y = 0.

Po(x) = yi(x )J (23)

SOLUTION From the known solution given in Example 4,

1 1 1
=x—-x+—=x——x+-
n) = x = ot
we can construct a second solution y,(x) using formula (23). Those with the time,
energy, and patience can carry out the drudgery of squaring a series, long division,
and integration of the quotient by hand. But all these operations can be done with
relative ease with the help of a CAS. We give the results:

7J.Od‘c dx
nx) = J/1(X)J[ (« )]2 :yl(x)f 1 1 1 2
— 2 = - — ..
[x 25 TR T ]
dx
:J/1(X)J
X=X+ i)(74 - le + .- < after squaring
12 72 ' -
1 1 7 19
= yl(x)f |:; + )_C + E + 7—2x + - -]dx < after long division
(x) 1+1n T+ +192+ frer i i
= — — —_— <« after integrating
»nx X X 12)6 144)6 after integrating
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< after multiplying out

On the interval (0, ) the general solution is y = C1y(x) + Coya(x). =

Note that the final form of y, in Example 5 matches (20) with C = 1; the series
in the brackets corresponds to the summation in (20) with r, = 0.

REMARKS

(7) The three different forms of a linear second-order differential equation in (1),
(2), and (3) were used to discuss various theoretical concepts. But on a practical
level, when it comes to actually solving a differential equation using the method
of Frobenius, it is advisable to work with the form of the DE given in (1).

(i) When the difference of indicial roots r; — r, is a positive integer
(r1 > ry), it sometimes pays to iterate the recurrence relation using the
smaller root 7, first. See Problems 31 and 32 in Exercises 6.3

(ii7) Because an indicial root r is a solution of a quadratic equation, it could
be complex. We shall not, however, investigate this case.

(iv) If x = 0 is an irregular singular point, then we might not be able to fin
any solution of the DE of form y =X7_, ¢,x"*".

EXERCISES 6.3

Answers to selected odd-numbered problems begin on page ANS-10.

In Problems 1-10 determine the singular points of the given
differential equation. Classify each singular point as regular
or irregular.

1. X3y +4x%y +3y=0
2. x(x+3)"—y=0
3.2 —9H +@x+3)y +2y=0

4. y”—)lcy’+my=0

5. (x* +4x)y" —2xy' +6y=0

6. X’(x — 5" + 4xy' + (2 —25)y =0

7. > +x—6"+(x+3)y +(x—2y=0

8. x(x>+ D% +y=0

9. 32 —=25)(x —2)%"+3x(x —2)y' +1(x +5)y=0

10. (> —2x2+30)%" +x(x—3)2»' —(x+ 1)y =0

In Problems 11 and 12 put the given differential equation
into form (3) for each regular singular point of the equation.
Identify the functions p(x) and g(x).

1. 2= 1) " +5x+ 1)y + @2 —x)y=0
12. xy" + (x + 3)y' + Tx2y =0

In Problems 13 and 14, x = 0 is a regular singular point of the
given differential equation. Use the general form of the indi-
cial equation in (14) to find the indicial roots of the singu-
larity. Without solving, discuss the number of series solutions
you would expect to find using the method of Frobenius

13. x¥y" + (%x + xz)y’ -1y=0
14. xy" +y + 10y =0

In Problems 15-24, x = 0 is a regular singular point of
the given differential equation. Show that the indicial roots
of the singularity do not differ by an integer. Use the method
of Frobenius to obtain two linearly independent series
solutions about x = 0. Form the general solution on (0, o).

15. 2xy" —y"' +2y =0

16. 2xy" + 5y +xy =0

17. 4xy" + %y’ +y=0

18. 2x%y" —xy' + (2 + 1)y =0
19. 3"+ 2 —x) ' —y=0
20. x%y" — (x - %)y =0

21. 2xy" = B3+ 2x)y' +y=0
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22. xz”-l-xy’-l-(z—g)y:O
23. 9x%y" + 9x
24. 2x%y" +3xy' + 2x — 1)y =0

2y +2y=0

In Problems 25-30, x = 0 is a regular singular point of
the given differential equation. Show that the indicial
roots of the singularity differ by an integer. Use the method
of Frobenius to obtain at least one series solution about
x = 0. Use (23) where necessary and a CAS, if instructed, to
fin a second solution. Form the general solution on (0, ).

25, xy" +2y' —xy =0
26. x*y" + xy' + ( 2 — %)y =0

3
27. xy" —xy'+y=0 28. "+ -y =2y =0
X

29. xy" +(1—x)p ' —y=0  30. xy"+y +y=0

In Problems 31 and 32, x = 0 is a regular singular point of
the given differential equation. Show that the indicial
roots of the singularity differ by an integer. Use the recur-
rence relation found by the method of Frobenius first with
the larger root ;. How many solutions did you find? Next
use the recurrence relation with the smaller root r,. How
many solutions did you find

3. xy" +(x—6)y' —3y=0
32. x(x—1)y"+3y' —=2y=0

33. (a) The differential equation x*y” + Ay =0 has an
irregular singular point at x = 0. Show that the sub-
stitution 1 = 1 /x yields the DE

d*y 2dy

— +S=+ Ay
dr*  tdt

which now has a regular singular point at £ = 0.

(b) Use the method of this section to find two series
solutions of the second equation in part (a) about the
regular singular point # = 0.

(c) Express each series solution of the original equation
in terms of elementary functions.

Mathematical Model

34. Buckling of a Tapered Column In Example 4 of
Section 5.2 we saw that when a constant vertical
compressive force or load P was applied to a thin
column of uniform cross section, the deflection y(x) was
a solution of the boundary-value problem

d*y

Eld—2 +Py=0, y0)=0, yL)=0. (24)
The assumption here is that the column is hinged at both
ends. The column will buckle or deflect only when the

compressive force is a critical load P,,.

CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

(a) In this problem let us assume that the column is of
length L, is hinged at both ends, has circular cross
sections, and is tapered as shown in Figure 6.3.1(a).
If the column, a truncated cone, has a linear taper
y = cx as shown in cross section in Figure 6.3.1(b),
the moment of inertia of a cross section with respect
to an axis perpendicular to the xy-plane is / = imﬁ“,
where » =y and y = cx. Hence we can write
I(x) = Io(x/b)*, where I, = I(b) = s m(ch)". Sub-
stituting /(x) into the differential equation in (24),
we see that the deflection in this case is determined
from the BVP

d 2y

d 2

where A = Pb*/EI,. Use the results of Problem 33

to find the critical loads P, for the tapered column.

Use an appropriate identity to express the buckling
modes y,(x) as a single function.

(b) Use a CAS to plot the graph of the first buckling
mode y;(x) corresponding to the Euler load P,
whenb =1l anda = 1.

+ Ay =0, y(@ =0, yb)=0,

(@) (b)
FIGURE 6.3.1

Tapered column in Problem 34

Discussion Problems

35. Discuss how you would define a regular singular point
for the linear third-order differential equation

a;()y" + a;()y" + ai(x)y" + a)x)y = 0.
36. Each of the differential equations

Xy +y=0 and 2"+ Bx—1)y +y=0
has an irregular singular point at x = 0. Determine
whether the method of Frobenius yields a series solu-
tion of each differential equation about x = 0. Discuss
and explain your findings

37. We have seen that x = 0 is a regular singular point of
any Cauchy-Euler equation ax?y” + bxy’ + cy = 0.
Are the indicial equation (14) for a Cauchy-Euler equa-
tion and its auxiliary equation related? Discuss.

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



6.4 SPECIAL FUNCTIONS ° 257

6.4 SPECIAL FUNCTIONS

REVIEW MATERIAL
e Sections 6.2 and 6.3

INTRODUCTION In the Remarks at the end of Section 2.3 we mentioned the branch of mathemat-
ics called special functions. Perhaps a better title for this field of applied mathematics might be
named functions because many of the functions studied bear proper names: Bessel functions,
Legendre functions, Airy functions, Chebyshev polynomials, Hermite polynomials, Jacobi polyno-
mials, Laguerre polynomials, Gauss’ hypergeometric function, Mathieu functions, and so on.
Historically, special functions were often the by-product of necessity: Someone needed a solution of
a very specialized differential equation that arose from an attempt to solve a physical problem. In
effect, a special function was determined or defined by the differential equation and many properties
of the function could be discerned from the series form of the solution.

In this section we use the methods of Sections 6.2 and 6.3 to find solutions of two differential
equations

w50 4k R 6 = Ay = O (1)

(1 —x2" —2xy' +nn+1)y=0 2)

that arise in advanced studies of applied mathematics, physics, and engineering. They are called,
respectively, Bessel’s equation of order v, named after the German mathematician and astronomer
Friedrich Wilhelm Bessel (1784-1846), and Legendre’s equation of order n, named after the
French mathematician Adrien-Marie Legendre (1752—1833). When we solve (1) we shall assume
that » = 0, whereas in (2) we shall consider only the case when # in a nonnegative integer.

= Solution of Bessel’s Equation Because x = 0 is a regular singular point of
Bessel’s equation, we know that there exists at least one solution of the form
y = 2¥_, c,x"*". Substituting the last expression into (1) gives

©

x2y// + xyr + (x2 _ V2)y — E c,,(n + V)(l’l + 7 — l)xn+r + E Cn(l’l + ’,.)anrr + E cnxn+r+2 _ 1}2 Ecnx'#rr
n=0 n=0 n=0 n=0

=c(P—r+r—v+x Xcln+trm+r—1)+mn+r— 2 +x Y cx"t?
n=1 n=0

=co(P — v+ X" 2 ¢, [(n + 1P — x4 X" D xR 3)
n=1 n=0
From (3) we see that the indicial equation is 7> — v> = 0, so the indicial roots are

ry =vandr, = —v. When r; = v, (3) becomes

X0 X en(n + 20" + x7 Y, ¢, x" 2

n=1 n=0

<

=X
n=2 n=0

(1 +2v)eix + 2 ¢,n(n + 2v)x" + D, ¢ x"+?

k=n—2 k=n

<

=0.

=X

(1 +2v)eix + 2 [(k + 2)(k + 2 + 20)cppn + ¢p]xk2
L k=0
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Therefore by the usual argument we can write (1 + 2v)c; = 0 and

(k + 2)(k + 2 + 2V)Ck+2 + Cr = 0

—c,
= , k=0,1,2,.... 4
of 2T F )k + 2 + 20) @
The choice ¢; = 0 in (4) impliesthat ¢; = ¢s =¢;, = -+ - =0,sofork=0,2,4, ...
we find, after lettingk + 2 = 2n,n = 1,2,3, ..., that
Cop—2
= 5
“on 2’n(n + v) )
Co
Th =
e 211+
C = — =
N 22.22+v) 2*1-2(1 + )2+ v)
Cy Co
o = — —

23G+p 20-1-2-30+ 12+ 3+

o = (=1"e
21+ Q2+ v (n+ v

n=1,2,3,.... (6)

It is standard practice to choose ¢y to be a specific value, namel ,
1
Co= T,
O 2 T(1 + w)

where I'(1 + v) is the gamma function. See Appendix I. Since this latter function
possesses the convenient property I'(1 + «) = «l'(«), we can reduce the indicated
product in the denominator of (6) to one term. For example,

ra+v+0H=0+»I'd + v
ri+v+2)=QQ+nl'2+v) =2+ v)(l +pI’'d + »).
Hence we can write (6) as

_ =" _ (=D"
227l 1+ R+ v) - (n+ (L +v) 227"l + v+ n)

Con
forn=0,1,2,....

— Bessel Functions of the First Kind Using the coefficients ¢, just obtained
and r = v, a series solution of (1) is y = Z;_;c,, x?"*". This solution is usually
denoted by J,(x):

Ju(x) - i '(i (X)‘” ,,. (7)

o n!l’'d + v+ n) 2

If v = 0, the series converges at least on the interval [0, ). Also, for the second
exponent 1, = —v we obtain, in exactly the same manner,

>~ —1)" 3 2n—v
L= ()() | ®)

o n''(l — v+ n 2

The functions J,(x) and J_,(x) are called Bessel functions of the first kind of order v
and —v, respectively. Depending on the value of v, (8) may contain negative powers
of x and hence converges on (0, «)."

“When we replace x by | x|, the series given in (7) and (8) converge for 0 < |x| < .
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Now some care must be taken in writing the general solution of (1). When v = 0,
it is apparent that (7) and (8) are the same. If v >0 and r; —r, = v — (—v) =2v
is not a positive integer, it follows from Case I of Section 6.3 that J,(x) and J_,(x) are
linearly independent solutions of (1) on (0, %), and so the general solution on the
interval is y = ¢1J,(x) + c2J-,(x). But we also know from Case II of Section 6.3 that
when | — r, = 2w is a positive integer, a second series solution of (1) may exist. In this
second case we distinguish two possibilities. When v = m = positive integer, J_,,(x)
defined by (8) and J,,,(x) are not linearly independent solutions. It can be shown thatJ_,,
is a constant multiple of J,, (see Property (i) on page 262). In addition, r; — r, = 2v
can be a positive integer when v is half an odd positive integer. It can be shown in this
latter event that J,(x) and J_,(x) are linearly independent. In other words, the general
solution of (1) on (0, %) is

y = cJ,(x) + ¢ (%), v # integer. )

The graphs of y = Jy(x) and y = J|(x) are given in Figure 6.4.1.

DNV Bessel’s Equation of Order ;

By identifying v* = % and v = %, we can see from (9) that the general solution of the

equation x?y” + xy’ + (x2 - i)y =0o0n(0,0)isy = ¢\, (x) + o 1 px). =

— Bessel Functions of the Second Kind If v # integer, the function define
by the linear combination

cos v J,(x) — J_,(x)

() = (10)

sin var

and the function J,(x) are linearly independent solutions of (1). Thus another form of
the general solution of (1) is y = ¢1J,(x) + ¢, Y,(x), provided that v # integer. As
v — m, m an integer, (10) has the indeterminate form 0/0. However, it can be shown
by L’Hopital’s Rule that lim,_,,, Y,(x) exists. Moreover, the function

Y,(x) = lim %,(x)
and J,,(x) are linearly independent solutions of x*>y” + xy’ + (x> — m?)y = 0. Hence
for any value of v the general solution of (1) on (0, %) can be written as
y = ad(x) T o). (11)

Y, (x) is called the Bessel function of the second kind of order ». Figure 6.4.2 shows
the graphs of Yy(x) and Y (x).

DYNVILANIPE Bessel’s Equation of Order 3

By identifying > = 9 and v = 3, we see from (11) that the general solution of the

equation x2y” + xy’ + (x> — 9)y = 0 on (0, ®) is y = ¢, J3(x) + ¢ V3(x). =

— DEs Solvable in Terms of Bessel Functions Sometimes it is possible to
transform a differential equation into equation (1) by means of a change of variable.
We can then express the solution of the original equation in terms of Bessel func-
tions. For example, if we let t = ax, « > 0, in

xy" + xy 4+ (@*x* = vy =0, (12)
then by the Chain Rule,
Db ey
dx  didx  dt dx*  di\dx)dx © df’
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Accordingly, (12) becomes

2 g? d d? d
2_y+<£> _y+t2_ 2 =90 t2_y_|_t_y+ t2_ 2 =90
)a dt? o) di ( vy or df? dt ( vy '

The last equation is Bessel’s equation of order » with solution y = ¢J,,(f) + ¢, (¢). By
resubstituting # = ax in the last expression, we find that the general solution of (12) is

y = c;J,(ax) + ¢, ¥, (ax). (13)

J

Equation (12), called the parametric Bessel equation of order v, and its general
solution (13) are very important in the study of certain boundary-value problems
involving partial differential equations that are expressed in cylindrical coordinates.

— Modified Bessel Functions Another equation that bears a resemblance to (1)
is the modified Bessel equation of orde v,

2"+ xy — (X + vy =0. (14)
This DE can be solved in the manner just illustrated for (12). This time if we let
t = ix, where i> = —1, then (14) becomes
d? d
P -y =

dr? dt

Because solutions of the last DE are J,(¢f) and Y,(¢), complex-valued solutions of
(14) are J,(ix) and Y, (ix). A real-valued solution, called the modified Bessel func-
tion of the first kin of order v, is defined in terms of J, (ix):

L(x) = i " J(ix). (15)

See Problem 21 in Exercises 6.4.
Analogous to (10), the modified Bessel function of the second kind of order
v # integer is defined to b

7L ~ L)

K (x) =
/) 2 sin v

(16)

and for integer v = n,

K,(x) = lim K,(x).

Because [, and K, are linearly independent on the interval (0, «) for any value of
v, the general solution of (14) on that interval is

y = l,x) + &K, (). amn

The graphs of y = I(x), y = [,(x), and y = I,(x) are given in Figure 6.4.3 and
the graphs of y = Ky(x), v = K;(x), and y = K,(x) are given in Figure 6.4.4. Unlike
the Bessel functions of the first and second kinds, the modified Bessel functions
of the first and second kind are not oscillatory. Figures 6.4.3 and 6.4.4 also illustrate
the fact that the modified Bessel functions /,(x) and K,(x),n = 0, 1, 2, ... have no
real zeros in the interval (0, 0). Also notice that the modified Bessel functions of
the second kind K,(x) like the Bessel functions of the second kind Y,(x) become
unbounded asx — 0.

A change of variable in (14) gives us the parametric form of the modifie
Bessel equation of order v:

Xy 4+ ' = (o + vy = 0.
The general solution of the last equation on the interval (0, ) is

y = ¢l (ax) + ¢, K, (ax).
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Yet another equation, important because many DEs fit into its form by appro-
priate choices of the parameters, is

" 172(’! 2.2..2¢—2 azipzcz
y'+—y + b+ ——— |y =0, p=0. (18)

J 2
X X-

Although we shall not supply the details, the general solution of (18),

=

) = x”[cl‘lp(bx‘) + czYﬁ(bx‘)}, (19)

can be found by means of a change in both the independent and the dependent
alc

variables: z = bx€, y(x) = (%) w(z). If p is not an integer, then Y, in (19) can be

replaced by J-,.

DN\ IZNIER Using (18)

Find the general solution of xy” + 3y’ + 9y = 0 on (0, »).

SOLUTION By writing the given DE as
4 3 ’ 9
ity oy =0,
X X
we can make the following identifications with (18)

1 —2a=3, b*c? =9, 2e — 2= -1, and a’> — p*c* = 0.

The first and third equations imply that a = —1 and ¢ = % With these values the
second and fourth equations are satisfied by taking » = 6 and p = 2. From (19)
we find that the general solution of the given DE on the interval (0, «) is
y = x"'[c1/5(6x") + ¢, V5 (6x"2)]. =

DNV The Aging Spring Revisited

Recall that in Section 5.1 we saw that one mathematical model for the free undamped
motion of a mass on an aging spring is given by mx” + ke™%'x = 0, « > 0. We are
now in a position to find the general solution of the equation. It is left as a problem

2 |k
to show that the change of variables s = — \/: e~ *'2 transforms the differential
equation of the aging spring into aNm
d*x dx
SZE-FSa-FSZx:O.

The last equation is recognized as (1) with » =0 and where the symbols x
and s play the roles of y and x, respectively. The general solution of the new
equation is x = c1Jo(s) + c2Yo(s). If we resubstitute s, then the general solution of
mx" + ke”*x = 0 is seen to be

2 |k 2 |k
x(t) = CIJ()(Z \/n:1e“’/2> + 02Y0<; \/% e"‘“).

See Problems 33 and 39 in Exercises 6.4. =

The other model that was discussed in Section 5.1 of a spring whose character-
istics change with time was mx” + ktx = 0. By dividing through by m, we see that

k
the equation x” + —tx = 0 is Airy’s equation " + a?xy = 0. See Example 5 in
m

Section 6.2. The general solution of Airy’s differential equation can also be written
in terms of Bessel functions. See Problems 34, 35, and 40 in Exercises 6.4.
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TABLE 6.4.1 Zeros of Jy, J, Yy, and Y

CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

= Properties We list below a few of the more useful properties of Bessel
functions of order m, m = 0, 1,2, .. .:

(&) Jow() = (=" (), (i) Jp(—x) = (=1D)"J,,(x),

0 >0
(i) J, 0 =1" " () lim ¥,(x) = —.
1, m = 0, x—0"

Note that Property (ii) indicates that .J,(x) is an even function if m is an even
integer and an odd function if m is an odd integer. The graphs of Yy(x) and Y;(x) in
Figure 6.4.2 illustrate Property (iv), namely, Y,(x) is unbounded at the origin. This
last fact is not obvious from (10). The solutions of the Bessel equation of order 0
can be obtained by using the solutions y;(x) in (21) and y,(x) in (22) of Section 6.3.
It can be shown that (21) of Section 6.3 is y(x) = Jy(x), whereas (22) of that
section is

1)* 1 2%
Ya(x) = Jo(x)Inx — E ((k'))z <1 4+ - : TR %><)§C) .

The Bessel function of the second kind of order 0, Yy(x), is then defined to be the

2 2
linear combination Y,(x) = — (y — In 2)y,(x) + —y,(x) for x > 0. That is,
T T

2 z (- 1 1) (x*
Yo(x) = ;Jo(x)[y + lnﬂ 2 o (1 Fokt %><§> ,

where y = 0.57721566 . . .is Euler’s constant. Because of the presence of the
logarithmic term, it is apparent that Yy(x) is discontinuous at x = 0.

— Numerical Values The first five nonnegative zeros of Jo(x), J1(x), Yo(x), and
Y1(x) are given in Table 6.4.1. Some additional function values of these four functions
are given in Table 6.4.2.

TABLE 6.4.2 Numerical Values of Jy, J;, Yy, and Y;

Jo(x) Ji(x) Yo(x) Yi(x) x Jo(x) Ji(x) Yo(x) Yi(x)
2.4048 0.0000 0.8936 2.1971 0 1.0000 0.0000 — —

5.5201 3.8317 3.9577 5.4297 1 0.7652 0.4401 0.0883 —0.7812
8.6537 7.0156 7.0861 8.5960 2 0.2239 0.5767 0.5104 —0.1070
11.7915 10.1735 10.2223 11.7492 3 —0.2601 0.3391 0.3769 0.3247
14.9309 13.3237 13.3611 14.8974 4 —0.3971 —0.0660 —0.0169 0.3979
5 —0.1776 —0.3276 —0.3085 0.1479
6 0.1506 —0.2767 —0.2882 —0.1750
7 0.3001 —0.0047 —0.0259 —0.3027
8 0.1717 0.2346 0.2235 —0.1581
9 —0.0903 0.2453 0.2499 0.1043
10 —0.2459 0.0435 0.0557 0.2490
11 —0.1712 —0.1768 —0.1688 0.1637
12 0.0477 —0.2234 —0.2252 —0.0571
13 0.2069 —0.0703 —0.0782 —0.2101
14 0.1711 0.1334 0.1272 —0.1666
15 —0.0142 0.2051 0.2055 0.0211

— Differential Recurrence Relation Recurrence formulas that relate Bessel
functions of different orders are important in theory and in applications. In the next
example we derive a differential recurrence relation.
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DN\ IZNIE Derivation Using the Series Definitio

Derive the formula xJ)(x) = vJ,(x) — xJ,.;(x).

SOLUTION It follows from (7) that

s (Z1)@n At v) [x\te
) _Eon!r(l + v+ n) (2)
_ N (=1 X \2ntvy < (—1yn x\2ntv
= V;Z(:) AT+ v+ ) (2) * 2,26}1![‘(1 T i) (2)
_ < (_l)n )£ 2n+v—1
= v/ (x) -i-)cn;1 FCDITA T r ) (2)

N

~
k=n-—1

z (— 1) X \2k+v+1
i KT2 +v+k) (2)

VJV(X) - X = VJV(x) - x‘]V+1(x)'

The result in Example 5 can be written in an alternative form. Dividing
xJ,(x) — vJ,(x) = —xJ,,(x) by x gives

) = ) = e ().

This last expression is recognized as a linear first-order differential equation in J,(x).
Multiplying both sides of the equality by the integrating factor x ~” then yields

d
7/'[)( (X)) = —x70 4 (%). (20)
X

It can be shown in a similar manner that

i ['\/V‘/V(x)] = x"'/l'*l (X) (21)
dx

See Problem 27 in Exercises 6.4. The differential recurrence relations (20) and
(21) are also valid for the Bessel function of the second kind Y, (x). Observe that
when v = 0, it follows from (20) that

Ji(x) = —J,(x) and Yi(x) = —Y(x). (22)
An application of these results is given in Problem 39 of Exercises 6.4.
= Bessel Functions of Half-Integral Order When the order is half an odd in-
teger, that is, i%, i%, i%, ..., Bessel functions of the first and second kinds can be

expressed in terms of the elementary functions sinx, cosx, and powers of x. Let’s
consider the case when v = % From (7)

B o (_l)n <E>2n+1/2
Ja®) z‘o ar(t+5+n)\2)
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CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

In view of the property ['(1 + «) = «['(«) and the fact that r(%) = /7 the values
of I'(1 + % +n)forn=0,n=1,n=2,and n = 3 are, respectively,

r() =11 +3) =ir() =1 Va

i) =r(+3) = 3r() =3 va
5.

3 54:3-2-1 5!
7\ _ 5\ _ 51(5) _ _ _
r(3) =r(1 +3) =3r@) = s Vr=——r o, Vr=, VY
75 7+6-5! 7!
9) — 7\ _ 1(7) — _ _
M) =) =3 = gy Ve =g g VP = V7
2n + 1)
In general, F(] +%+n)=%\/}.
* —1)" 2n+1/2 2 o —1)
Hence J,(x) = #C—C) = [— > #xhﬁl.
o ,@2n+ D! 2 mx S @2n + 1)!
n! 22ntlyn \/%

From (2) of Section 6.1 you should recognize that the infinite series in the last line is
the Maclaurin series for sinx, and so we have shown that

Jip(x) =, /ﬁ sin x. (23)

We leave it as an exercise to show that

J k) = \/; COS X. (24)

See Figure 6.4.5 and Problems 31, 32, and 38 in Exercises 6.4.

If n is an integer, thenv = n + %is half an odd integer. Because cos(n + %) T=0
and sin(n + %)77 =cosnm = (=1)", we see from (10) that Y, ,(x)=
(=1)"""J_(y+12@). For n = 0and n = —1 we have, in turn, ¥, ,(x) = —J_;5(x)
and Y )(x) = Jj5(x). In view of (23) and (24) these results are the same as

/2
Y h(x) = —4/— cosx 25)
TX
12 .
and Y_ | p(x) = 4 [— sinux. (26)
TX

= Spherical Bessel Functions Bessel functions of half-integral order are used
to define two more important functions:

) T T
Jl¥) = N[5 12%) and  y,(x) = \/%Y,M/z(x)- (27)

The function j,(x) is called the spherical Bessel function of the first kind and y,(x)
is the spherical Bessel function of the second kind. For example, for n = 0 the
expressions in (27) become

. T T 2 . sinx
Jo¥) = A [57/1p(x) = |57/ sinx = —
2x 2x N 7x X
; ; 2 COSX
and Vo) = A [577Y1p(x) = =57y [ocosx = ———.
2x 2x \ 7x X
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It is apparent from (27) and Figure 6.4.2 for n = 0 the spherical Bessel of the second
kind y,(x) becomes unbounded as x — 0.

Spherical Bessel functions arise in the solution of a special partial differential
equation expressed in spherical coordinates. See Problem 54 in Exercises 6.4 and
Problem 13 in Exercises 13.3.

= Solution of Legendre’s Equation Since x =0 is an ordinary point of
Legendre’s equation (2), we substitute the series y = >7_, c,x*, shift summation in-
dices, and combine series to get

(I —x2)y" —2xy + n(n+ Dy =[nn+ ey + 2¢,] + [(n — D)(n + 2)c, + 6¢3]x
+ 2 [+ 2DG + Dejgr + (= Hn +j + DeJx/ = 0
=2
which implies that nn+ ey +2¢,=0
(n — 1) + 2)e; + 6¢5 = 0
G+ + Deea +(n = j)n +j + 1)e; =0

n(n + 1)
or Cy = _2—!00
(n— D)(n + 2)
=T A
— D +j+ 1
%Qz—m N+ )q, J=2,3,4,.... (28)

G+2G+D
If we letj take on the values 2, 3, 4, . . ., the recurrence relation (28) yields

_ (n=2)n +3) _ (n—2)yn(n + H(n + 3)c

- 4.3 2 41 0
(n—3)@n+4 (n—3)n—Dn+2)n+4)
ST s 87 51 “a
n—4)mn+5) n—4n —2)nn+ H(n + 3)(n +5)
S g “
(n—5m+06) (n—5m—3)(n—Dn+2)n+ 4)Hn+ 6)
Cr = — = Cs = — ¢y
7-6 7!
and so on. Thus for at least | x| < 1 we obtain two linearly independent power series
solutions:
1 -2 1 3
»x) = co[l - —n(n;!- )x2 + (n )n(n4-!|— Yo + )x4
(=4 = 2nn + D(n + 3)n +5) R ]
6! (29)
o) = cl[x _(n = 1;(‘n +2) P4 (n—3)n— 1;(';1 +2)(n + 4) o
_m—mwﬁm—nm+mmwm+®ﬂ+”}
7! '

Notice that if # is an even integer, the first series terminates, whereas y,(x) is an
infinite series. For example, ifn = 4, then

4-5 2:4-5-7 35
yi(x) = co[l Y x>+ 1 x‘i = co[l — 10x* + ?x‘i.

Similarly, when 7 is an odd integer, the series for y,(x) terminates with x”; that is,
when n is a nonnegative integer, we obtain an nth-degree polynomial solution of
Legendre’s equation.
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y
1 7 ~
Py
P
0.5
//
- 0.5
=1 J
-1 —=0.5 0.5 1

FIGURE 6.4.6 Legendre polynomials

forn=0,1,2,3,4,5

Because we know that a constant multiple of a solution of Legendre’s equation
is also a solution, it is traditional to choose specific values for ¢ or ¢, depending on
whether 7 is an even or odd positive integer, respectively. For n = 0 we choose
co=l,and forn =2,4,6, ...

1-3---(m—1)
= (=1 Y e S ——
Co ( ) 2‘4.."1 5
whereas for n = 1 we choose ¢y = 1, and forn = 3,5,7, ...
1-3---n
2:4---(n—1)

c = (_ 1)(n71)/2
For example, when n = 4, we have

1-3 35 1
»x) = (—1)4/2m[1 - 10x* + ?x“] = §(3Sx4 — 30x2 + 3).

= Legendre Polynomials These specific nth-degree polynomial solutions are
called Legendre polynomials and are denoted by P,(x). From the series for y;(x)
and y,(x) and from the above choices of ¢y and ¢; we find that the first several
Legendre polynomials are

Py(x) =1, P,(x) = x,

Py(x) = = (3x*> — 1), P;(x) = %(53(3 — 3x), (30)

— N

1. .
Pyx) = 5 (35x =300 + 3),  Ps(x) = 2 (632" — 70x° + 15).

Remember, Py(x), Pi(x), Pa(x), P3(x), ... are, in turn, particular solutions of the
differential equations

(I =x)y" = 2xy" =0,

(I =x)y" —2xy +2y=0,
(I —xH)y” —2xy' + 6y =0,
(1 =xH)y" —2xy + 12y =0,

€2))

T I I =
I
W o = O

The graphs, on the interval [—1, 1], of the six Legendre polynomials in (30) are
given in Figure 6.4.6.

= Properties You are encouraged to verify the following properties using the
Legendre polynomials in (30).
(D) P,(—x) = (=1)"P,(x)
(@) P,(1) =1 (@) P(=1) = (=1)"
(iv) P,(0) =0, nodd (v) P,(0) =0, neven

Property (i) indicates, as is apparent in Figure 6.4.6, that P,(x) is an even or odd
function according to whether 7 is even or odd.

— Recurrence Relation Recurrence relations that relate Legendre polynomials
of different degrees are also important in some aspects of their applications. We state,
without proof, the three-term recurrence relation

(k + Py (x) — 2k + DxPy(x) + kP, (x) = 0, (32)

which is valid for £ = 1, 2, 3, . . . . In (30) we listed the first six Legendre polynomials.
If, say, we wish to find Pg(x), we can use (32) with £ = 5. This relation expresses Pg(x)
in terms of the known P4(x) and Ps(x). See Problem 45 in Exercises 6.4.
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Another formula, although not a recurrence relation, can generate the Legendre
polynomials by differentiation. Rodrigues’ formula for these polynomials is

Jn

2"n! dx"

P,(x) = =1y, n=012,.... (33)

See Problem 48 in Exercises 6.4.

REMARKS

Although we have assumed that the parameter n in Legendre’s differential equa-
tion (1 — x?)y" — 2xy" + n(n + 1)y = 0, represented a nonnegative integer, in
a more general setting n can represent any real number. Any solution of
Legendre’s equation is called a Legendre function. If n is not a nonnegative
integer, then both Legendre functions y;(x) and y,(x) given in (29) are infinit
series convergent on the open interval (—1, 1) and divergent (unbounded) at
x = *=1. If n is a nonnegative integer, then as we have just seen one of the
Legendre functions in (29) is a polynomial and the other is an infinite series
convergent for —1 <x < 1. You should be aware of the fact that Legendre’s
equation possesses solutions that are bounded on the closed interval [—1, 1]
only in the case when n =0, 1, 2, .... More to the point, the only Legendre
functions that are bounded on the closed interval [—1, 1] are the Legendre poly-
nomials P,(x) or constant multiples of these polynomials. See Problem 47 in
Exercises 6.4 and Problem 24 in Chapter 6 in Review.

EX E RC I S E S 6 . 4 Answers to selected odd-numbered problems begin on page ANS-11.

Bessel’s Equation 9. Xy" +xy + (258 = Gy =0

In Problems 1-6 use (1) to find the general solution of the 10. x3" +x)' + (2x> — 64)y = 0
given differential equation on (0, ©).

In Problems 11 and 12 use the indicated change of variable
1Lox%y" +xy + (22 — %)y =0 to find the general solution of the given differential equation
on (0, ).
2. X2y +xy + (x> —1)y=0
11 x%" + 2xy" + a®x?y =0; y=x"1"2y(x)

2. ’ 2 —
3. 4x7y" +4xy’ + (d4x- =25y =0 12. )" + (a2x2 — 2+ %)y =0; y= Vi

4. 16x%y" + 16xy" + (16x> — 1)y =0 In Problems 1320 use (18) to find the general solution of
the given differential equation on (0, ).
5. xy"+y +xy=0

J 4 13. xy" +2y' +4y =0
6.E[xy]+<x—)—c>y=0 14. xy" +3y +xy =0

In Problems 7—10 use (12) to find the general solution of the 15. xy" =)' +xy =0

given differential equation on (0, ). 16. xy" — 5y +xy =0

7. xzy” +xy' + (9x2 —4y=0 17. xzy" + ()c2 —2)y=0

8. x%y" + xy' + (3627 — )y =0 18. 4x%y" + (16x> + 1)y = 0
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19. xp" + 3y +x3y =0

20. 9x%y" + 9xy’ + (x® — 36)y =10

21. Use the series in (7) to verify that /,(x) =i " J,(ix) isa
real function.

22. Assume that b in equation (18) can be pure imaginary,
thatis, b = Bi, 8 > 0,i*> = —1. Use this assumption to
express the general solution of the given differential
equation in terms the modified Bessel functions 7,
and K,,.

@ " —x%y =0
() xy"+y =T’y =0

In Problems 2326 first use (18) to express the general solu-
tion of the given differential equation in terms of Bessel func-
tions. Then use (23) and (24) to express the general solution in
terms of elementary functions.
23. y"+y=0
24. X" +4xy' + (x> +2)y=0
25. 16x%" +32xy" + (x* = 12)y =0
26. 4x%y" — 4xy’ + (16x* + 3)y =0
27. (a) Proceed as in Example 5 to show that
xJ,(x) = —vJ,(x) + xJ,—1(x).
[Hint: Write 2n + v = 2(n + v) — v.]
(b) Use the result in part (a) to derive (21).

28. Use the formula obtained in Example 5 along with
part (a) of Problem 27 to derive the recurrence relation

2VJV(x) = XJV+1(X) + XJV*I(X)'

In Problems 29 and 30 use (20) or (21) to obtain the given
result.

. [ k=@ 305509 =100 = 10
0

31. Proceed as on page 264 to derive the elementary form of
J_1,2(x) given in (24).

32. Use the recurrence relation in Problem 28 along with
(23) and (24) to express J3/2(x), J-3/2(x), J52(x) and
J_5/5(x) in terms of sin x, cos x, and powers of x.

2 |k
33. Use the change of variables s = — \/: e~ "2 to show
m

«
that the differential equation of the aging spring
mx" + ke”*x = 0, o > 0, becomes

d*x dx

2 2. —
sc—+s— + s°x = 0.
ds? ds

CHAPTER 6 SERIES SOLUTIONS OF LINEAR EQUATIONS

34. Show that y = x”2w(§ax3/2) is a solution of Airy’s

differential equation y” + axy = 0, x > 0, whenever
w is a solution of Bessel’s equation of order %, that
is, 2w” +tw' + (t2 - é)w =0, t>0. [Hint: After
differentiating, substituting, and simplifying, then let
(= 202
35. (a) Use the result of Problem 34 to express the general
solution of Airy’s differential equation for x > 0 in
terms of Bessel functions.

(b) Verify the results in part (a) using (18).
36. Use the Table 6.4.1 to find the first three positive eigen-

values and corresponding eigenfunctions of the
boundary-value problem

xy// +y/ + )\xy _ O,
»(x), y'(x) bounded as x = 0%, p(2) = 0.

[Hint: By identifying A = a2, the DE is the parametric
Bessel equation of order zero.]

37. (a) Use (18) to show that the general solution of the
differential equation xy” + Ay = 0 on the interval
(0, ) is

y = cl\/iJl(Z\/B) + CZWYI(ZVE).

(b) Verify by direct substitution that y = VxJ,(2Vx)
is a particular solution of the DE in the case A = 1.

Computer Lab Assignments

38. Use a CAS to graph J3,2(x), J-32(x), Js2(x), and
J-5/2(x).

39. (a) Use the general solution given in Example 4 to
solve the IVP

4x" + e ix =0, x(0)=1, x'(0)= —3

Also use Jy(x) = —J,(x) and Yy (x) = —Y,(x) along
with Table 6.4.1 or a CAS to evaluate coefficients

(b) Use a CAS to graph the solution obtained in part (a)
for0 =t =< oo,

40. (a) Use the general solution obtained in Problem 35 to
solve the IVP
4x" + tx =0, x(0.1)=1, x'(0.1)=—1L

Use a CAS to evaluate coefficients
(b) Use a CAS to graph the solution obtained in part (a)
for 0 = ¢ = 200.

41. Column Bending Under Its Own Weight A uniform
thin column of length L, positioned vertically with one
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42. Buckling of a Thin Vertical Column

end embedded in the ground, will deflect, or bend away,
from the vertical under the influence of its own weight
when its length or height exceeds a certain critical value.
It can be shown that the angular deflection 6 (x) of the
column from the vertical at a point P(x) is a solution of
the boundary-value problem:

d*0
EI 5+ 8g(L = x)0 =0, 6(0) =0, 0'(L) =0,
X

where E is Young’s modulus, 7 is the cross-sectional
moment of inertia, § is the constant linear density, and x
is the distance along the column measured from its base.
See Figure 6.4.7. The column will bend only for those
values of L for which the boundary-value problem has a
nontrivial solution.

(a) Restate the boundary-value problem by making the
change of variables = L — x. Then use the results
of a problem earlier in this exercise set to express
the general solution of the differential equation in
terms of Bessel functions.

(b) Use the general solution found in part (a) to find a
solution of the BVP and an equation which define
the critical length L, that is, the smallest value of
L for which the column will start to bend.

(¢) With the aid of a CAS, find the critical length L
of a solid steel rod of radius » = 0.05in.,

8g =028 A1b/in., E = 2.6 X 107 Ib/in%, 4 = 712,

and I = Jart.

t
|
|
|
¢ P
!
|
|
|
|
|
|

ground

FIGURE 6.4.7 Beam in Problem 41

In Example 4
of Section 5.2 we saw that when a constant vertical
compressive force, or load, P was applied to a thin
column of uniform cross section and hinged at both
ends, the deflection y(x) is a solution of the BVP:

2

d
El—d); +Py=0, y0)=0, y(L)=0.
X

(a) If the bending stiffness factor EI is proportional
to x, then El(x) = kx, where k is a constant of
proportionality. If EI(L) = kL = M is the maximum
stiffness factor, then k = M/L and so El(x) = Mx /L.

43.

6.4 SPECIAL FUNCTIONS ° 269

Use the information in Problem 37 to find a solu-
tion of

x d?y
M2 4 Py=0, p(0)=0, L) =0
I dx? y , (0 , y(L)

ifitis known that Vx ¥,(2V/Ax) is not zero atx = 0.

(b) Use Table 6.4.1 to find the Euler load P; for the
column.

(¢) Use a CAS to graph the first buckling mode y(x)
corresponding to the Euler load P;. For simplicity
assume that ¢y = land L = 1.

Pendulum of Varying Length For the simple pendu-
lum described on page 220 of Section 5.3, suppose that
the rod holding the mass m at one end is replaced by a
flexible wire or string and that the wire is strung over a
pulley at the point of support O in Figure 5.3.3. In this
manner, while it is in motion in a vertical plane, the
mass m can be raised or lowered. In other words, the
length /(#) of the pendulum varies with time. Under
the same assumptions leading to equation (6) in Sec-
tion 5.3, it can be shown" that the differential equation
for the displacement angle 6 is now

10" +21'0" + gsin6 = 0.

(a) If [ increases at constant rate v and if /(0) = /o,
show that a linearization of the foregoing DE is

(ly + vHHe" + 2vO" + gb = 0. 34)
(b) Make the change of variables x = (Iy + v£)/v and
show that (34) becomes
d*0 2do ¢

(¢) Use part (b) and (18) to express the general solution
of equation (34) in terms of Bessel functions.

(d) Use the general solution obtained in part (c) to solve
the initial-value problem consisting of equation (34)
and the initial conditions 6(0) =6y, 6'(0) = 0.
[Hints: To simplify calculations, use a further

2
change of variable u == Vg(l, + v) =2 \/éx”z.
v

v
Also, recall that (20) holds for both J; (1) and Y(u).
Finally, the identity

2
JiwY,(w) = HLw)Y,(u) = _E

will be helpful.]

(problem continues on page 270)

*See Mathematical Methods in Physical Sciences, Mary Boas, John Wiley

& Sons, Inc., 1966. Also see the article by Borelli, Coleman, and Hobson
in Mathematics Magazine, vol. 58, no. 2, March 1985.
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(e) Use a CAS to graph the solution 6(¢) of the
IVP in part (d) when /o =1 ft, 6, = ;5 radian,
andv = % ft/s. Experiment with the graph using dif-
ferent time intervals such as [0, 10], [0, 30],
and so on.

(f) What do the graphs indicate about the displacement
angle 6(¢) as the length / of the wire increases with
time?

Legendre’s Equation

44.

45.

46.

47.

(a) Use the explicit solutions y;(x) and y,(x) of
Legendre’s equation given in (29) and the appropri-
ate choice of ¢ and ¢ to find the Legendre polyno-
mials Pg(x) and P7(x).

(b) Write the differential equations for which P¢(x) and
P7(x) are particular solutions.

Use the recurrence relation (32) and Py(x) = 1, P1(x) = x,
to generate the next six Legendre polynomials.

Show that the differential equation

d? d
sin 0 d_eyz + cos 6 d—z + n(n + 1)(sin @)y = 0
can be transformed into Legendre’s equation by means
of the substitution x = cos 6.

Find the first three positive values of A for which the
problem

(1 —x)y" —2xy + Ay =0,
y(0) =0, y(x),»'(x)bounded on [—1,1]

has nontrivial solutions.

Computer Lab Assignments

48.

49.

50.

For purposes of this problem ignore the list of Legendre
polynomials given on page 266 and the graphs given
in Figure 6.4.3. Use Rodrigues’ formula (33) to generate
the Legendre polynomials P;(x), Px(x), . . ., P7(x). Usec a
CAS to carry out the differentiations and simplifications

Use a CAS to graph P(x), P2(x), ..., P7(x) on the
interval [—1, 1].

Use a root-findin application to fin the zeros of
Pi(x), Py(x),...,P7(x). If the Legendre polynomials
are built-in functions of your CAS, fin zeros of
Legendre polynomials of higher degree. Form a con-
jecture about the location of the zeros of any Legendre
polynomial P,(x), and then investigate to see whether
it is true.

Miscellaneous Differential Equations

51.

The differential equation

V' = 2xy" + 2ay =0

yix) =1 +Zl(—1)"

7o) = x+ I

52.

53.

54.

is known as Hermite’s equation of order « after the
French mathematician Charles Hermite (1822—1901).
Show that the general solution of the equation is

Y(x) = coyi(x) + c1ya(x), where

Ya(@ —2). .. (@—2k+2) ,,
X

(2k)!

< 2Ha—1)(a—3)- - (a—2k+1) .
k + 1) *

are power series solutions centered at the ordinary
point 0.

(a) When a = n is a nonnegative integer, Hermite’s
differential equation always possesses a polynomial
solution of degree n. Use y,(x), given in Problem 51,
to find polynomial solutions for n = 0, n = 2, and
n = 4. Then use y,(x) to find polynomial solutions

forn=1,n=3,andn = 5.

(b) A Hermite polynomial H,(x) is defined to be the
nth degree polynomial solution of Hermite’s equa-
tion multiplied by an appropriate constant so that
the coefficient of x” in H,(x) is 2". Use the polyno-
mial solutions in part (a) to show that the first six
Hermite polynomials are

Ho(x) = 1

Hl(x) = 2x

Hy(x) = 4x* — 2

Hy(x) = 8x* — 12x

Hy(x) = 16x* — 48x% + 12

Hy(x) = 32x° — 160x* + 120x.
The differential equation

1 —x*)' —xy +a%y =0,
Y Y Y

where « is a parameter, is known as Chebyshev’s
equation after the Russian mathematician Pafnuty
Chebyshev (1821-1894). When a = n is a nonnega-
tive integer, Chebyshev’s differential equation always
possesses a polynomial solution of degree n. Find a
fifth degree polynomial solution of this differential
equation.

If n is an integer, use the substitution R(x) = (ax) ™ /?Z(x)
to show that the general solution of the differential
equation

X2R" + 2xR’ + [a*x> —n(n + DIR =0
on the interval (0, %) is R(x) = ¢, j,(ax) + ¢, y,(ax),

where j,(ax) and y,(ax) are the spherical Bessel func-
tions of the first and second kind defined in (27
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