3 Differential equations

In this last part of the Calculus course we are going to study some new methods to solve certain
types of differential equations. This will be a continuation of what you studied in your 1st year
calculus course and, as in there, we are going to deal exclusively with real functions y = f(z)
of one real variable. As last year, we will concentrate on a subclass of differential equations,
that is linear differential equations.

3.1 Linear differential equations

Definition: A n-th order linear differential equation is an equation of the form

y™ + P (z)y™ Y + Py(2)y" + - 4 Py(2)y = R(2), (3.1)
where N
d
k) _ Y
= (3.2)

is the k-th derivative of the function y with respect to the variable x and Pi(x),... P,(z) and
R(z) are real functions of x which are continuous in a certain interval I € R. The order of
the differential equation is the highest order of the derivatives appearing in it (in this case n).
The equation is linear because no terms involving products of y and its derivatives appear (e.g.
terms like yy(®) or y®)gy(k)),

Notation: In order to prove certain general properties of linear differential equations it is
convenient to introduce various notations. For example, we can introduce an operator L which
acts on a function f(z) as follows

L(f) = f™ + Pi(2) 0 + Pa(a) f77) + - 4 Po(a) f, (3.3)
that is,
L= D"+ P (x)D" ! + Po(x)D"? + - - + Py(x), (3.4)
with ; o
= and  D'=_ (3.5)

In terms of the operator L, the equation (3.1) would take the form
L(y) = R(z) = (D™ + Pi(z)D"" + Py(z)D" > + -+ + Py(x))y. (3.6)
Using the definition of the operator L we can easily deduce the two following properties:
L(yi +y2) = L(y1) + L(y2)  and  L(ay) = aL(y), (3.7)

which follow from the properties of the derivative. These two properties are equivalent to saying
that L is a linear operator.
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3.1.1 Second order linear differential equations

Let us now consider a particular case of the equations (3.1), that is 2nd order differential
equations
y" + Pi(z)y’ + Pa(z)y = R(x) = L(y). (3.8)

As usual in this context, solving these equations is done in two steps: fist we must solve the
homogeneous 2nd-order differential equation

y" + Pi(z)y + Po(x)y = 0 = L(y), (3.9)

and then find a particular solution of the inhomogeneous equation (3.8). In the next sections
we are going to see why this is the case and how to solve (3.8)-(3.9).

Homogeneous equations: In this section we are going to study how to solve homogeneous
equations such as (3.9). We will also see two theorems which will answer two fundamental
questions: when do solutions to (3.9) exist? and under which conditions is the solution of (3.9)
unique? Before entering these details, let us look at a very simple example:

Example: Consider the following homogeneous 2nd order differential equation
Y + kY =0, (3.10)

where k # 0 is a constant. This is an equations which you have learnt how to solve last
year. In general you try solutions of the type:

y=Ce™*, (3.11)

with C' and m being constants. Then you plug this solution into the equation above and
obtain
m? +k*=0 = m = +ik. (3.12)

Therefore the most general solution of (3.10) is of the form
y = C1e* 4 Che e, (3.13)
with C, Cs being generic constants. Equivalently we can write
y = Ay sin(kx) 4+ Ag cos(kx), (3.14)

with C7 = (AQ — iAl)/2 and Cy = (AQ + iAl)/2.

The solution (3.1.1) with Ay, As arbitrary is the most general solution of (3.10). However,
in many problems we have to select a particular solution from the set (3.1.1), a solution
satisfying certain additional conditions. There conditions are called initial conditions.
For example, suppose we want to find a solution of (3.10) such that for a certain value of
T = o,

y'(z0) = and y(zo) = a. (3.15)

This means that the following two equations have to be satisfied

y(xo) = a= Ajsin(kxo) + Az cos(kx), (3.16)
y'(x0) = b= Ajkcos(kxg) — Ak sin(kxg). (3.17)
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This is a system of two linear equations for two unknowns. An equivalent way of writing

these equations is
sin(kxg) cos(kxo) A\ (a (3.18)
kcos(kxg) —ksin(kxo) Ay ) b )° '

A system of equations like this can always be solved (we have 2 equations and 2 un-
knowns). It will have a unique solution provided the two equations (3.17) are indepen-
dent from each other. Another way of saying that is to say that the determinant

‘ sin(kxg) cos(kxo)

kcos(kzo) —ksin(ko) ’Zk(GOS?(WUH sin® (ko)) = k. (3.19)

must be non-vanishing (k # 0). Since it was assumed from the beginning that k& # 0, we
can conclude that there is a unique solution of the initial value problem

y' + k=0 with o'(z0)=0b and y(zo) = a. (3.20)

Existence theorem: Let P;(z), P2(x) be continuous functions of x in an open interval I and
let
L(y) =y" + Pi(z)y + Pa(2)y. (3.21)

If o € I and a,b are given real numbers, there exists y = f(z) such that L(y) = 0 on I with
f(zo) = a and f'(zq) = b.

Uniqueness theorem: Let

L(y) = y" + Pi(2)y + Pa(2)y, (3.22)
and let f(x), g(x) be solutions of the homogenous equation L(f) = L(g) = 0 on an open interval

I of R. Assume that f(zo) = g(z0) and f'(zo) = ¢'(z¢) for some zy € I. Then f(x) = g(z) for
all z € I.

Theorem (characterization of solutions): Let

L(y) = 0=y" + Pi(z)y" + Pa(z)y, (3.23)

be a 2nd order linear and homogeneous differential equation with coefficients P (z), P2(x) which
are continuous in an open interval I € R. Let uj(x), us(x) be two non-zero functions satisfying
L(uy) = L(ug) = 0 in I and such that ua(x)/u1(z) is not a constant in I. Then

y = crui(z) + coua(x), (3.24)

is a solution of L(y) = 0 on I. Conversely, if y is a solution of (3.23) in I, then there exist
constants cp,co such that (3.24) holds. This means that all solutions of (3.23) are of the form
(3.24).
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Proof:

(a) To proof that cju;(x)+cauz(x) is a solution of (3.23) provided that u;(x), uz(x) are solutions
of (3.23) we only have to use the first property in (3.7), that is the fact that L is a linear
operator. Therefore

L(ciui(z) + caua(x)) = c1 L(ui(x)) + caL(ua(z)). (3.25)

(b) The second statement we have to proof is that all solutions of (3.23) are of the form
y = cru1(z) + couz(x). To prove that we can consider a solution of the equation y = f(z)
and choose a point o € I with initial conditions y'(z¢) = f(z0) and y(z) = f(xo). If we
are able to show that we can find two constants c;, ¢ such that

f(xo) = crui(zo) + coua(xo), (3.26)
f(xo) = cruy(zo) + caun(wo), (3.27)
then we would have proven that f and cjui(x) + coug(x) have the same values and the

same derivatives at the point xg. Then we can use the uniqueness theorem to conclude
that they are the same function

f(z) = cqqur(z) + coua(z). (3.28)

To show the existence of ¢1, co such that (3.27) holds we only need to prove that there is
at least a point xg € I such that the system of equations (3.27) has a solution. As in the
example, this is equivalent to finding at least a point zg € I such that the determinant

) 0 | o)) — uh (zoJun(n) 0. (3.29

In general, we define the determinant
ur(z)  uz(z)
uy () uh()
and we call it the Wronskian.

Proving that there is at least a point xzy € I such that the Wronskian W (xg) # 0 is
equivalent to proving that all solutions of the homogeneous equation (3.23) have the form

(3.24). We will carry out this proof by proving that if we assume the contrary we arrive
to a contradiction: Suppose that W (z) = 0 for all € I. Then this will imply that

W(x) =

‘ — us(a)uiy () — uh (@)uz(a), (3.30)

! / / %%
=) =—2"1=—" =0, 3.31

but this is in contradiction with one of the assumptions we made at the beginning, namely
that ua/u; is not a constant for x € I. This means that the derivative of us/u; can not
be vanishing, which is what would happen if the Wronskian is zero everywhere. Therefore
W (xg) # 0 for at least one point zy € I.

Corollary: This theorem tells us that all solutions of the equation L(y) = 0 are of the form
cru(x) + coua(x), with ¢1, o being arbitrary constants. For this reason

y = crur(z) + couz(z), (3.32)

is called the general solution of L(y) = 0. It follows also from the theorem that we can find the
general solution by finding two particular solutions u;(z), uz(z) such that uy/u; # constant. If
ug/uy1 # constant we call uj, ue linearly independent solutions.
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Inhomogeneous equations:
Consider now the inhomogeneous equation

y" + Pi(2x)y' + Pa(x)y = R(x) = L(y), (3.33)

with P;, P>, R being continuous functions on an open interval I € R. Suppose that y; and yo
are two solutions of the inhomogeneous equation

L(y1) = L(y2) = R(x), (3.34)

then by linearity of L
L(yr —y2) = L(y1) — L(y2) = 0, (3.35)

therefore y; — y2 is a solution of the homogeneous equation L(y) = 0. However the previous
theorem told us that the solutions of the homogeneous equation always are of the form cju;(x)+
coug(z). Therefore y; — y2 must be of the form

Y1 — Y2 = crur(x) + couz(), (3.36)
for some cq, co, or equivalently
y1 = crur(z) + caua () + Y. (3.37)

This proves that any pair of solutions of the inhomogeneous equation are related by (3.37). In
other words, given a particular solution of L(y) = R, say yi, all solutions of the differential
equation are contained in the set

Yy =y1 + au(z) + couz(z), (3.38)

where L(u;) = L(uz) = 0 and ¢1, ¢ are arbitrary constants. For that reason (3.38) is called the
general solution of the inhomogeneous equation (3.33).

Conclusion: Given an inhomogeneous equation
'+ Pi(z)y' + Pa(x)y = R(z) = L(y), (3.39)

with P;, P», R being continuous functions on an open interval I € R, there are two problems we
need to solve in order to find its general solution:

1. Find the general solution of the homogeneous equation L(y) =0, i.e. ciui(x) + coua(x).
2. Find a particular solution of the inhomogeneous equation L(y) = R.

From last year’s Calculus you already know some methods to solve simple homogeneous equa-
tions. Therefore we are going to start by learning a method to solve inhomogeneous equations:
the method of variation of parameters.
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3.1.2 The method of variation of parameters

Theorem: Let ug,us be two linearly independent solutions of a homogeneous equation L(y) =
0 on an interval I, with
L(y) =" + Pi(x)y + Py(x)y. (3.40)
Let
W () = up(x)ub(z) — v (z)us(z), (3.41)

be the Wronskian of w; and ug. Then, the inhomogeneous equation L(y) = R(z) has a solution
y1 given by

y1(z) = v (z)uq(x) + vo(x)ue(x), (3.42)

vi(z) = —/uQ(a:) I?/((:;)) dx and va(x) = /ul(x) I?/((Z)) dx, (3.43)

with

Proof: Let us suppose that y = vi(z)uj (z) +v2(z)uz(z) and try to determine vy (x) and ve(x).
Then we just have to plug this solution into the equation

R(z) =y" + Pi(2)y + Pa(x)y, (3.44)

and see what conditions must vy, v9 satisfy. Let us first compute

"= vi(@)ur(x) + vi(2)u)(x) + vh(z)us(x) + ve(T)uh(x), (3.45)
"= (@)u (@) + oy (@)uy(z) + oy (2)uy (2) + vr(2)uf (z)

+ vy (@)ua () + vh(2)us(x) + vh(z)uy(e) + va(a)uz(z)

= vf ()ur () + 201 (2)uy (2) + vi(2)uf (z) + v5 (2)uz(x)

+ 205 (x)ub(z) + va(x)ul (), (3.46)

substituting these derivatives into (3.44) we obtain

R(z) = vf(x)ur(z) + 20| (2)u) (x) + v1(2)uf (z) + v (2)uz(z)
+ 20p(@)uy (@) +va(@)us (@) + Pr(z) (v (2)ur(z) + v (2)u) ()
+  vh(@)ua(z) + va(2)uh()) + Po(x)(vi(z)ur(x) + va(a)ua(z)), (3.47)

now we can use the fact that ui,us are solutions of the homogeneous equation, that is, they
satisfy

= ui(z) + Pi(2)u) (2) + Pa(z)ur (), (3.48)
= uh(x) + P(z)ub(z) + Pa(x)us(x). (3.49)

Using these equations we can prove that all terms in (3.47) which are proportional to v (x) and
va(z) vanish, leaving us with the following condition

R(z) v (x )m( ) + 201 (x)uy ($)+v’z’( ) 2(2)

205 (2)us(x) + Pa(x) (v} (2)m vh(z)uz())

(1 (2)us ( ) + va(x )U’z(fﬁ))Jr( ( ) 1(2) + vy (2)ua(x))
)

+ Pi(x) (v (x)ur(z) + vh(a)uz(x)) - (3.50)

_l’_

/‘\
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One way of solving this equation is to impose further conditions on v1,ve (remember, that we
only need to obtain a particular solution of the inhomogeneous equation). For example, let us
look for vy, v satisfying

vy (2)ur(z) + vh(z)us(z) =0 and v (z)u)(z) + vh(z)uy(z) = R(x). (3.51)

/ — ol (x uz ()
1)1(513) - 2( )Ul(l’)7 (352)
substituting this in the second equation we get
(o) 22 + vila)ide) = R(o)
S w@RE) _w(@RE)
7 ) - w@m@ | W (4:59)
Substituting this back into (3.52) we obtain
ooy u2(z)R(x)
vi(z) = W) (3.54)

Integrating these equations we obtain the solutions (3.43). Let us see how this works with some
examples:

Example 1: Solve the following 2nd order linear differential equation:
y' +y=tanw. (3.55)
First we have to solve the homogeneous equation:
' +y=0. (3.56)

Last year you have seen that this kind of homogeneous equations with constant coefficients
can always be solved by looking for solutions of the type y = ce™*. Substituting this
solution in (3.56) we obtain

m2+1=0 = m = =i, (3.57)
which means that the general solution of (3.56) can be written as
Yy =cjcosx + casinz, (3.58)
therefore we identify
ui(x) = cosx and ug(x) = sinx. (3.59)

Having this solution the next step is to solve the inhomogeneous equation (3.55). To do
that we can use the method of variation of parameters which tells us that a particular
solution of the inhomogeneous equation is given by:

y = vi(x)ur(z) + vo(x)uz(z) = vi(x) cosz + vo(x) sinz, (3.60)
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with

vi(x) = —/uz(x)w(w)dx and vo(z) = /ul(:c) W(a:)dx (3.61)

R(z) = tanuz, (3.62)
W () u/l () ulg(x) _| cosz sinw | oo n2a—1.
uy(z) uh(x) —sinx  cosz
Therefore we have
sin? x
vi(z) = — /sinxtan xdx = —/ dx, (3.63)
cosx
we can solve this integral by changing variables as
t=sinx = dt = cos xdz, (3.64)

which allows us to write

t? ?—1+1

1 1 1 1
/ /1—t2 +2/[1—t 1+t]

1 t—1
= t+=-ln|—— C 3.65
T [t—i— J +e (365)
Recalling that ¢t = sinx we obtain
1 sinx — 1
=i —In | —— C. 3.66
vy () Sm;zc—i—2 n[sinx—&—l] + (3.66)
Similarly
vo(x) = /cosxtana:da: = /sin xdr = —cosx + C' (3.67)
Therefore, the general solution of (3.55) is
. [ . 1 {sinm — 1” .
Yy = C€1COST + CcosInx + |sInx + —In|——— || cosz —coszsinz
2 sinx + 1
cosx sinx — 1
= i 1 . 3.68
c1eosT + epsing + — n[sinaz—l—l} (3.68)

Notice that in the final solution we can forget about the constants C,C’ because we are
just interested in a particular solution of the inhomogeneous equation. Therefore, we can
just choose them to be zero!

Example 2: Solve the equation
Y +y =2 (3.69)

You can solve this sort of equation without using the method of variation of parameters.
In fact you have already solved equations of this type last year. Remember that whenever
you have an equation of the form

y" +ay' +by = R(x), (3.70)
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where a, b are constant coefficients and R(z) is a polynomial of degree n, the solution to
this equation is always of the form

y=a,+asx+...+apz", (3.71)

with a1, ao,...,a, constants.

Therefore a particular solution of (3.69) will be of the type

y = Az® 4+ Ba? + Cx + D, (3.72)
with derivatives

y = 342’ +2Bx+C, (3.73)

y' = 6Ax +2B, (3.74)

and if we substitute (3.72) and (3.74) in (3.69) we obtain
6Ax + 2B + Az + Ba? + Cx + D = 2?, (3.75)
from where it follows,
A=1,B=0, 6A4+C=0=C=-6, B+2D=0= D=0. (3.76)
So, our particular solution of the inhomogeneous equation is
y = x> — 6z, (3.77)

and the general solution of the homogeneous equation is the same as in example 1. There-
fore the general solution of (3.69) is

y = a3 —6x +cjcosx + casin. (3.78)

We could have solved this problem by using the method of variation of parameters. In
that case the particular solution of the inhomogeneous equation would be

y = vi(x) cosz + va(x)sinz, (3.79)

u(z) = —/uz(x)v%dx:—/ﬁsm,

vo(x) = /ul(x) If/((z)) dr = /x3 COS . (3.80)

with

These integrals can be solved by parts (in fact we have to use integration by parts three
times to solve each of the integrals!)

/$3sin:n = —1‘3COSJJ—|—3/{E2COSZEdl’
= —m?’cosx—i—Sszinx—G/xsinxdm’

= —:c3cosx+3x2$inx+6xcosx—6/Cosmdac

= (62 — %) cosx + (322 — 6)sin, (3.81)

76



/x3cosa; = x3sinx—3/x28inxda:
= x3sinx+3x2cosx—6/xcoswd:§

= z3sinz + 322 cosz — 6z sinz + G/Sinzz:dx
= (2 —6z)sinx + (322 — 6) cos . (3.82)

Therefore the particular solution of the inhomogeneous equation would be

y = wvi(z)cosz +va(z)sine = —((6z — 2®) cosx + (322 — 6) sinx) cos x
+((2* — 6x)sinz + (32 — 6) cosx) sinx
= (2% —62)(cos® x +sin®2) = 2% — 6. (3.83)

Therefore, we obtain the same solution as with the other method but now we have to
compute two quite lengthy integrals! The conclusion from this problem is that we must
only use the method of variation of parameters when no other simpler method works. The
method of variation of parameters is very powerful since it works for cases in which all
other methods we know fail but we should not use it if we do not need to.
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