23 Elements of analytic ODE theory. Bessel’s functions

Recall (I am changing the variables) that we need to solve the so-called Bessel’s equation

2.1

22" + 2w + (22 —mPHu=0, m=0,1,2,...

23.1 Elements of analytic ODE theory

Let
p(x)u” + q(x)u’ + r(z)u =0

be a second order linear homogeneous ODE with non-constant coefficients. Recall that function f is
called analytic at xg if it can be represented in some neighborhood of xy by a convergent power series:

(23.1)

f(:r) = ug + ul(m — .730) + UQ(x . x0)2 + u;»,(a: — :Eo)3 +...

The coefficients can be found by
F®) (o)

Ug = k! )
where k! =2-2-... - k.
From the calculus course, for example, we know that exponent, sine and cosine are analytic any-

where in R:

2

3

xT T
—1+x+—+f+

3!

a3 :1:5 x7
smaz—w—§+§—?+
z2  at b
cosx:1—2+?—ﬁ+

Theorem 23.1. Consider problem (23.1) and assume p,q,r are analytic at zo and p(xo) # 0. Then
problem (23.1) with the initial conditions u(xg) = ug, u'(xo) = w1 has a unique analytic solution.

This theorem actually gives us a way to work through the problem. All we need to do is to look
for the solution in the form

u(z) = ug + ur(z — 20) + uz(x — 20)% + ...

and determine us, us, . . ..
Since the general solution to (23.1) is given by

u(z) = Au(x) + Bu(x),

where A, B are two arbitrary constants and @ and @ are two linearly independent solutions, we can
always use our power series method with two different (and linearly independent) initial conditions,
e.g., we can take

ﬁ(IU) == 1, @,(l‘o) == 0,
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and
i(rg) =0, @'(z0) =1.

In one of the previous lectures we already saw this method applied to the equation u” + wu = 0.
Consider another example.

Example 23.2 (Airy equation). Consider
' —zu=0,
and take the initial conditions
w(0)=1=ugp, u'(0)=0=u.
The stated theorem obviously works in this case since p is constant and r(x) = z. I take
u(x) = up + urx + uox? + usz® + ugxt + ...

and hence
u(z) = Qug + 3 - 2usr + 4 - 3uax® + . ...

Plugging the obtained expressions into my equation I find
2uz+3-ZU33:—|—4-3u4x2+5-4u3x3... :uox—l—ulxg+u2x3+u3x4+u4x5+...

Two convergent power series equal only if the coefficients at the same powers are equal, that is

2ue = 0,

6uz = o,
12u4 = uq,
20us = uog,
30ug = us,

(Tl + 1)(71 + Q)Un+2 = Up—1,

Using the initial conditions I find

U3k—3 k

= — =1,2,3,...
3k(3k — 1)

U3k

and all other u; are zero. The last expression is enough to write that my first linearly independent
solution to the Airy equation is

[e.¢]
() = ugra™,
k=0

which, as can be proved, converges for any x € R. I will leave it as an exercise to show that for the
initial conditions u(0) = 0,4'(0) = 1 the solution is

o0
. U3k—2
u(x) = ZU3k+1LE3k+1 ) U3k+1 = m .
k=0



23.2 Solving Bessel’s equation

Unfortunately, the same method will not work for Bessel’s equation, if I’d like to build a power series
solution around 0. The reason is that zp = 0 is not a regular point, meaning that p(0) = 0. For Bessel’s
equation xg = 0 is a singular point, but fortunately for as a regular singular point (a point zg is called
a regular singular point if the equation can be written as (z — z¢)?a(x)u” + q(x)u’ + r(x)u = 0, which
is obviously holds for our equation with 29 = 0 and a(z) = 1). In this case it turns out the Frobenius
method will work. Frobenius method says that in this case a solution can be sought in the form

u(x) = (z — x0)” Z Un(x — 20)",
n=0

where v does not to be integer or positive.
I have, assuming that ug = 1,

w@) = 2" + up T+ ugat T+
zu(z) = 2"+ ugz’ 2+ ugr? T 4.
v+2 + U11IV+3 + U2$V+4 + ...

(z)

()
22u(z) =z

(z) = v’ L+ (v + Duga” + (v + 2)ugz” ™ 4 ...

(z) V2L (v Dvua (v 4 2) (v + Duga” + ...

The coefficient at ¥ must be
v(v—1)+v—m?=0,
which is true only if v = +m, if m # 0.

For the v + n degree I have, replacing m? with v/,

1
/T [(V+n)2—1/2] Uy + Upo = U, = )un,g, n=223.4,...

n(2v+n

Starting with ug = 1,u; = 1 I get that all the odd indices are zero, whereas for even n = 2k

oy = ——M2k=2 (=D*
T T qk(k+v) T 2R+ k) (v+k—1)...(v+1)

and hence my solution is

e k .42k

-1
(@) =) o5 D :

=2 Ev+k)(v+k-1)...(v+1)

In general this is not necessary, but in our case m is an integer, and if ¥ = —m then the denominator

in the series above vanishes. Hence we only found one solution to Bessel’s equation:

- 00 (_1)kxm+2k
s kzom!(mm)(m%— .o (m 1)



I am allowed to multiply my solution by any constant, and I choose, by convention, to multiply the
series above by 1/(2™m!), in this case I have

0 (_1)kxm+2k

@) =D 92k m e (m + k)!

k=0

Bessel’s function of the first kind of the m-th order. An application of the ratio test yields that the
series converges for any x € R and hence J,, is analytic anywhere in R (or even in C).
Just to get first idea on the Bessel’s functions, note that

Jo(0) =1, Jn(0)=0, m=1,2,...

So, I found one independent solution and in need of another one. Abel’s formula (see Math 266)
tells me that for two linearly independent solutions to u” + a(z)u’ + b(x)u = 0 T must have

det [u} U,Q] = Qe Jal@)dz
Uy Uy

In my case a(x) = 1/x and hence I end up with

/ /
UlUy — UTUY = —
2 1 l‘7

u\' _ C
1 _xu%'

ug(z) B C .
e~ A
ug(x) = Jm(x)/ J2ix) dz

is the second linearly independent solution, which is actually called Neumann’s function of the second
kind of the m-th order.

or, after some rearranging

Using u1(z) = Jm(z) I have

Therefore,

23.3 Some facts about solutions to Bessel’s equation

The full analysis of the solutions to Bessel’s equation is beyond the scope of this course. I, however,
would like to show how at least some of the important results can be obtained and proved.
I will start with Bessel’s function of the first kind of order zero:

z? z? z8 z8

TETmpE e 2T Leee

Jo(z) =1

Since the ratio of two consecutive terms is




which approaches zero as k — oo for any fixed x then this series converges absolutely and uniformly,
and hence Jy and all its derivatives are continuous.
For J; I have

J(x)—f— 23 . . - 27 .
BT ey T2z 242628
which immediately implies that
0 ) = )
(cf. with cos’ z = —sinx). Analogously,
2 (@) = whola)
(@ (2)) = wJo(2).

Let me use my formula for the second independent solution to find Neumann’s function of the second
kind of zero order.

I have d
x
N, =J —.
o(w) = o) [ s
Using the fact that (prove it)
1 1 z 523
=SSt

zJi(z) x 2 32
and integrating by terms I find

2 32t
N, = 1 — ——+... ).
o(a) = do(o) (loga+ 5 = 320 )

The most important fact here is that Ny is not defined at zero and approaches —oo (it behaves like
log for small x). Using Neumann’s function of the second kind I can define Bessel’s function of the
second kind of zero order as a special linear combination of Jy and Ny:

Yo(w) = = (No(z) ~ (1og2 ~ 7)Jo(x)

n 1

where v is the Euler constant, v = lim, ((Zizl)ﬁ — log n) ~ 0.5772. Hence the general solution
to Bessel’s equation of zero order can be written (this is the most standard form) as

u(z) = Ado(x) + BYy(z).

Recall that we are mostly interested in solutions to

2
Rt (Aa-™Vr=0
r r2

By above and generalizing I showed that the general solution to this equation is given by

R(r) = AJp(VAr) + BY,, (V).



Now let me denote v(z) = Jy(ax) and w(z) = Jo(Bx), where a and 3 are some constants. Due to
the above I have that v and w solve

" + v + olzv = 0,

zw” +w' + B2zw = 0.
If I multiply the first equation by w, second by v and subtract then I get, after simplifications,
(z(v'w — vw’))/ = (8% — o®)zvw.

By integrating from 0 to 1 I proved that

1
(6% — o?) / ro(ax)Jo(Bx) dz = ab(a)Jo(B) — BI5(B)Jo(a).

Similarly, by multiplying the equation for v by 2zv’ I can show (exercise) that

1
| w3(ax) de = () + (@)
0

An important corollary is as follows: if « and 8 are two roots of Jy then

1
/0 zJo(az)Jo(Bz)dr =0

and .
1
/ rJ3 (ax)dr = §J12(oz).
0

The question is, of course, do we have any roots at all? To see that there are always infinitely
many roots, let me make the change of variables

in Bessel’s equation of the order zero. Then, after straightforward manipulations, I find that

v =— 14—L v
4a2 ) 7

that is, when z is large, then the equation is approximately v” +v = 0, and hence for large = Bessel’s
equation has an approximate solution

_ Acos(z — ¢)
U(ZIS‘) - \/5 ’

for some constants A and ¢, which indicates that Bessel’s functions approach zero as x — oo and that
Bessel’s functions have infinitely many real positive roots.
Let me introduce the inner product

1
<f79>B=/0 zf(x)g(x)de.

6



Note that the functions Jo((xx), & = 1,2,3,... are orthogonal on [0,1] with respect to this inner
product. Here (i is the k-th root of Jy(z). It can be proved that any “nice” function f can be
represented as a convergent series

f(z) = c1Jo(Crx) + cado(Caz) + c3Jo((3x) + . . ..

This expansion is called the Fourier—Bessel expansion, and the coefficients can be found, from the
proved formulas above, as

_ G
(Jo(Crx), Jo(Gra))p  J7(Ck)

1
/0 xf(x)Jo(rpr) dz.

23.4 Summary about Bessel’s functions

In a way similar to the above one can show that the following theorem holds.

Theorem 23.3. Consider Bessel’s ODE of the order m, where m =0,1,2,...:

22" + 2 4 (22 — mPu = 0.

The general solution to this equation can be written as
u(x) = Adp(z) + BY (),

where Jn, is Bessel’s function of the first kind of order m and Y,, is Bessel’s function of the second
kind of order m. Jo(0) = 1,J,(0) = 0,m = 1,2,.... Bessel’s functions of the second kind have a
singularity at x = 0 for any m. In particular, lim,_,g+ Y, (z) = —o0.
Both J, and Yy, approach zero as x — 0o, both J,, and Yy, have infinitely many positive roots.
Let Cy . denote the k-th root of Jp,. Then

0, 14k,

1
/0 :CJm(Ck,mx)Jm(Clvmx) de = {%Jgn_,_l(gc,m)? L=k

Any sufficiently nice function f can be represented as Fourier-Bessel series

o0

F@) =" cedm(Crma),

k=1

where the explicit form of the coefficients can be inferred from the relation above.
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Figure 2: Graphs of several Bessel’s functions of the the second kind



