MATH 222 RAHMAN Week 8 and 9

5.1 POWER SERIES REVIEW

Know it!

5.2 SERIES SOLUTIONS

Consider the ODE
y" 4+ Fuoa @)y 4+ i)y + Fo(z)y = Q(a). (1)
First lets define a few things.

Definition 1. A point & = z¢ is said to be an ordinary point of (1) if F,,,..., Fy, @ all have convergent
Taylor series in a neighborhood of xy. However, if at least one function does not satisfy this criterion, x = xg
is called a singular point.

For this section we consider the problem
P(z)y" + Q(x)y' + R(z)y = 0; @ = xo, (2)

where © = x( is an ordinary point and R, @, P are polynomials. We make the ansatz:

Y= an(z—z)" 3)
n=0

=y = nap(e—w)"t = (n+ Dani(w - z0)" (4)
n=1 n=0

=" = nn+Dana(z— )" =D (n+2)(n+ ania(x — )" (5)
n=1 n=0

Then we plug this into the ODE (2) and try to solve for the “a’s”.
Lets do some problems,

3) (a) Plugging into the ODE gives
> (n+2)(n+ Dapga(z — )" = (n+ Danprz(z — 1)" — ap(z —1)" = 0.
n=0
So basically we're stuck, unless ... we let £ =14 (x — 1). Now we have like terms! Yay!

oo

Z(n +2)(n+ Dango(z — D" = (n+ Dapgr(x — 1)" — (n+ Daper(z — D" —a,(z — 1" = 0.
n=0
By matching like terms we get
0 1
) 2a2—a1—a0:0:>a2=§(a1+a0),
Ama1 + Gm
™ (m+2)(m + Damyz — (m+ Damer — (M + D =0 = appy = —2 "
m—+2
Notice that we cannot solve for a; and ag because these are like our ¢; and ¢ where we have
to solve for them using initial conditions, if given.
(b) This means ag = 0 gives one solution and a; = 0 gives another,
1 1 1
ao:0:>a2:a—1:>a3:ﬂ:a4:ﬂ--~:>y2:(x—1)—|—7(x—1)2+7(x—1)3+7(x—1)4—|—-~-
2 4 2 2 4
ag ap 1

ao 1 2 3 1 4
— = =14+ —(z—=1 (-1 (r—1
6 " +2(x ) +6(a: ) +6(x )+

1

a1:0:>a2=?:>a3=€:>a4=



6) (a) Plugging into the ODE gives

oo

Z(n +2)(n 4+ Dani2(2 + 222" — (n+ Dap12™ ™ + daya™
=0

Z n 4 2)(n 4+ Dapioz™ + (n+2)(n + Dap 02" — (n + Dayp12™ M + 4a,2" = 0.

By matching terms we get

T 4as +4ag =0 = a2 = —ay
1
! 12a3—|—3a1:O:>a3:—1a1
m? —2m +4
™ 2(m+ 2)(m + Damas + m(m — Day, — may, + 4am =0 = apes = —

2(m + 2)(m + 1)

(b) Now we find the first few terms of our two solutions

0= 0 LISN LAV ! 54 ! >+
ag = Qg =Gy =+ = S0 a3 = ——a as = —a =xr— -x —
0 2 4 s 3 41 5 1601 Y2 1 160

1
a1:0:>a3:a5:"':0, SOGQ:—G,O:}Chl:gaoéylzl—x2+fx3+...

11) (a) Plugging into the ODE gives

(o)
Z n4+2)(n+ Dani2(3 — 222" —3(n+ Day12™™ — a,z™

o0
Z n+2)(n+ Dans22™ — (n42)(n + Day 02" = 3(n 4 Dayp 12" — apz™ =0
Matching terms gives

1
6a2—a0:0:>a2:6a0

2
18a3 — 3a; — a1 = 18az —4a;1 = 0= a3 = §a1

1+3m+m?2—m m—+1
3(m+2)(m+ 1)aao — m(m — 1)a,, — 3may, — Gy = 0= apao = Ay, = Am

(b) For the first few terms we get

4 = a a = a —a a —a —a T =T 71’
0 2 4 3 9 ! ° 15 3 135 ! Y2 9 135

a [¢ ¢ a a [0 a a .T :E
1 3 5 2 6 0 4 12 2 = 24 0 y1 = 6 24



5.4 EULER’S EQUATION; REGULAR SINGULAR POINTS
Consider the ODE

o?y"(x) + axy'(z) + By(z) = 0 (6)

This has a singular point because if we put this into standard form we get
1 1
v +a=y' +B85y=0,
x x

which violates the existence and uniqueness theorem at x = 0. We obviously don’t know how to deal with
this problem. But there is a similar problem that we do know how to deal with,

y" (&) +ay'(§) +by(§) =0 (7)

Basically we need to make a change of variables on x in order to get rid of the z’s in the coefficients. What
do we know that gives us 1/x every time we differentiate? £ = Inx does the trick. Taking the derivatives
are a little different than what we are used to, but very intuitive due to Leibniz notation

dy _dyds _ Ldy
de dédr  xdE’
Py dy  dy'de 1 ([ _dy\ 1 _edy | _cd%y 1 (d?y dy
—_— = = —— — = — e —_— = — —eé ——f—e —_— = — —_—— —
dz?  dx déde = dg T d€ dx? x2 \d&?  d¢
Plugging this back into (6) gives us

Py dy | dy

“d — "Ly =0
T ad£+ﬁy y' +ay + by

To solve (7) we use the ansatz y = exp(rf), so to solve (6) we use y = x". Lets think of a slightly more
general second order ODE for this part

Az*y" + By +Cy =0
Then plugging into this gives
Az?[r(r — 1)]a" % 4+ Bara" ' + Ca" = Ar(r — 1)a" + Bra" + Cx" =0 = Ar(r — 1) + Br + C = 0.

This is our characteristic polynomial of Euler’s equation. And we have the usual cases:

Cases Solution Comment
Distinct Roots y=c1z"™ + cox™
Repeated Roots y = (c1 +c2lnlz|)z” because £ = Inx
Complex Conjugate Roots | y = 2*(Acos(uInz) + Bsin(ulnz)) | where r = X +iu

Now lets do some problems

5) The characteristic polynomial is r(r — 1) —r +1 =172 — 2r + 1 = (r — 1)2 = 0, so we have repeated
roots r = 1, then y = (¢ + co In|z|)x; = #£ 0.
12) The characteristic polynomial is r(r — 1) —4r +4 = 72 = 5r +4 = (r — 1)(r — 4) = 0, then
y=cix+ cpxt; x #0.
11) The characteristic polynomial is 7(r — 1) + 2r +4 =72 +r +4 = 0, then r = (=1 £ i\/5)/2, so

1 1
A cos <\/2751n|x|> + Bsin <\/275 ln|x>] .

y = |z|7/?




There is one more small theoretical thing we have to discuss.
Definition 2. Suppose x = zg is a singular point of the ODE
y' + P(a)y' + Qz)y =0

If (z—x0) P(x) and (z—z0)2Q(z) have convergent Taylor series at x = x¢, then xg is called a regular singular point.
Otherwise it is called an irregular singular point.

Lets do one example of this
19) We convert this to standard form
3
z(l—=

" z—2 /
+ —
Y 22(1 —x) 4
So our singular points are x = 0, 1. Since these are polynomials it suffices to take the limit and see
if it converges,

7y =9

x—2 r—2

T=00 el = ey T sy T
So, = 0 is an irregular singular point.
. . r—2 . 2—=x
lim (= DP(@) = lm(@ — 1) 55 = lim —— = 1v
. . -3 . 31—z
— 2 = — 2 = =
e = e -y T T

This means that x = 1 is a regular singular point.

5.5 SERIES SOLUTIONS; AROUND REGULAR SINGULAR POINTS

In section 5.2 we did series solutions around ordinary points and in 5.4 we did simple solutions around
regular singular points. The ansatz we used in 5.4, in essence, kills off the singularities and allows us to solve
the problem. Lets use these two principles to solve a problem of the form

2?y" +2P(z)y + Q(z)y = 0; 29 =0, (8)

or more generally an equation that can be transformed into that form. Lets use the ansatz

oo oo
y=a" g apr” = E apx"
n=0 n=0
(o]

=19 = Z(r +n)a,x” T

n=0
oo

=9 = Z(r +n)(r+n-— l)anzrﬂk2
n=0
These problems are quite lengthy, so we’ll only do two.
3) (a) We show = = 0 is a regular singular point by taking the limit
lim 22 - Q(z) :xg-l =0v
z—0 T

(b) Plugging our ansatz and its derivatives into the ODE gives us

o0

Z(r +n)(r4+n—1Daz™" +a,z" " =0
n=0
We notice that the smallest term here is ", so we find the coefficients of that and equate it to

0
z" r(r—1ag=0=r(r—-1)=0



This is called the indicial equation, and similar to a characteristic polynomial we solve for the
roots to get » = 0, 1 and these roots are called the exponents at the singularity. Now we can
go ahead and find the coefficients of our general term

(r+ m)(rti— m—1)

™t (r+m)(r+m—1am+am_1=0=ay, =—

(c) Since the roots differ by an integer multiple we can only solve for the larger one, so

Gm—1

=1 = —mol
g “ m(m + 1)

Now if we look at the first few (or equivalently the last few) terms we can figure out what the
pattern will be

ag a1 ao ago

B DY G ) RS P CRE) B PE Y CRE) BY IS ) R R PO PE BN € RU) GRS DGR )

As we continue this we see that

oo
a a
" 0 [ =Y :x—i—Z(—l)"iO z

am = (=1) ml(m+1) m!(m + 1)!

n=0
12) Tt’s easy to show the two values are singular points, so lets go to the actual part of the problem. I
will solve the problem for zg = 1. Let t =2 — 1 = & =t + 1, then the ODE becomes
—t(t+2)y" - (t+ 1)y +a’y=0.

For these types of problems its easier to keep the equation as is instead of change it into (8), but
be careful, our lowest term won’t be 2" anymore so keep that in mind. Plugging our ansatz and
derivatives into this ODE gives us

Z —(r4+n)r+n—1Dat"™™" = 2(r+n)(r+n—Dat" ™" — (r +n)a, " =0

n=0

= Z —(’I“ + n)(r +n— 1)antr+n _ 2(7, + ’I’L)(?" +n— 1)tr+n—1 _ (’I“ + n)antr+n _ (7“ + n)antr+n—1 + a2antr+n —0.
n=0

We observe that the lowest term is "1, so we find the coefficients of this term first,
1
trt [—2r(r —1) —r]ag = —2r* +r=7(-2r+1)=0=r =0, 3
Since these are not integer multiples we can solve for both, but first we need the general term

e —(r+m)(r+m—1a, —2(r +m+ 1) +m)amer — (1 +m)am, — (1 +m 4+ Damr + am
=[a? = (r+m)¥am — (r+m+1)(2r +2m + 1)ay, =0
a? —(r+m)?
(r+m-—1)2r+2m+1)

= am+1 = QA

We could solve for the two solutions, but that gets extremely tedious and long, so on the homework
feel free to stop at this point.



6.1 LAPLACE TRANSFORMS

Differential equations are hard! With the characteristic polynomial we were able to convert the problem
into an algebraic equation, but this only works for simple problems. For harder problems there are special
types of transforms called integral transforms.

Definition 3. If f(¢) is defined for all ¢ > 0 and if s € R such that the integral

F(S)= /Oo e S f(t)dt (9)

0
converges for s < s, < 00, then F'(s) is called the Laplace Transform of f(¢) and denoted as L{f(t)} = F(s).

Now lets do some examples

2) We did the sketch in class.
10) Here we use the definition of the Laplace Transform

F(s) = / ¢t sinh(bt)dt = / estent L (eht _ ottygp = 1 / [etramt _ o(bra=o]

0 0 2 2 Jo

. 1 T [e(b+afs)t . 6(7b+afs)t} _ 1 lim 1 e(b+afs)t B 1 e(fb+afs)t
r—o0 2 o 27200 [b+a—s —b+a—s 0
1 1 1 1

— 1 - ta—s)r = (=bta—s)T _ _
2ringo[b+a—se —b—&—a—se b+a—s —b4+a-—s

11 1] b

2| s—a—-b s—a+b] (s—a)2-b2

However, notice that we can only take the integral if both b +a — s < 0 and —b+ a — s < 0, which
means we need s —a > |b].
14) Again we use the definition

o © 1 . ) 1 [ . ,
F(S) _ / e~ 5t cos bt — / 6fsteat§(ezbt o efzbt)dt _ 7/ (e[(aJrzb)fs]t _ e[(afzb)fs]t) dt
0 0 0

2
~ lim L T (e[(a+ib)—s]t _ e[(a—ib)—s]t) d— X Jim 1 ollaib)—slt _ 1 Glla—ib)—s]t
o0 2 2700 | (a+1ib) — s (a—ib) —s 0
1 1 ) 1 ) 1 1
— 1 - la+ib)y=s]r _ _ ~  _[(a—ib)—s]T _
2Tl>nc}o|:(a+ib)—se (a—ib)—se (a+ib)—s+(a—ib)—s

1 1 1 _ s—a
S 2|(a—ib)—s (a+ib)—s| (s—a)2+b2
The condition for this is more difficult, but if we ignore the complex part, which we can do because
of certain properties of complex numbers, we get that the integral converges for s > a.
22) This one is much easier than the previous two. Notice that after ¢ = 1 the function is zero, so our
integral becomes
00 1 1
F(s) = “Stftydt = |t sty — L “St(st4-1) S “(s+1) 1
s) = e = e = 826 st + = 826 S +82.
0 0 0

We have one more small theoretical consideration. This can be derived using Calc II, but unless you were
in my class or Professor Horntrop’s you probably didn’t see it in Calc II.

Theorem 1. If [f(t)| < g(t) fort > M, [;; g(t)dt converges implies [;° f(t)dt also converges for t > a,
and if f(t) > g(t) fort > M, [y} g(t)dt diverges implies [, f(t)dt diverges for t > a.
Lets do one example with this.

28) We have that |cost| < 1, so [e"*cost| < e', and [;~ e 'dt = 1 converges so [, e " costdt also
converges.



6.2 IVPs wiTH LAPLACE TRANSFORMS

I'll “handwave” this section because deeper knowledge is required to properly understand the theory,
which exceeds the scope of this course.

In order to apply Laplace transforms to ODEs we have to take the Laplace of the derivatives. Let
Y = L{y} and ¢’ = dy/dt, then

(oo}

L{y'} = / e styldt = e_Sty‘go + s/ e Stydt = —y(0) + sY. (10)
0 0

It should be noted that this integral was done using integration by parts. We can get higher derivatives by
induction

L{y"} = L{(y")"} = =" (0) + sL{y'} = —/'(0) — 5y(0) + s*Y. (11)
Lets do a few examples
5) We first recognize what it resembles and try to convert it into that form
25 + 2 s+1
2+25+5 (s+1)2+4
8) First we do the partial fractions

= L7HF(s)} =2e " cos2t.

A Bs+C
< 3514 = As? +4A + Bs> + Cs = (A + B)s> + Cs + 4A = 85> — 45+ 12.
Then we get A =3, C = —4, and B = 5, then
3 S 2 .
F(s) = =+ 5= = 25— = L{F(s)} = 34 5cos 2t — 2sin 21,

14) We take the Laplace transform of the entire ODE

1 1 1 _
— JUOT — S0+ S2Y + Ayl0) — 4sY +4Y =0 = (s> —4s+4)Y =s -3 =V = 53

s2—4s+4
— 1
Ly__S® 32: s—=2 2:>y<t):e2t_te2t'
(=22 (s—2) (s-2)
22) Again we take the Laplace transform of the entire ODE
1 0 0 1
/ 2 2
— - Y +2 —2sY +2Y = -2 2)Y = 1
YA0) = syl0)+ s7Y + 20— 25V + T (oY =

1 1
(s+1)(s2—2s+2) * §2—2s+2
The second term is fine, but for the first time we must do partial fractions, which you’ll have to use

a lot
A Bs+C

s+1 + §2—25+2
Then we get A= —B = C =3A, then A=1/5=—B, and C = 3/5. Hence,

=Y =

= As? —2As+2A+ Bs* + Bs+Cs+C = (A+ B)s> + (B+C —2A)s +2A+C = 1.

vyl 1+1 —-s+8 1 1 1 s—1 7 1

5 s+1 5 s2-25+2 5 s+1 5 (s—1)2+1 (s—1)241
1

=y=—le" —e'cost + Te'sint].

5



