MATH 222 RAHMAN Week 4 and 5

3.2 EXISTENCE AND UNIQUENESS AND THE WRONSKIAN

Last time we discussed ODEs of the form,

Pa(@)y'™ (@) + pray™ V(@) + -+ pa(2)y” () + p1(2)y' () + po(z)y(z) = 0.
Now lets look at the general case of,
pa(@)y™ () + po1y" (@) + -+ + p2(2)y” (2) + pr(2)y (2) + po(w)y(z) = g(=).
Lets put this in standard form by dividing through by p,,(z) and naming the new functions “¢” and “f”,
Y™ (@) + g1 (@)y "V (@) + -+ g2 (2)y" (@) + @ (@)Y (2) + qo(@)y(@) = f(2). (1)
Consider the simple ODE,
1 if x is irrational,
0 if x is rational;

v +q(@)y = f(x); q(z) = {

In order to solve this we would need to use integrating factors, however notice that ¢ is not integrable (in
the usual fashion), so we can’t solve this - in fact it has no unique solution. So, we need conditions on ¢’s
and f to guarantee that we can find a unique solution. We outline this in the next theorem, however one
should proceed with caution because this only works for linear ODEs.

Theorem 1. Consider ODE (1) with initial conditions: y(zo) = ao, ¥'(x0) = a1,...,y" " D(xg) = an_;.
Then, if ¢n—1,qn—2,---,q2,q1,qo are continuous on a common interval I containing xq, the IVP has exactly
one solution on I.

Now we proceed to defining certain important ideas that we will use in our following theorems.

Definition 1. The set of functions {hq, ha, ..., hn—_1, by} are said to be linearly independent if ¢1hy +coho +
“orF ep_1hn—1 + cphy # 0, otherwise it is said to be linearly dependent.

Definition 2. The expression cihy + coho + -+ + ¢n_1hn_1 + cphy is said to be a linear combination of
h/l’ h27 MR | hn_17 hn'

Last time we talked about superposition. We will pose it more rigorously in the next theorem. First
consider the homogeneous ODE in standard form,

Y™ (@) + gu1(2)y "V (@) + -+ @2(2)y" (@) + a1 (2)y () + go(2)y(x) = 0. (2)

Theorem 2. Ify1,ya,. .., Yn—1,Yn are solutions to (2), then any linear combination of y’s are also solutions.

For example, y = c1y1 + c2y2, ¥ = c1y1 + Cay2 + - - - + cpyn, etc. are also solutions.
Now we define what the Wronskian is, which will be a major part of this section.

Definition 3. Suppose hq(x), ha(z),. .., hy_1, hy are functions with n — 1 derivatives, then the Wronskian
is defined to be the following determinant,
hq ho . hy,
w=| M hy o hy (3)
n—1 n—1 n—1
hg ) hg R
Theorem 3. Suppose y1,Y2,- .., Yn—1,Yn are solutions to (2) on I, with the usual initial conditions, then

W # 0 guarantees they are linearly independent on € 1.

So the rewording of the above theorem implies that if the Wronskian is zero at a single point then the
function may still be linearly independent.
The next definition and theorem will allow us to find guaranteed linearly independent solutions, but note
that these are not necessarily the only linearly independent solutions.
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Definition 4. The set of all linearly independent solutions of an ODE is called the fundamental set of that
ODE.

For the remaining theorems consider the second order ODE,

v+ a2y + o)y = 0. (4)
Theorem 4. Consider ODE (4), and let y1,y2 solve (4) for x € I such that y1(xo) = 1, yj(zo) = 0 and
ya(zo) = 0, yh(xo) = 1. Then, y1,y2 form a fundamental set of (4).

The following theorem is a theorem we use in section 3.3.

Theorem 5. If y = u(t) + iv(t) solves (4) on I, then so does u and v independently, i.e. if y = ciu + icov
is a solution, so is Yy = czu + c40.

The next theorem gives us a formula to compute the Wronskian without having to take a determinant,
but it only works for second order ODEs.

Theorem 6 (Abel). The Wronskian of y1,y2 for (4) can be written as,

W) = coxp (- [ (o). )
and is zero (if ¢ =0) or nonzero (if c#0) for all x € I.

Now lets do some example problems,
1) The derivatives are 2% and (—3/2)e~3/2, so our Wronskian is,
o2t o—3t/2
9¢2t  _3,—3t/2
2

W= ‘ 2621:—315/2 _ 9p2t—3t/2

3) The derivatives are —2e¢~2% and e~2' — 2te2!, so our Wronskian is,

67215 t€72t

—4 —4 —4 —4
_267215 €72t _ Qte—Qt =€ t_ 2te t + 2te L e t.

W

9) We put the ODE in standard form,
, 42
tt—4)7 " tt—a)

Notice, that this has discontinuities at t = 0,4, and since we need to include the initial condition,
the largest domain where a unique solution exists is ¢ € (0,4).

11) Again we convert the ODE into standard form,

In|x
y”+ y/+ || -0

x

z—3 T — 3y N
This is discontinuous when x = 0,3, so our largest domain where a unique solution containing the
initial condition exists is « € (0, 3).

17) Here we have an inverse problem. We need to find a g that satisfies the Wronskian given, so lets
take the Wronskian and see what we get,

2t
€ g 2t
262t g/

W = ‘ =g’ —2e*g = (g’ — 2¢g) = 3" = ¢ — 29 = 3e*

So we have to solve this first order ODE via integrating factor,

t
I = exp (—/ 2dr) = /d(e_th) = /3dt = e g =3t4+C = g = 3te* + Ce*.



23) We go straight to the characteristic polynomial, 7% +4r+3 = (r+1)(r+3) =0 = r = —1, -3, so our
general solution is y = c;e™% +cpe™3*. Now, by Theorem 4, we solve two different IVPs for this ODE:
y1(1) =cre t+ e =1 and ¥} (1) = —cre™! — 3c2e™2 = 0. By summing the two equations we get
—2ce 3 =1= ¢y = —63/27 this gives ¢; = 3e/2, so our first solution is y; = %e(l_w) — %63(1_””).
For the second solution we have y2(1) = cie™! + cae ™ = 0 and y4(1) = —cre ™! — 3cae™3. We easily
get co = —63/2 and then ¢; = e/2, which gives us a solution of yy = %e(l_ﬁ) — %63(1_95). So, the
following equations make a fundamental set of the ODE,

3ea—a) _ Loao-w).  _Lo-o L)

y1=35 2 ’ 2 2

27) For the first solution we have y; = 1 = y{ = 0 = —zy}+y; = 0. For the second solution we have y} =
cosx = y§ = —sinz, then (1—zcotx)(—sinz)—xcosz+sinx = —sinz+x cosx—xz cosx+sinz = 0.
Now, we take the Wronskian of these,

xr sinz

W= 1 cosx

=xcosx —sinx # 0 for x € (0, ).

So, they are linearly independent on that domain.

30) We put the ODE into standard form: y” + (tant)y’ — ty/ cost = 0. Then we use Abel’s theorem to

get,
W = cexp ( /(tant)dt) = ccost.

19) Recall the Wronskians in 2D is W(f,g) = f¢' — f'g and W (u,v) = uv’ — «w'v. Then
W(u,v) = 2f = g)(f' +29') = f =g )(f +29) =2ff +4fg' — gf — 299’ = 2f'f —4f'g+ 9 f +29'g
=Alfg = flgl+ g — gl = 5W(f,9).

3.3 CoMPLEX RooOTS
Again consider the ODE,

ay” +by' +ey =0, (6)
which has the characteristic polynomial equation,
ar? +br+c¢=0. (7)

Using the quadratic formula we get,
—b+ Vb? — 4ac
N 2a ’
What if b2 — 4ac < 0? Then r is of the form r = £ 4 30 where £,0 € R, but this means r is a complex
conjugate. However, we do the same thing as usual to get,

T™T

Y = 1" 4 e = 10T () elEmi0 _ (Lo (clewﬂE + czefwm) .

We need to deal with the part inside the parentheses, and we do this by what’s called, Euler’s Identity. And
we can derive this fairly easily by using Taylor series, since we know the taylor series,

e L
ez:Z(n)! Z%(

n=0

nt2n n+1t2n+1
=cost +isint. 8
+1 Z ontl + isin (8)

Then our solution becomes,
y = €%[cy (cos Bz + isin Bz) + co(cos fz — isinfz)] = e5%[(c; + ¢2) cos bz +i(cy — co) sin Hz].

However, we only want real solutions. Notice that cosfz and sin fz, with the proper constant coefficients,
are solutions to (6) independently. So, by Theorem 5, y = e5%(A cos 6z 4+ Bsinfz) is also a solution. We
have just developed a theorem,



Theorem 7. If (7) has complex roots, i.e. 7 =& + 40, then the general solution of (6) is,
y = 5% (Acos x + Bsinfz). (9)

Now, lets do some examples,

2—im/2 2

4) Applying Euler’s identity, e =e?(cos /2 —isinm/2) = —ie’.

6) L™ = L(cos(2In7) +isin(2Inm)).

10) We go to the characteristic polynomial, 7% + 2r + 2 = 0 and use the quadratic formula, r = (=2 +
V4 —18)/2 = —1+ i, which gives us a general solution of y = e *(Acost + Bsint).

18) Again our characteristic polynomial gives, 72 + 4r +5 = 0, and the quadratic formula gives, r =
(—4 4 +/—4)/2 = —2 £ i, so our general solution is y = e~2!(Acost + Bsint). Now we go to our
initial conditions: y(0) = A = 1. Then, y/(t) = —2e~2!(cost + Bsint) + e 2!(—sint + Bcost), so
y'(0) = -2+ B =0= B = 2. So, our solution is y = e~ ?!(cost + 2sint).

20) As per usual we have 1> +1 =0 = r = 4 = y = Acost + Bsint. From the first initial condition
we have, y(7/3) = A/2 ++3B/2 =2 = A =4 —+/3B. From the second initial condition we have,
y'(1/3) = —V/3A/24+ B/2= 4= —\/3+3B/2+ B/2=-2/3+2B=—-4= B =+/3—-2. So, we
get A =1+ 2v/3. Then our solution is y = (1 4 2v/3) cost + (v/3 — 2)sin .

3.4 REPEATED ROOTS AND REDUCTION OF ORDER

Repeated Roots: Again consider a second order homogeneous IVP with it’s respective characteristic poly-
nomial equation,

y'+ by +cy=0;y(0)=A,5'(0)=B (10)

rP4+br+c=0 (11)
Then our roots (also called eigenvalues) are r = 3(—b + v/b? — 4c). What if b? — 4c = 0 = ¢ = b*/4? Then
r1,2 = —b/2. If we plug this in as usual we get y = cre /2 4 che=be/2 = (1 + cz)e’bI/2. However, this
only gives us one constant so there is no way we can satisfy the two initial conditions. So, we need another
solution in addition to the one we have.

Suppose the “constant” ¢; + ¢o is not a constant, but rather a function of z; i.e. y = v(z)e*/2. We have
to figure out if a v will satisfy our ODE, and if so, what v is it. We want to plug into 10. The derivatives are

b b?
y/ _ v/(x)e—bx/Q _ 5efbav/Qv(x) = yl/ _ v//(x)e—bmﬂ o be’bm/zv’(x) + Zeibm/zl}(l‘).

Plugging into the ODE gives

Since exp(—bx/2) can’t be zero in finite z, v/ = 0 = v/ = ¢3 = v = ¢c3x + ¢4, which gives us a solution of

Y= (6317 + 04)67171/2.

We still don’t know if this is a legitimate solution or not yet, but let’s write down the theorem anyway and
then prove it.

Theorem 8. Consider the ODE
ay’ + by +c=0. (12)

If the characteristic polynomial has repeated roots; i.e. r12 = A, then the general solution to 12 is,

y=(c1+ czsc)e)‘m. (13)



Proof. Clearly 13 is a solution to 12, which we verified by differentiating and plugging into the ODE.
Furthermore, W (e**, xe®) = 22 =£ 0, which we calculated in class. O

Now, lets solve some problems before moving onto the second part of this section.

2) The characteristic equation is 972 +6r+1 = 0 = r = —1/3, then our solution is y = (¢; +cox)e /3,
8) As per usual, 1672 +24r + 9 =0=r = —3/4 = y = (c; + cox)e /4,

15) T'll just show part d here. Solving the ODE gives us 472 +12r +9 = 0 = r = —3/2 = y =
(c1 + cax)e™32/2, The first initial condition gives y(0) = ¢; = 1. The other one gives 3/(0) =
—3/24+c2 =b=cy =b+3/2. So, when b < —3/2 it’s eventually negative, but when b > —3/2 it’s
always positive.

12) Again, we have to solve an IVP. Our roots are > —6r +9 = 0 = r = 3. So, our solution is
y = (c1 + c2x)e3®. From the initial conditions we have, y(0) = ¢; = 0 and y/'(0) = c2 = 2, so our
solution is y = 2ze3®.

20) We're going to first solve for one solution, get our Wronskian, then use the Wronskian to solve for
the other solution,

(a) y1 =e

(b) W = Cexp (- [2adt) = Ce=2*,

(c) W = e %yl + ae %y = e 2% = yb + ay, = e~**. We can solve this via integrating factor:
1= e, then

ey, = /dt =t =y, =te .

Reduction of Order: The method we used in the beginning of class is called reduction of order, but we’ll
see that this is far more powerful than it first seemed. Consider the ODE

Y +p(x)y + qz)y =0 (14)

and suppose we know one solution, say y = yi(z), then we “guess” the full solution is of the form y =
v(x)y1(x). First we find the derivatives

Y =y +o'y =y’ =ylv+ 20y + 0"y
Plugging this in and grouping the respective v’s gives us

0

yiv+20'y) + 0"y + pyiv + po'yr + qyiv = yiv” + (2y) + py)v’ + (v Fay)v
/
= 0.

= y1v” + (2y; +py1)v
And set u = v’ to get

2y, d 2y
NP g:_/ nten
Y1 u Y1

! !
;slnu:_/wdmu:exp&/wdx)
Y1 Y1

2[
w/exp</yl+pyldx>,
Y1

v + 2y +py)u=0=u = —



Now, we’ll do some problems
27) Let y = vy = z(v"y1 + 20'y; + vy!) — (V'y1 + vyy) + 423y, = 0. Grouping all the v, v/, and v”
terms gives
0
zy 0" + 2z 0" — g’ + (zy] =y Aty o = ay” + 2zy10" — yo’ = 0.

Set w = v’, then

2 1 1 4z cosz?
u'—l—(z}l—)u:Oéu’:(—x.Zx)u
U1 X x sinx

2x cos 2 kx

de =Inz —Insin? 22 + Cy = u = —
sin® z2

=>lnu:1nx—2/ —
sin x

= v = k/xcch:dex =Fkicota? +C, = y =k cosz? 4 Cy sin2>.
So, Yz = cos x2.

29) Again we let y = vy; = 2%(v"y1 + 20'y] + vy)) — (xz — 0.1875)vy; = 0. Grouping gives
0

22y10” + 22y + [Py — A875)y1 v = 2?yv” + 202yjv’ = 0.

Set u = v’, then

-2 1 1 dx 1
r— o, (222 ] :_2/ -1/2 N
u u N u=Inu x dx+2 ” N 2113:—1—0
k

=u= ﬁe%ﬁ Sv=ke V' 4+(C = y= kx'/te=2Ve 4 Ozl /4e?VE,

So, yo = xl/4e2VE



