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CHAPTER 1

Introduction

Definition An ordinary differential equation is an equation that spec-
ifies the derivative of a function y : R — R as

Y () = F(z,y(x)).

More generally, an nth order ordinary differential equation specifies the nth
derivative of a function as

y"(z) = F(a,y(@),...,y" V(x)).

One can visualize a first-order o.d.e. by plotting the function F(z,y) as
slopes, for example,
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Figure 1.1: ¢/(z) = y(z)* — =z
A solution is then a function y(z) that passes through the slopes. The
main problem in o.d.e.’s (ordinary differential equations) is to find solutions

given the differential equation, and to deduce something useful about them.
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4 J Muscat Introduction

The simplest differential equation, ¥’ = f, can be solved by integrating
[ to give y(z) = [ f(z)dz.

Example: Free fall. Galileo’s rule for free-fall is y = —gt; integrating
gives y(t) = —%th + 19, where yq is arbitrary.

We learn several things from this simple example:

(a) Solving differential equations involves integration. Unlike differentia-
tion, integration has no steadfast rules; one often has to guess the
answer. Similarly, we expect that solving a differential equation will
not be a straightforward affair. In fact many hard problems in math-
ematics and physics! involve solving differential equations.

(b) The solution is not unique: we can add any constant to y to get another
solution. This makes sense — the equation gives us information about
the derivative of y, and not direct information about y; we need to be
given more information about the function, usually by being given the
value of y at some point (called the initial point).

1.1 Separation of Variables

The simplest non-trivial differential equations which can be solved generi-
cally are of the type

Y (x) = f()g(y(z)).

These can be solved by separating the y-variable from the = (or t).
Examples: Population Growth and Radioactive Decay: y = ky. Col-
lecting the y-variables on the left, we get

y 1
y:k, :>/dy:k’t+c
Y Y

= Iny(t) =kt +c, = y(t)=AeM

where A is an arbitrary constant.
Newton’s law of cooling: T = a(Ty — T).

1
/TO_TdT:at—i—c = —In(lHh—-T)=at+c

= T=Ty+ (T1 — Tp)e ™

Free fall with air resistance: v = —g — kv.

1
/ dv=—-t+c¢c
kv+g

'There is a $1 million Clay prize for showing there is a unique solution to the Navier-
Stokes equation.
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1
= —log|k:v+g\ =—t+c
v(t) = —g/k + Ae™F
2)9(y),

£
Yy (x)
@) 1@

= /g(ly)dy:/f(m)dx

by the change of variable x — y. If the integrals can be worked out as
G(y) = F(x) + ¢, and inverted, we find

In the general case of y/ =

Note that it may not be immediately obvious that a function F(x,y) is
separable, e.g. (z +y)? — 22 — y? and sin(x + y) + sin(x — y) are separable.
Other equations become separable only after a change of variable, e.g.

1. Homogeneous equations. y' = F(y/x), use the change of variable u :=
y/x, so that F(u) =y = (uz) = 2v’ + v and v’ = (F(u) — u)/x.

2. Similarly, for ¢y = F(az+by+-c) (a,b,c constant), use u := az+by+c,
giving v’ = a+ by’ = a + bF (u).

1.1.1 Exact Equations
More generally, if

G of | 9y
y = and — + — =0,
9(z,y) dy  Ox
then there is a function F(x,y) such that %—f = f and %—5 = —g. It can be
found by integrating F' = [ f(z,y)dz = — [ g(z,y) dy. Hence L F(z,y) =

%i + %Zy’ = f — gy’ = 0 so the solution is given implicitly by F(x,y) = c.

1.2 Linear Equations

1.2.1 First Order

Y () + a(z)y(x) = f(2)
Multiply both sides by the integrating factor I(x) := el @@ e which satis-
fies I'(x) = a(x)I(x). Hence (Iy) = Iy’ 4+ aly = I f, so integrating gives

@) = 1) [ 16)f(5)ds + AT(2)
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Example. How to spend your bank earnings: y' = 1.05y — (1 + at). The
integrating factor is I(t) = e/ ~1:05 = ¢=1.05

(e 100tyy = ¢ 105 (y/ —1.05y) = —(1 + at)e 10
= e 0y = /—(1 +at)e 10 qt = e 71051 — g(1.057L +1))/1.05 + ¢
= y(t) = ce% + (0.95 - 0.91a — 0.95at)

The starting amount is ¢ + 0.95 — 0.91a and y/(¢) = 1.05¢ce!%* — 0.95a. So,
for your money to never decrease, you need to have at least an initial sum

of 0.95.

1.2.2 Second Order
Y (z) + ay/ (z) + by(x) = f(z), a,b constant

Factorizing the left-hand side gives (D —«)(D — 8)y(x) = f(x) where o and
3 are the roots of the quadratic D? +aD +b (sometimes called the auziliary
equation). If we write v(z) := (D —)y(x), the equation becomes first-order,
S0

y'(x) — By(z) = v(z) = Ae™® + ** / e *f(s)ds

y(z) = BeP 1 P / e A + ot / e f(s) ds] dt
:Beﬁm _/Bax_i_eﬁx// tan )dsdt, <a7é5)

If a = 3, the first integral becomes AzeP® instead, so the general solution is

Ae®® + BeP* a#£p
y”—yp”+{A+Bx> e

// B)t—as f(5) ds dt

If the roots are complex, o = r + iw, f = r — iw, then the expression
Ae™® 4 BePT = e (AT + Be™ ™) = €™ ((A+ B) coswz +i(A — B) sinw)
can become real when A+ B is real (take x = 0) and A— B is imaginary (take
wx = 7/2), i.e., B = A and the solution involves Ce™ coswz + De"* sin wx
for arbitrary real constants C, D.

Example. Simple Harmonic Motion: Resonance The equation

)

i+ w?y = coswt

has solution
y(t) = Acoswt + Bsinwt + (2w) 't sinwt
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which grows with t. This can occur, for example, in an oscillating spring
which satisfies & = —kz — v& + f(t), or an electrical oscillator LI + RI +
C—'I = E(t).

Of course, this method only works when the coefficients are constant.
Even the simple equation y” = zy has solutions that cannot be written
as combinations of elementary functions (polynomials, exponential, trigono-
metric, etc.)

1.2.3 Reduction to Linear Equations

Several equations can become linear with a correct change of variable:

Bernoulli’s equation y' = ay + by™ (n # 1). Use the change of variable
u =y " to yield v’ + (n — 1)au = b.

Euler’s equation xy" + axy’ + by = f(x), use u(X) := y(x) where X =
log z, so that xy/(z) = zv/(X)/z = v/(X), and similarly, 2%y"(z) = u"(X),
and the equation becomes u” + au’ + bu = f(e).

Riccati’s equation 3y’ = a + by + cy?. First eliminate the by term by
multiplying throughout by I := e~ Jb and letting v := Iy, then substitute
v=—u'/cu to get cu” — cu' + ac’u = 0.

1.3 Non-linear Equations
These are also common in applications. Here is a sample:

1. Newton’s law of gravity: & = —GM/|z|?.

2. Reaction rates of chemistry: &; =), aijx?i:c?j
3. Lotka-Volterra predator-prey equations: @ = uv — Au, 0 = —uv + pv.

4. Solow’s model in economics: k = sF (k) —nk

. . L L
5. Geodesics in geometry: %%‘c = ng'
In general, their solution is not a straightforward affair at best. The most
that we can aim for in this course is to describe their solutions qualitatively
not solve them exactly.
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CHAPTER 2

Existence of Solutions

Definition An initial-value problem is a first order o.d.e. whose solu-
tion satisfies an initial constraint:

y =F(z.y) onzelo,pl, yla)=Y
An initial value problem is said to be well-posed when
1. a solution exists
2. the solution is unique

3. the solution is stable: it depends continuously on Y.

A well-posed differential equation is deterministic in the sense that each
allowed initial condition gives rise to a unique solution, which can be ap-
proximated when the initial condition is imprecise to some extent.

It has to be remarked straightaway that initial-value problems need not
have a (differentiable) solution: here are two examples,

0 <0
! ~ /
pry s pr €T
Y {1 o0 Y =y/
y(0) =0, y(0) =1

Even if a solution exists, it might not be unique. Consider the example
y = \/y with y(0) = 0; it has at least two solutions y(z) = 0 and y(z) =
22 /4. In fact it has many more, including

y(x):{() r<c

(r—c)?/4 z>c¢

Finally changing the initial point slightly might produce a drastic change
in the solution. For example, if we take again 3’ = \/y with y(0) =Y # 0,

9
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then there is a unique solution y(z) = (z — Y%)2 on the positive real line,
until Y reaches 0 when the solution can drastically change to y(z) = 0.

The main theorem of this chapter, the Picard-Lipschitz theorem, also
called the Fundamental Theorem of O.D.E.’s, states that when F' is a nice
enough function of x and y, the initial value problem is well-posed.

2.1 The Fundamental Theorem

2.1.1 Preliminaries

Consider the set of continuous functions on some bounded closed interval
I C R, and define || f|| := maxyer | f(2)]|. It is easy to show that this defines
a norm,

1+ gl < IIFI1+ gl
lecf [l = lal[ £]]
IfIl=0& f=0

Note that || f, — f|| = 0 precisely when f,, converges to f uniformly. If f is
a vector function, then interpret | f(z)| as the Euclidean modulus of f.

Banach’s Fixed Point Theorem
If T is a contraction map on the interval I, that is, there is a constant ¢ < 1
such that

1T (y1) = T(y2)ll < cllyr — 2],

then the iteration y,4+1 := T'(y,) starting from any yp, converges to some
function y which is that unique fixed point of T', that is, T'(y) = y.
PROOF.

|yn+1 = ynll = 1T (Yn) — T (yn—1)|l
CHyn - yn—l”

<
< Ay — yol|

using induction on n. Hence for n > m

Hyn ymH < H — Yn— 1” + o+ Hym—&-l - ym”
= ||T (yn 1) T(yn—Q)H + o+ NT (ym) — T (ym—1)l
< (" ")y — woll
Cm
< ly1 —yol| = 0 asn,m — oo
c

1—

Thus, |yn(z) — ym(x)| < ||yn — ym|| — 0 at each point z, hence there is
convergence Yy, (x) — y(z). Indeed this convergence is uniform in z, that is,
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llyn — y|| — 0 as n — oo. It then follows that

1T (yn) = T < cllyn —yll =0

so that in the limit as n — oo, the equation y,+1 = T'(y,) becomes y = T'(y)
(by continuity of T').
This fixed point is unique, for if u = T'(u) as well, then
ly —ull = T(y) = T(w)|| < clly —ull
0<(1-c)ly—ull <0

ma y(z) — u(e)| = |}y = ull =0

and y = u on the interval I.

2.1.2 The Picard-Lipschitz Theorem

Definition A function F'(z,y) is called Lipschitz in y in a domain A x B
when

dk>0:Ve € A, Yyi,y2 € B, |F(z,y1) — F(x,y2)| < kly1 — y2

Example: Functions that are continuously differentiable in y are Lips-
chitz on any bounded domain. By the mean-value theorem, for (z,y) in the
bounded domain,

F(x7y1) B F(.T, 1/2)
Y1 — Y2

Thus |F($,y1) - F($7y2)| < k‘yl - 3/2|

Note that Lipschitz functions are continuous in y since, as y1 — 2,
then F(x,y1) — F(x,y2). That is, the Lipschitz condition on functions is
somewhere in between being continuous and continuously differentiable.
Theorem 2.1

(Picard-Lipschitz) Fundamental Theorem of O.D.E.s

oF
el <k
(@9

Given the initial value problem

V(@) = Fz,y(z), yla)=Y,

if F' is continuous in x and Lipschitz in y in a neighborhood of
the initial point = € (a—h,a+h),y € (Y —1,Y +1), then the o.d.e.
has a unique solution on some (smaller) interval, z € (a—r,a+7),
that depends continuously on Y.
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PROOF. The o.d.e. with the initial condition is equivalent to the follow-
ing integral equation:

y@) =Y + [ Floy(s)ds

since differentiating gives y'(x) = F(x,y(x)) by the Fundamental Theorem
of Calculus; also y(a) =Y.
Define the following Picard iteration scheme on the interval x € [«, f5]:

Yo(z) =Y
Yy, (z) = Y—i—/ F(s,Y)ds

wie) =Y+ [ " F (s, (s)) ds

bonrle) = ¥+ [ Py, (9) s

Notice that each of these functions is continuous in z.

Initially we assume that all the z and y encountered in the expressions
are in a rectangle (a —r,a + 1) x (Y —1,Y 4+ 1), where r < h, so that F' is
Lipschitz on them

|F(z,y) — F(z,9)| < kly — 7
We will later justify this assumption.
Let

T(y):= Y + [ Fls.y(s))ds

on an interval x € [a — h,a + h| with h to be chosen later. A fixed point y
of T is thus a solution of the differential equation.
Then

T(y1) —T(y2)| = \/I F(s,91(s)) = F(s,ys(s)) ds|

a

< /x |F(s,y1(s)) — F(s,y5)|ds

/ Bl () — ya(s)| ds

a

N

klz — allly; — yell

<
< khllyy = 9ol

1T(y1) — T(y)ll

If h is chosen sufficiently small, i.e., h < 1/k, then T" would be a contraction
mapping. As before, consider the Picard iteration y,,,, := T'(y,,). Each new
iterate is a continuous function because F' and integration are continuous
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operations. The Banach fixed point theorem then guarantees that they con-
verge uniformly to some function y (|ly,, — y|| = 0 as n — oo). This unique
function is the fixed point of T, that is, y = T(y) =Y + [" F(s,y(s)) ds.

If F' is Lipschitz only in a neighborhood of the initial point (a,Y’), then
the interval may need to be restricted further to ensure that each iterate y,,
remains within this neighborhood. This follows by induction on n,

’yn—&—l / |F S yn |d8
< he <

assuming h < [/c, where ¢ is the maximum value of |F(z,y)| on the given
rectangular neighborhood.

To show that y depends continuously on Y, let w be the unique solution
of u' = F(z,u) with u(a) =Y +68. Then u =Y + 3 + [ F(s,u(s))ds.
Thus,

ly —ul| = [[T(y) — T(w) -4
< 6|+ [[T(y) = T(u)||
< [6] +clly — ul|

9]

1—c

ly —ul <

So u — y uniformly as  — 0.

[Aside: A slightly more exact argument strengthens this bound:
() —u(e)] <101+ [ 1F(ssu(s) = Fls.us)]ds
<lol+k [ lats) (o)l as

As y and u are continuous functions, their difference must be bounded,
ly(x) —u(z)] < C on (a —r,a+r); so substituting into the above inequality
we get

ly(z) — u(@)| < [6] + kC|z — qf

which is a slight improvement. This substitution can be repeated, and in
general, we can show, by induction, that

a‘n—l—l

y(z) — ulz)| < |3 (1 Tz -+

— |3t

2! n!

k%|z — a|? T k™ x — a|” n Ck"Hz —
! (n+1)!
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Example

The o.d.e. ¢ (z) = Vf_zy, y(0) = 1 has a unique solution in some interval
about 0.
Solution. The function F'(x,y) := VIY ig continuous in # when z—y # 0

.
and z+y > 0, and Lipschitz in y when ’8y| = |2(x 39”3?\ k; both these

conditions are met in the square (—%, 5) (1-— l 1+ ) because the lines
y = dx are avoided. Picard’s theorem then assures us that there is a solution
in some interval about 0.

To find a specific interval, we need to ensure h < I/ max|F|; in this case

max |F| < Vl%g < 4, so taking r := 14/1—3 = 1/12, we can assert that there

is a unique solution on —1/12 < = < 1/12. (Of course, the real interval on
which there is a solution could be larger; solving this equation numerically
gives a solution at least on —1.6 < z < .31.)

Note that if F'(x,y) is Lipschitz for all values of y (i.e., [ = c0), then the
equation is well-posed on at least [a—h, a+h], without the need to restrict to
a smaller interval. Also, one can try to extend beyond the range [a —r, a+r]
by considering a 4+ r to be the starting points and finding neighborhoods
around them.

It shouldn’t come as a surprise that even if F'(z,y) is “well-behaved” at
all points (x,y) € R?, the solutions may still exist on only a finite interval.
The following are two such examples:

~ S~ N N N N N N N N N N~
SO N N N N N N N N N NS
~ S~ N N N N N N N N N N~
S~ N N N N N N N N N N N~
~ S~ N N N N N N N N N N~
~ S~ N N N N N N N N N N~
SN N N N N N N N N N NS
~ S~ N N N N N N N N N N~
SO N N N N N N N N N NS
~ S~ N N N N N N N N N N~
SO N N N N N N N N N NS
~ S~ N N N N N N N N N N~
~ S~ N~ N N NN N N N N N~
/S s o — — — —~ ~ N NN\
/ / / - - — — — ~ N N\ \ \
/ /S s s = — =~ N N\

\N\NNN N~~~/ 7/

N NN NS~~~ —— oy
N NN SN~S—~— — — sy

Figure 2.1: 3/ = 1 4 ¢2, y =—x/y

2.1.3 Vector valued functions

A system of first order differential equations are of the type

u(x) = f(z,u(z),v(z),...) wula)=U
V' (z) = g(z,u(z),v(x),...) wvia)=V
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Writing y(z) := | ¥() |, we find that

y/(w) _ v'(x) — g(%u(x)av(x) = F($,y($))

This is a vector first-order equation, and indeed, Picard’s theorem can be
generalized to this case. All we need is an analogue of the Lipschitz condi-
tion.

We say that F' satisfies a Lipschitz condition in y when,

|F(z,y1) — F(z,92)| < kly, — o
where | - | denotes the norm or modulus of a vector.

With this definition, we can repeat all the steps of the main proof, taking
care to change all y’s into vector y’s.

If F is continuous in x and Lipschitz in y in a region x € A, y € B
containing x = a, y =Y, then the o.d.e. y'(z) = F(x,y(z)) with initial
condition y(a) =Y is well-posed on a (smaller) interval about a; that is,
there is a unique solution y(z) which depends continuously on'Y .

Proof. Exercise: Go through the proof of Picard’s theorem again, using
vector variables throughout.

There is a simpler criterion which is equivalent to the Lipschitz condition:
u

If every component Fi(x,y) is Lipschitz iny = | V

|Fi(z,y1) — Fi(z,y2)| < ki(Jur — ua| + [vr —v2| + )

then the vector function F is Lipschitz in y.
Proof. The following inequalities hold for any positive real numbers
al,...,0n,
ai ai

<a+-+a, <Vn
(79 (7%

So
|F(z,y1) — Flz,y,)| < Y _|Fi(z,y1) — Fi(w, )|
< Zki(|U1-U2|+|U1—U2|+"')

< Kly, — 3
where K :=/n) . k;.

Exercise: Prove the converse.
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Example
Show that the system of equations
u'(z) = zu(z) —v(z), wu(0)=1
V'(z) = u(z)® +v(x), ©v0)=0
has a unique solution in some interval about z = 0.
This is an equation y'(z) = F(z,y(z)) where F(z,u,v) = (‘Zg;:j) It
is obviously continuous in = everywhere. Consider the components of the
function F":

[(zur — v1) — (Tug — v2)| < |2|[ur — ua| + |v1 — ve
< (k1 + 1) (Jur — uz| + |v1 — v2))
as long as |z| < ky;
\(u% +v1) — (u% + v9)| < |u1 + ual|ur — ug| + |v1 — va
< <2k2 + 1)(|U1 — UQ’ + ”Ul — UQD

as long as |u1|, |ug| < ko. This is enough to show that F' is Lipschitz in the
region (—1,1) x (—1,1), say. Hence, Picard’s theorem assures us there is a
unique solution in some (smaller) neighborhood.
Higher-Order Differential Equations
Consider the nth order ordinary differential equation with initial conditions
y™ (@) = Fz,y(x),....y" D (x))
given y(a) = Yp,9/(a) = Y1,...,y" V(a) =V, 4

It can be reduced to a first order vector o.d.e. as follows:

y(z)
ety = | Y| Differentiating gives
y(”‘:”(x)
y/’/(w)
y'(z) = @ = F(z,y(x),...,y" D (x))
F(z,y(x), ...,y (x))
Yo
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Therefore, as long as F' is Lipschitz in the vector sense, and continuous
in x, then the differential equation is well-posed.
If F(z,y,y,...) is continuous in x and Lipschitz in y in the sense that

‘F(‘Tuyluy,h .. ) - F(x7y27y/27 .- ) < k(|y1 - ZJQ‘ + ‘yi - yl2’ + .. ')7
then the differential equation
Yy (z) = F(a,y(@), ...,y V(@) given y(a) = Yo,9/(a) =Y1,...,y" V(a) = Yo

has a unique solution in some neighborhood of a.

Example
Show that the equation
y"(x) + cosz ¢/ (z) — sinz y(r) = tanz, y(0) =1,4/(0) =0

has a unique solution in some interval about 0.
Solution: Convert it to a vector first-order equation,

u'(x) = v(x) u(0) =1
V'(z) = tanx + sinz u(z) — cosz v(x) v(0) =0

The right-hand side is continuous in z in the interval —7 /2 < z < 7/2, and
Lipschitz in u, v,

|(tan x+sinx u; —cos x v1)—(tan z+sinx ug—cos x v2)| < |ug —ug|+|vi —va|.

Picard’s theorem then implies there is a unique solution in some interval
about 0.
Exercises 2.2
1. Find regions for which the following functions F'(z,y) are Lipschitz in
y:
1 — a2y, (x+ 1) y+ely, sin(z + y), tan(zy).

2. Show that ,/y is not Lipschitz in y in any region that includes y = 0.

3. Let f(xz) be a fixed function. Verify that the differential equation
v = f'(x) ++/y— f(x), y(a) = f(a), has solution y(z) = f(z) as well
25 y(z) = £(z) + Lz — a)?.

4. By first proving that F(y) = y + % is Lipschitz in a certain region,
show that the equation

, 1
v=yto y(1) =1

is well-posed in a neighborhood of z = 1,y = 1 and find the first three
approximations in the Picard iteration scheme.
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10.

11.

12.

. Consider the simultaneous differential equations,

u' () =2 —u(z)v(z), u(0) = —1,
V'(z) = u?(z) — 2v(w), v(0) = 2.

By considering (u(z),v(x)) as a vector function, apply the vector ver-
sion of the Picard iteration scheme to find the first three iterates.
Does the o.d.e. satisfy a Lipschitz condition, and what conclusions do
we draw from Picard’s theorem?

. Repeat for

w =wuv, u(0)=0,
vV =u+v,v(0)=1

. Apply Picard’s method for the o.d.e.

y'(x) —ay(x)’ =1,  y(0)=0

to get the first four approximations to the solution. Find the best
Lipschitz constant for € [—h,h] and y € [—[,1]. On what interval
about 0 does Picard’s theorem guarantee that a solution exists?

. Show that the following second-order equation is well-posed in a neigh-

borhood of z =1,

zy’" —y +2*/y=0, y(1)=1,9(1)=0.

. Show that the differential equation yy” + (y')? = 0 with y(0) = 1 and

y'(0) = 1 has a unique solution on some interval about 0. Find the
solution (hint: divide the equation by yy’).

If the Lipschitz function F'(z,y) is periodic (with period T'), and it
happens that y repeats the initial condition, i.e.,

Flz+T,y) = F(z,y), yla+T)=y(a)
show that the unique solution is also periodic.

There may be other ways of reducing a higher-order equation to a
system of first-order ones. A Lienard equation is one of the form

"= q "+ b(y). Use the substitution (u) = ( Y > to
y ®)y" + b(y) ; y — aly)

!/
reduce it to a first-order equation u, — (vt a(u) .
v b(u)

When a second order equation y” = F(y, 1) is reduced to a first order
equation using the substitution v = ¢/, show that we get U% = =
F(y,v). One can solve this first, then solve y’ = v(y). Use this method
to solve v = 2y/y.
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13. Suppose F(zx,y) is Lipschitz in y and continuous in z, and let y be a
solution of 3y = F(x,y), y(0) = Y, existing on an interval I. Show
that it must also be unique on I, i.e., no other solution can be identical
to it on any subinterval J C I.
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Existence of Solutions




CHAPTER 3

Linear Ordinary Differential Equations

Definition A first order linear o.d.e. is one of type:

y = Alz)y + f(x).

It can be rewritten in short as Ly = f where L = D — A.

The operator L is a linear transformation on the vector space of real or
complex functions, since taking derivatives and multiplying by matrices are
both linear operations. That is,

L(y, +ys) = Ly, + Ly,
L(ay) = aLy,

Examples.
1. Two thermal layers lose heat according to Newton’s cooling law,
U = —/{71 (u — U)

0 = —kov + k1 (u — v).

2. Two connected springs (or pendulums) attached at their ends satisfy
the equations

m1t = —kix + ke(y — ), mow = —ko(y — x)

T =, Yy =w
So
vl _ —kﬁ;;b 0 T% 0 v
Y 0 0O 0 1 Y
w % 0—%0 w

21
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Proposition 3.1

(Special case of Picard’s theorem)

If A(z) and f(x) are continuous in z on a bounded
closed interval, then the differential equation

Yy =Ay+f

is well-posed in that interval.

PROOF. We need to check that F(z,y) := A(x)y + f is Lipschitz in y.

1(Ayy + f) = (Aya + F)ll = [[Ay1 — v
= [[Au]llly = vl

where u := (y; — ¥2)/||y; — y2|| is a unit vector.

arr(x)ug + -+ + apn(x)uy,
lA(z)ul = || : | < law(@)ua] + - + Jann(@)un|

an1(T)ur + -+ + apn(x)uy,
< laan(z)[ 4 -+ + |ann ()]
<K
since |u;| < 1 and a;j(x) are continuous, hence bounded, functions on an
interval [« (].

(|

3.1 Homogeneous and Particular Solutions

We can use the methods and terminology of linear transformations to tackle
linear differential equations. The first thing that comes to mind is to try to
find the inverse L~' of the operator L := D — A. However in differential
equations, these operators are not invertible, e.g. the D operator sends all
the constant functions to 0. We are therefore led naturally to the study of
the kernel of L:

Definition The kernel of L is the set

ker L={u:Lu=0}={u:u = Au}

The equation y’ = Ay, is termed a homogeneous o.d.e..
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By choosing any initial condition y(a) = Y, Picard’s theorem shows that
there exist solutions to the equation u’ = Awu. The kernel ker L is therefore
non-trivial, so that L is not 1-1 (because both y = u and y = 0 are mapped
by L to Ly = 0), hence not invertible.

A particular solution is a single function yp which is a solution of
Lyp = f, among the many that exist. (There are as many solutions as
there are initial conditions).

The following proposition states that the gemeral solution of a linear
o.d.e. splits up into two parts:

Proposition 3.2

Every solution of y' = Ay + f is the sum of the par-
ticular solution and a solution of the homogeneous
equation.

PROOF. Suppose that y' = Ay + f. Recall L := D — A.
Lly—yp)=Ly—Lyp=f—-f=0
c.y—yp€kerl
S, Y—yYp =1ypg for some yg € ker L
wy(@) =yp(@) + yu(z)

This suggests that we divide the original problem
y=Ay+f yla)=Y

into two parts:

the particular equation: the homogeneous equation:
yp=Ayp+f Yy = Ayg with yy(a) =Y —yp(a)

3.1.1 The Homogeneous Equation

In this section we will investigate how many linearly independent homoge-
neous solutions there can be; in other words we will find dim ker L.

Let us denote by u the solution of the linear equation with some specific
initial condition, say u1(0) = ej, the first canonical basis vector. Then we
can solve the equation y’ = Ay for any multiple of this condition y(0) =
aer: the unique solution is y = aw;. Thus varying the initial condition
along a one-dimensional subspace of RY gives a one-dimensional space of
solutions of the homogeneous equation. It is clear that if we consider an
independent initial condition, y(0) = e2, then the solution uy will not be
in this subspace, i.e., it will be linearly independent also. The following
proposition generalizes this argument and makes it rigorous:
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Proposition 3.3

Let e1,...,ey be a basis for R". The set of functions
ui(z),...,un(z), which satisfy

Lu,- = 0, UZ(O) = €y,

is a basis for ker L; so its dimension is N.

PROOF. Let eq,...,e, be a basis for R", and let u;(x) be the unique
solutions of the following o.d.e.’s.

u) = Aur  ui(a)
uh, = Aug  uz(a)

1
2

e
e
ug\, = AUN uN(a) = €enN

More compactly, they can be written as u, = Au; wu;(a) = e;. Note
that Picard’s theorem assures us that w;(z) exists and is unique.

These solutions can be combined together to form a matrix Uy = [u; ... uy,]
that therefore satisfies the equation U’ = AU.

ui(z),...,un(x) span ker L: Let y(x) € ker L; that is y' = Ay. Let
Y = y(a); we can write Y = ), a;e; since the latter form a basis for RY.
Define the function

v(z) == aqui(x) + agua(x) + - - + ayun(z).
o V() = aqul(z) 4+ -+ anuy(z)
=ajAu; + -+ ayAuy
= Aluy + - + ayuy)
= Av

(We have already proved this: a linear combination of vectors in ker L re-
mains in ker L.)

Also

v(a) = aqui(a) + - + ayun(a)
= aje; + -+ anyen
=Y

Hence both y and v are solutions of y’ = Ay with the same initial
conditions. By uniqueness of solution, this is possible only if

y(z) = v(r) = arur(z) + - + ayun ()
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Therefore every function in ker L can be written as a linear combination
of the wu;.

The functions uy,...,uy are linearly independent: Suppose that
aqui(z) + -+ ayuy(x) =0 Ve,
then it follows that at x = a,
arel+ -+ ayeny = 0.

But the vectors e; are linearly independent so that «; = 0. Hence the
functions u;(x) are linearly independent.

We have just shown that u;(x) form a basis for ker L, the space of ho-
mogeneous solutions. Its dimension is therefore IV, the number of variables

in y.
g

Originally we wanted to solve the homogeneous equation, ¥y = Ayy, yy(a) =
Y. We now know that yj; is a linear combination of the N functions u;(z),

yu (@) = oqui(z) + - - + apuy(x) = Uzo
To determine the unknown vector «, we substitute the initial condition,
Y =yy(a) = Usa,
which implies that a = U, Y. Hence,
yy =U,U Y.

Note that if the initial basis for R were chosen to be the standard
basis, then U,, and hence U, !, is just the identity matrix, making the
above expression slightly simpler.

3.1.2 Solutions of Homogeneous Equation in Two Variables

Method 1.

First work out ¢}, v/,..., yin) in terms of the variables y; using the given N

equations. Invert this matrix to get an Nth order differential equation for
Y1

Example 1. Solve v/ = v, v/ = —u. Differentiate the first equation to
get u” = v’, and then use the second equation to write it in terms of u i.e.,
u” = —u which can be solved. v can then be obtained from v = u/.

Example 2. Solve v/ = u + 2v, v/ = u —v. We get v’ = v/ + 20 =
w4+ 2u—v)=u +2u— (u—u') =u+ 2u, which can be solved.
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Method 2.

This second method works only for the case when the coefficients of the
matrix A are constant. Any matrix can be made triangular by a suitable
change of variables, A = P~!TP where T is a triangular matrix and P is
a matrix of eigenvectors. Making the substitution Y (z) := Py(z) gives the
equation Y’ = Py’ = PAP~'Y =TY . This set of equations Y’ = TY can
be solved line by line starting from the bottom.

In particular, when A is a constant matrix (independent of z), the
equation ¥y’ = Ay, y(0) = Y, has a unique solution for all . In this
case the solution can be written explicitly as y(z) = e*Y, where ¢*4 =
I+zA+ (zA)?/21+ - --.

PROOF. Suppose y is any solution of y’ = Ay, and let v(z) := e~%4

y(z).
v'(z) = —Ae P y(z) + ey () = —Av(z) + Av(z) =0

sov(z) = v(0) =Y, and y(z) = e*Y. We now show that y(z) := e*Y
is indeed a solution: y'(z) = Ae®™Y = Ay and e’ = I, so y satisfies both
the differential equation and the condition.

Note that we did not need to resort to Picard’s theorem to show unique-

ness of this solution.
O

The second method is preferable to the first one when there are a large
number of equations, but for two equations or so the first method is just as
good and more practical.

We will in fact use this method to classify the different possible differ-
ential equations for N = 2. We assume, from Linear Algebra, that any real
2 x 2 matrix A, has zero, one, or two eigenvalues A and u, with the following
properties:

e Two distinct eigenvalues A and u; then A is diagonalizable.

e One eigenvalue A = p; then A may not be diagonalizable, but can be
made triangular.

e Zero real eigenvalues; the eigenvalues are complex, A = r + iw, p is its
conjugate r — iw; A is diagonalizable but with complex eigenvectors.

Let us consider each possibility:

Eigenvalues real and distinct

A0
0 p

bet*. The exponential e’ grows when \ > 0, it decreases when A < 0 and

The matrix A is diagonalizable, Y’ = < > Y has solution Y (z) = ae’ +
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remains constant when A = 0. One therefore gets various pictures of the
solution for various combinations of the values of A and pu.

-

Node Saddle Focus
Apu>00R A\ u<0 <0< A=p

If both eigenvalues are positive, the solutions form what is called a
source node; if both are negative they form a sink node; if one is positive
and the other negative the origin is called a saddle point; for the special
case in which the eigenvalues are equal but A is still diagonalizable, the
solution is termed a proper node (source or sink).

In general, an equation whose solutions converge towards the origin is
called a sink, while one for which the solutions diverge away from the origin
is called a source.

Eigenvalues complex conjugates

In the case that A = r + iw, u = r — iw, the solutions in general are
A et + Be™e ™Y, But these include complex-valued solutions; such a
linear combination is real when

0 = Im(Ae™? + Be %) = (Ay + Bs) coswz + (A; — By)sinwz
where A = Ay +iAy, B = B + iBy, which holds if, and only if, B = A.
This implies Ae™?® 4+ Be ™ = 2A; coswx + 2Assinwz. In this case the
solution is called a spiral and can be written as

Y (z) = ae’* coswzx + be" sinwz

The solutions spiral in or out towards 0 (sink or source) depending on
whether the real part r is negative or positive respectively.

The special case in which Re(\) =7 = 0 is called a center.
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© @

spiral center
A p=r+tiw A, = Fiw

Eigenvalues real, equal and not diagonalizable

In this case, the equations take the form

Y’z(éi)Y (a #0)

which has solution
Y (z) = ae’® + bze®

The solution therefore depends on the sign of A as in the first case.

The solution in this case is called a deficient node.

Note: These are the plots of U against V; if one were to convert back
to u and v the plot would look like squashed/rotated versions of them. For

example, a center might look like
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3.2 The Particular Solution

3.2.1 Variation of Parameters

Take the example

u=—-v+1, u(0) =2

vV =u+ax, v(0) =1
Solve the homogeneous equation to get (uh(x)> =a (@S x) +b < S & )

vp () sin x —Ccosx
Now consider a variation of the parameters, i.e., let
cos T sinx
= . b
y=al@) <smx) +b(=) (— coS x>
Taking derivatives and substituting into the main equations gives
W = —asinx +bcosx +a cosz + b sinw = —v +a’ cosx + b’ sinx

/ . /. / ! /
v =acosr+bsinzr+asinz—bcosxr=u-+asinz—"b cosx
So we require

@' cosz+bsiner=1

a'sing —b cost =z

Finding ¢’ and b’ and integrating gives a(z), b(x) and hence the whole solu-
tion.

Now consider a linear equation in two variables, y' = Ay + f(z), and
suppose the solutions of the homogeneous equation are au(x)+bv(z), where
a and b are arbitrary scalars. It was Lagrange who had the idea of trying to
find a solution of the full equation of the type y(z) := a(x)u(z) + b(x)v(zx).
We find

y =du+au +bv+bv
= d'u+Vv+adu+ bAv
= Ay +du+bv

If we can find functions a(x) and b(x) such that a’u + Vv = f then the
differential equation is completely solved.

More generally, suppose we have at our disposal the N homogeneous
solutions uy, ..., u, each satisfying u, = Awu;, and which can be combined
together to form a matrix U, = [u; ...u,] that therefore satisfies the equa-
tion U’ = AU.
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We can use these homogeneous solutions to find a particular solution
satisfying 4y’ = Ay + f. Let a be defined by

y(z) = Uza(z).
Therefore,

y =Ua+Ud
= AUa +Ud’
= Ay +Ud

therefore Ua' = f

= d(2) =U; ' f(2)

= a(x):/mUs_lf(s)ds—l—c

a

=  y(z) = Ux/ U7 f(s)ds+ Uge
a ~~

N~ yu(z)
yp()

x
So one particular solution is| yp(x) = / U,U; ' f(s)ds. |The matrix

a

U,U,~! is called the Green’s function for the system of equations. It can be
calculated once and used for different functions f.

To fully justify the above proof, we need to show that U, is invertible.

PROOF. Let W (x) := detU = det[uy,...,uy], called the Wronskian of
the functions wu;.

Abel-Jacobi formula states that W' = (tr A)W. To show this recall
Laplace’s formula for the determinant det U = ), u;x(adjU);, where adjU
is the classical adjoint of U; then taking the derivative on both sides gives

0

’ /

W' = E dus det U.uy;
ij

=Y O dir(adjl)k + ui0)ui;
7k
ij

= tr(adjU)U’ = tr(adjU) AU
= trU(adjU)A = tr(det U)A = (tr A)W.
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Alternatively,
=det[u],...,uy) + - +detfuy, ..., ul]
—det[Aul, co U] e+ detfug, ..., Auy)
= det[(e; 1Au1)u1 oo (en - U g, o) 4 -
= det(e; 1AU81)u1,u2,...,un]+--~

- Zei U AUe; det U

= tr(UTAUYW = tr(A)W
(Note also that, for any matrix A, det ed = etr 4,
considering a basis in which A is triangular.)
Solving gives W (z) = W(0)el " 4; as W(0) = det Uy # 0, it follows
that W (x) is never 0 and U, is invertible.

; this can be proved by

0

Example 1

Consider the equations

v =u—v+ f(z)
v =2u—v+ g(x).

When written in vector form we get

;o (11
Y —(2 _1>y+f,

where y := (%) and f := (5)
We first find a basis for the homogeneous solutions,

I 1-1 W =u—v
Yy = (2 1Y which is just o — 9y — v
These can be solved as follows,
=1 -V = - 2u—v)=u -2u+ (u—1u)=—u

= Acosz + Bsinx

u(z) —u'(x) = A(cosz + sinz) + B(sinz — cos z)

CcoS T sin x
. + B . .
COST + sinx SN — COST

~—
I
h N
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We can therefore take u1(z) = (cosprome) and ug(z) =

our basis for ker L. The particular solution would therefore be

(z) = up(x)\ cos T sinz
Ypit) = vp(z))  \(cosx +sinz) (sinz — cosx)
N (coss — sin s) sins f(s) ds
(coss+sins) —coss) \ g(s)
For example, if f(x) =1 and g(z) = —1, the integral works out to

T (coss —2sins d sinx + 2cosx
. s = .
2coss +sins 2sinx —coszx )’

up(x) cos x sin x sinx + 2 cosx
yp(r) = - i inx — inz —
vp(x) (cosz +sinz) (sinx —cosz) ) \2sinz — cosz
(2
- \3
Of course, we could have got this result much simpler by putting a trial

solution, but the point here is that there is a general formula which applies
for any function f.

( sinx

sin x—cos :E) as

Example 2

Solve the equations

u' = 2u+ v+ 3e*® u(0)
v = —du + 2v +4ze®®  v(0)

3
2

First solve the homogeneous equation:
' =20 +v =4 —8u

to get the roots 2 4 2i, hence

up () 9r [ COS2x 9y [ Sin2x
= =A ) B
yu(®) <’UH(JJ)> c <—2 sin 2:3) e (2 cos 2x
Putting the two independent solutions into the matrix U and working out
its inverse we get

U-lf = 16727” 2cos2z —sin2x 3¢2®\  (3cos2z —2zsin2x
2 2sin2x  cos2x 4ze®® | — \3sin 2z + 2 cos 2z
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Its integral is (_Slclgzg;f_f;‘;ffgx), so the general solution is given by

xX

v=un U [ U7f(s)ds

4 9g [ cos2x op [ Sin2x oy [ COS2x  sin2x sin 2z + x cos 2z

= Ae (—2 sin 2:1:> + Be (2 cos 2:1:> te <—2 sin 2x 2 cos 2z —cos2x + xsin 2z

9y [ cos2x  sin2x A oz [ T

€ (—2 sin 2z 2 cos 23;) <B) te (—2)
To satisfy the initial conditions, we need

3 10\ /A 0
(2) v (02) () (%)
that is, A=3, B=2.
In practice, the integrals need not give well-known functions. Also, the

method for solving the homogeneous equation can only be used for equations

with the coefficients of u, v being constants. The following cannot be solved
this way:

Legendre v/ (z) = v(x)/(1 — 2?) Hermite u'(x) = e”zv(:cg

V'(z) = —2u(x) V(z) = —de " u(x)
Bessel  /(xz) = v(x)/x Laguerre v'(x) = v(z)/x

V(z) = (N z—z)u(x) V'(z) = (z — Du(x) + v(z)

Exercises 3.4

1. Solve the simultaneous equations

v(x)+ o

o (z
v’ u(x) —1

)
()

given the initial conditions u(0) = 1 and v(0) = 2.

(Answer: u(z) = 3e” — 1e7®, v(z) = —2 + 3 + 37 7.)

2. Solve the simultaneous equations

o' (x) = u(z) +v(z)+ 1

V(z) = —u(z) +v(z) +
with initial conditions u(0) = 1,v(0) = 0. (Assume [ze e dr =
1 —=z

5 %(((x +1)sine —xcosz) —i((1 4+ ) cosz + xsinx)).)

(Answer: u(z) = 1e®(2cosz+sinz)+2/2, v(x) = e®(cosx—2sinz)—
(x+1)/2.)
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. The aquifer system in Malta can be modelled by two underground

water reservoirs containing amounts u,v of water. Rain is added to
each variable in the form (1 + sin x)/2; water is removed via boreholes
from each at a rate of 1; water passes from u to v at the rate of u/2,
and vice versa at v/10; water enters v from the sea at the rate of 1/2.
Write down the differential equations, then find the general solution.

. Show that the solution of the first-order equation 3’ + a(x)y = f(x),

for scalar functions y(x), as solved by the method in this chapter, is
the same solution as given by the integrating factor method.

. Use the Picard iteration scheme to show that the solution of vy = Ay,

y(0) =Y, with A a constant matrix (independent of z), is y(x) =
Y.

Show that U, = e and that the Green’s function is given by eA(* =),

If A is diagonalizable A = P~'DP, then e* = P~1eP P, where e” is
the diagonal matrix with the diagonal components being e, \; = D;.

. Given the equation y' = Ay+f, y(0) =Y, let v(z) := y(z)-Y. Show

that v satisfies the equation v’ = Av + f where f(z) = AY + f(z).

. Volterra: The equation y” + a1y’ + apy = f, y(a) = 0 = ¢/(a) has a

solution if, and only if, u+ [ k(z, s)u(s) ds = f has a solution. (Hint:
take v :=y” and k(z,s) := a1(z) + ag(x)(z — s).

. An ‘arms race’ can be modeled by using two variables u,v denoting

the value of arms in two countries. In normal circumstances, obsolete
arms are replaced by newer ones, and so & = « — au settling to a
stable value of u(t) = 1. But under the pressure of a second country,
the resulting equations may be

i =kv+a(l—u)

b:kgu—i—ﬁ(l—v)

What are the meaning of the terms in these expressions? What is the
solution, and why is it related to an arms race?



CHAPTER 4

Higher Order Linear O.D.E.’s

4.1 Initial Value Problem

We will consider higher-order linear o.d.e.’s of the type:
an(z)y™ (@) + ...+ ar(@)y (z) + ag(x)y(z) = f(2).

From the second chapter, we know that we can transform this equa-
tion into mn first order equations by introducing the vector variable y =
(y y ... y("_l)). In this case, because of the form of the equation, the re-
sulting first order equation is linear and therefore we can apply the methods
that were devised in chapter 2.

0 1 e 0 0

Yy = : R y+ |
—ag/an —a1/ay ... —an—1/an f/an
First, we find conditions when the equation is well-posed.

Proposition 4.1

(Special case of Picard’s theorem)

Given the o.d.e.

an(x)y™(x) + ... + ao(z)y(z) = f(x)
y(a) =Yy, ...,y V(a) = Y,_1,

if a;(z) for ¢ = 0,...,n and f(z) are continuous functions
and |a,(z)| = ¢ > 0 on an interval [«, 8], then there exists a
unique solution to the above equation in [a, fj].

The proof is obvious, since a;/a,, and f/a, are continuous functions with
the given hypothesis.

35
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Examples

The equation
22y’ —xy + (sinz)y = tanz, y(1) =0, /(1) =1,

is well-posed on the interval (0,7/2).
For the equation

z?y" —3zy +3y=0, y(0)=0, y'(0) =1,

az(z) vanishes at the initial point and the proposition does not apply. In
fact it is not well-posed and has many solutions y(x) = Az3 + z for any A.

Most of the methods that will be developed in this chapter carry over
to nth order equations, but we will only consider second-order equations for
their simplicity and because they occur very widely in applications.

The initial value problem in this case is of the form,

az(x)y"(x) + ar(z)y' (z) + ao(2)y(z) = f(z)

y(a) =Yy y'(a) =71

where ag, a1, as, f are given functions and Yy, Y7 given constants, and it is
required to find y(x).

From the previous chapter, we know that we need to solve two equations
and find

1. A basis for the homogeneous equation y'(x) = Ay(xz) which in this
case translates to:

az(2)yp (2) + a1 (2)yp () + ao(2)yn (z) = 0.
2. A particular solution yp satisfying,

az()yp(r) + a1 (2)yp(z) + ao(2)yp(z) = f(2).

4.1.1 Homogeneous Equation

The homogeneous equation can only be solved easily in a few cases, e.g. con-
stant coefficients, or Euler’s equations, whose solutions take the form of ex-
ponentials, or sines and cosines, together with polynomials and logarithms.
If the coefficients are polynomials it may be possible to use a general method
called the Frobenius method. The following is a short list of the most com-
mon second order o.d.e.’s that are encountered in applications.
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Bessel’s equation 22y +ay + (2% —n?)y =0
Laguerre’s equation '+ (1 —2)y +ny=0
Hermite’s equation Yy — (22 —n)y=0
Legendre’s equation (1 — 22)y” — 2zy’ +n(n+ 1)y =0
Chebyshev’s equation (1— 22" —ay +ny=0
Airy’s equation y' —zy=0

Euler’s equations 22y +axy +by=0

4.1.2 Change of Variable

One way of solving a homogeneous equation is by a change of variable, either
the independent variable z, or the dependent one y.
Ezample Solve zy" + 222(2 + x)y’ + 5y = 0.

o . . . . _ 1 . dt _ 2
By divine inspiration, let x = ;. Then, using - = —t7,
gl didy ady
der dxdt dt
dt dy/ dy d?y d3y dy
"= — L = (22— ) =t 232
YT da dt 2 T e Ty
Substituting into the main equation,
d’y  dy
— —4—=+5y=0
az ta Y

which solves to
y(t) = e?*(Acost + Bsint)

1 1
y(z) = e“’*(Acos - + Bsin x)

Ezample 1t is possible for non-linear equations to become simple linear
ones by a change of variable.

2

By another divine inspiration, let u := y?. Then y = u%, SO

Substituting into the main equation,
' —3u +u=0

which solves to
u(z) = Ae™® + BeP*

y(r) = V/ Ae*® + Bebx

where o, 8 = %
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Reduction of Degree

If one solution u of the homogeneous equation is found (in some way), the
other can be found by letting w := y/u, i.e., y = uw, so that ¥’ = vw’ +v'w
and 3" = ww” + 2u'w’ + v w; hence

0=19y"+ay + by =uw” + (2u' + au)w’

which is a first order equation in w’. (This also works for higher-order linear
equations: they are transformed to lower order equations, hence the name.)

Exercise. Solve uw” + (2u’ + au)w’ = 0 by separation of variables to get
the second solution v(z) = u(x) [ (u(s)?e/ ¢)~1ds.

Exercises 4.2
1. Determine ranges where the following equations have unique solutions:

(a) y" +y=tanz, y(0) =1, y'(0) =0,
(b) a?y” —azy' +y=x,y(1) =14 (1) =1,
(€) oy’ —2(x+ 1)y + (z+2)y = e"/z, y(1) = 0=9¢/(1)
(d) zy” — (sinz)y =0, y(1) = 0 =y'(1).
2. Given Euler’s equation x2y” + xy’ —y = 0, verify that y(z) = x is a
solution. Find the other one by reduction of degree.

Repeat for (1 + 22)y” + 2xy’ — 2y = 0.

3. Solve the equation z*y” + 223y’ — y = 0 by using the transformation
t=1/x.

4. Solve 2%y + xy/ —y = 0 and z%y" + 2/ — %y = 0 given that they are
of the type z™.

5. Solve zy” 4+ (1 — 2x)y’ — (1 — 2)y = 0 given that e” is a solution.

4.2 The Power Series Method

Given 3" + ay’ + by = 0 where a and b are polynomials (or more gen-
erally, power series). The idea is to suppose y(x) to be a power series
y(z) = Y7, ana™, substitute into the equation to get an infinite number
of equations in the unknown coefficients ag, a1, . . ..
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Examples

Harmonic equation y"” + y = 0. Suppose

|
=]
S
+
=)
=
8
+
s
®)
8
V)
+
s}
w
8
w
+

If this power series is to be zero, then its coefficients must vanish:

aQ ai ag Qp—2

G2 = =503 = 30,04 = T e Gn = T e T

Thus there are two series,

—1)"
ag,az = —ag/2,a4 = ag/4.3.2,a6 = —ap/6.5.4.3.2,... a9, = M;
(2n)!
(=1)"ay
al, a3 = —a1/3.2, as = CL1/5.4.3.2, ey A2n41 = m
The first few terms of the solution is
ao a1 ap
y(x) :ao—i—alx—aaﬁ—gx?’—i-ix +--
2 4 6
x x x
=a(l-5+ 5 ot )+
b
al (J? ? + a + )

The two linearly independent solutions are the two series enclosed in brack-
ets; they can be recognized as cos x and sin z.

Airy’s equation y"” + xy = 0. This time
y'(x) 4+ zy(z) = 2a9 + (ag + 3.2a3)x + (a1 + 4.3a4)2” + (ag + 5.4az)2> + - - -

If this series is to vanish, then its coefficients must all be zero, a,—1 + (n +
2)(n+ 1)apt2 =0, ie.,

ay =0,a3 = —ap/6,a4 = a1/12,a5 =0,...,a, = —anp—3/n(n —1),
Using this formula, it is clear that there are three sets of coefficients,

ag =045 = ag = -+ = 0, ap, a3z = —a0/3.2, ag — a0/6.5.3.2, ag — —a0/9.8.6.5.3.2, PN
ay,ay = —ay/4.3,a7 = a1/7.6.4.3, . ..
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The first few terms of the solution is

_ G 3 U 4 a6 ..
y(x) = a0+ e — 350" — mat 4 eemmat
4 7.4
—ao(l— 51‘34‘&.%'6 aﬂfg‘i‘ )+
2 5.2
ay(x — Ex4 + W$7 +--)

Again the two linearly independent solutions are the two series enclosed in
brackets.

Hermite’s equation y” — x?y = 0. This time
Y’ () — 2%y(x) = 2as + 3.2a32 + (4.3a4 — ag)x? + (5.4a5 — a1)2® + - --

hence as = 0 = a3, as = ap/4.3, a5 = a1/5.4; in general a, = ap—a/n(n—1),
so there are two independent series solutions

1
1 -4
ao(l+ 330"+ oo

ORI -
T 54" T 9854

Legendre’s equation (1 — x2)y"” — 2y’ + 2y = 0. This time we get
(2a2 + 2a0) + 3.2a3x + (4.3a4 — 4az)x® + - - -
s0 ag = —ap, az = 0, a4 = az/3, and in general, a,12 = a,(n —1)/(n + 1),

soag=0=as=...,and ay = —ayg, a4 = —%ao, aop = aop, etc. The
two independent solutions are x and

T 2n—1

l—z®— ———— - (=1—2ztanh ™ (z)).

The general method is to let

o0 [e.9] [e.9]
y(z) = Zanxn, y(z) = Znanx”_l, y'(z) = Zn(n — Dapz"?
n=0 n=1 n=2

then substitute into the equation y” + a(z)y’ + b(x)y = 0; this gives a
recurrence equation for the coefficients which can be solved to give the two
linearly independent solutions. There is a theorem which states that this
method always works as long as a(z) and b(x) are power series with some
positive radius of convergence.



4.2 The Power Series Method J Muscat 41

Bessel’s equation y” + Ly +y = 0 (There is no guarantee that there is
a power series solution, but in this case there is one.) Substituting gives

/
Y+ % +y=aiz !+ (das + ag) + ((3.2 + 3)az + ay)z + - -

Hence a; =0, ag = —ap/4, a3 = 0, etc.

Euler’s equation x?y" 4+ xy' —y = 0. Trying a power series we find

>0 o(n? —1)apa™ = 0. Thus a,, = 0 unless n = 1; so the only power series
solution is x. This is to be expected if the second linearly independent
solution is not a power series, such as y/z or 1/z. In fact, using reduction of
degree, we find the other solution to be xlogx. Other equations may have
no power series solutions at all.

Try some other problems of this type: Laguerre’s equation y" + I_Txy' +

%y = 0; 2%y” + 2y +y = 0 (has no power series solutions).

Regular Singular Points: If a(z) has a simple pole and b(z) has a
double pole (at most), then we can try a series of the type

y(x) = apx™" + -+ ap + 1T + Qrpor® + app3’ + oo
V(z) = —ragz" 4 o 4 apy1 + 2004107 4 3ar4 327 + dapygx + -
y'(z) = r(r + Daox "2 4 - + 2a, 19 + 3.2a,4 3% + 4.3a, 1 42° + - -

For r to be well-defined we must insist ag # 0.
Example. 3" + %y’ +y=0. Let y(z) :== Y 02y apz™ . Then

o
v+ ;y' +y= Z((n —r)(n—r —1)ay +2(n — r)ay + ap_o)z" "2
n=0
The first term of this series determines r and is called the indicial equation:
r(r+1)—2r =0, ie, r(r—1) = 0, i.e.,, » = 0,1. Choosing r = 1, we
find n(n — 1)a, + an—2 = 0, ie., ap, = —ap—2/n(n —1) (n # 0,1); thus
ay = —ap/2), ay = ap/4!, ..., and a3 = —a1/3!, a5 = a1/5!, ..., so the

solution is .
cosx sinx
ai

y(x) = ao
The general Frobenius method is to let
o
y(x) :=a" Z anz"
n=0

where ag # 0, and r can be fractional or negative, so that

° o
y'(z) = Z an(n+r)z" y'(z) = Z an(n+r)(n+r—1)z""2
n=0 n=0
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and then substitute. The coefficient in front of the lowest order term must
be equal to zero and this gives the indicial equation for r.

Examples. 22y + 2y’ — 7y = 0 (a1 is a simple pole and ay is a double

pole). Let y = 2" (ap + a1x + agx?® + - --), then we get
- 1
> ((n+r)(n+r—1)+ (n+7) = Pana" =0.

n=0

The first coefficient, corresponding to n = 0, gives the indicial equation
r(r—1)+r—1%=0,ie,r==%% Forr=3 weget (n+3)?—1)a, =0,
5o an = 0 unless n = 0, —1. This means that the solution is y(z) = ag\/z.
For r = -1, we get ((n — 1)? — })a, = 0, so a, = 0 unless n = 0,1, hence
y(z) = x_%(ao + ayz). The two independent solutions are \/x and 1/./z.
Note that in general, the smaller » will include the larger value of r if the

difference between them is a positive integer.

dxy” + 2y +y = 0 (both a; and ag are simple poles). Trying y =
2" (ag + a1z + agx® + - --) gives
o0
2(4(71 + 7)Y (n47—Da, + 20+ 1r)ap + an_1)z™ =0
n=0
(take a_1 = 0). The indicial equation is r(2r—2+1) = 0, giving two possible
values of r = 0, 3.

For r = 0, we get a, = 2n‘(‘5;i1) and yielding
2 3
y(@) = ao(l =5+ 5 — G +++) = agcos v,
while for r = %, we get a, = —% and
r 2?2 23 :
y(@) = aoVa(l = 5+ 75 = = +-++) = aosin v/

z%y" + 2y’ +y = 0. The power series is now > oo (n+7)(n+r—1)a, +
(n+7)an +a,)z™" = 0, so the indicial equation is r2+1 = 0. This seems to
indicate that there are no solutions, but in fact power series still make sense
for complex numbers, indeed have a nicer theory in that context. So we
should try r = 4i. For r = i, we find (show!) y(x) = agz?, while for r = —i,
we get y(z) = apz~?. Note that z7¢ = ¢*11°8% = coslogx & isinlog z, and
further that if y(z) = ax® + Bz~" is to be real, then 8 = @ and y(z) =
Acoslogx + Bsinlogx.

There are special cases when this method may not work: when r is a
double root, or when r has roots which differ by an integer, the method may
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give one solution only, in which case use reduction of degree to find the other.

Another failure case is when a1 is not a simple pole and ag a double pole:

e.g. 22y" + (3z — 1)y’ +y = 0 gives the ° solution” y(z) =Y .7 g nla™ which

has zero radius of convergence; zy” + 223y’ —y = 0 gives no solutions at
all. In such cases one can also consider power series about a different point.

Exercises 4.3
1. Solve 3/ = y using the power series method.
2. Solve by the power series method:

2y’ —2xy’ + 2y =0

h) z(z —1)y” + 3y — 2y =0 (Ans: 2% + 22 + 3, = I) )

3. In these problems, a power series solution is not guaranteed:

(b) zy” — (1 — )y — 2y = 0 (gives x2)
(©) @y + (1 - 20)y/ — (1 — 2)y = 0 (gives ¢*)
(d) 2?

x*y" —xy +y =0 (gives z)
2

y' =y +2y=0

y'—xy +xy=0

2ey" +y -2y =0
2+22)y"+3xy +y = 0 (Ans: (2422)~'/2, and times sinh~!(x/1/2))

4. Solve the problems above using Frobenius’ method.
5. Frobenius method

(a) 229" +y +2y=0

(b) 3zy" +y' —y =0

(c) 92%y" + 2%y +2y =0
(d) 22%y" + 32y — (1 +2)y=0
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(e) 2%y 4+ 2%y +y =0
(f) 42%y” + 42y +y =0,

(g) 23y" — xy’ +y = 0 (show that z is a solution, hence find the

other solution by reduction of degree; can you see why the second
solution cannot be written as a power series?),

(h) Bessel’s equation xy" + xy' + (22 — m?)y = 0.
6. Use the Frobenius method to find one solution of
xy’ +xy +y=0

(Ans. ze™*.) Use reduction of degree to find an independent solution
(writing it in terms of an integral).

7. * The Bessel equation 3y’ + ¢//x + y = 0 has a well-known solution
J(z). Show, by reduction of degree, that the second one is given by

Y(x)=J(z) [* %

Proposition 4.4

(Sturm separation theorem)

The zeros of the two independent solutions of
Y+ a1(x)y + ap(x)y =0

(with a1, ap continuous) are simple and interlace.

PROOF. Let u, v be two linearly independent solutions of the equation,
and let a, b be two successive zeros of u. As u is continuous, it must remain,
say, positive between the two zeros, by the Intermediate Value Theorem (if u
is negative, replacing u by —u makes it positive without altering the zeros).
Hence u/(a) > 0 and «/(b) < 0.

But the Wronskian W = uv’ — /v remains of the same sign throughout
the interval of existence of u and v. At a, W = u/(a)v(a) # 0, so uv/(a) > 0
(a must be a simple zero) and v(a) has the same sign as W. At b however,
W =4/ (b)v(b), so u/(b) < 0 and v(b) must have opposite sign to W. It follows
by the intermediate value theorem that there is a zero of v in between a and
b. This zero is in fact the only one, otherwise the same argument with u
and v in reverse roles would imply there is another zero of u in between the
two zeros of v.

0

Corollary: If u oscillates, then so does v.
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Proposition 4.5

In the equation y” + ay = 0 (a continuous),

If a increases then the distance between the zeros
decreases,

If a(z) > w? > 0 w € R, then the solutions are oscil-
latory.

PROOF. (a) Suppose as = a1 and let y;, y2 be the two solutions of
the two corresponding equations y” 4+ ay = 0. Translate y2 so y; and ys
have same zero at 0. Without loss of generality, y; is positive up to its
next zero at * = a. So y;(0) > 0 and yj(a) < 0. Suppose y5(0) > 0,
then —yoy) — a1y1y2 = 0 and y1y5 + asy1y2 = 0. Hence (y1y5 — y2y1) =
(a1 = a2)y1yz, so y2(a)yi(a) = W = ['(a1 — a2)y1y2, so y2(a) < 0 and y»
has a zero before .

(b) Since y” +w?y = 0 has oscillatory solutions, the solutions of ¢ +ay =
0 must remain oscillatory by (a).

g

4.3 Green’s Function

We now substitute into the formula found in Chapter 3 to get a concise
formula for the particular solution.

Theorem 4.6
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The equation, y”(x) + a1(z)y'(z) + ao(x)y(z) = f(x) has a
particular solution,

yp(r) = /x G(x,s)f(s)ds

where G(z,s), the Green’s function for the initial value
problem is defined by

where v and v form a basis for the solutions of the
homogeneous equation and

PrOOF. Following the method in chapter 2, we define the matrix U, =
u/(x) v/(x) , and its determinant W (z) = det U,. We can now substitute
u'(x) o' (x)

into the formula

Y (z) = U, /x U f(z)ds + Uye
(

() = () 50) [ vt (o )
:

Reading off the first component we get

[ uls)ele) vl
eta) = [ ML o) s

The first part is the particular solution, which is of the required form, while

the remaining part is the homogeneous solution.
O

Examples

1. Solve the equation y”(z) + y(x) = tanz  y(0) =1, y'(0) = 0.

Solution. There is a unique solution because the coefficients are con-
stant and tanz is continuous in x around the initial point x = 0.
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y" 4+ y = 0 has solutions cos(z) and sin(z), which we can take to be
the basis for ker L. Their Wronskian is

W (s) = det ( cos(s) Sm(s)) =1

—sin(s) cos(s)
Therefore the Green’s function for this problem is given by,
G(z,s) = cos(s) sin(x) — sin(s) cos(x)

and the particular solution by,
yp(z) = / [sin(z) cos(s) tan(s) — cos(z) sin(s) tan(s)] ds
0

= sin(m)/o sin(s)ds — cos(m)/O sec(s) — cos(s)ds
= —sin(x)(cos(x) — 1) — cos(x)(log(sec(z) + tan(x)) — sin(z))
= sin(z) — cos(x) log(sec(x) + tan(x))

The general solution is,

y(z) = Acos(x) + Bsin(z) + sin(z) — cos(z) log(sec(z) + tan(x))

Substituting the initial conditions,
1=y(0)=A, 0=90)=B+1-1
gives the solution

y(x) = cosz + sinz — cos x log(sec(x) + tan(x))

2. Solve zy"(z) — 2(x + 1)y'(z) + (x + 2)y(x) = €*, y(1) = 0 = y'(1),

given that the solutions of the homogeneous equation are of the type
eg(x).
Solution. There is a unique solution because the coeflicients are con-
tinuous in z around the initial point z = 1. Substituting y = e%g,
y =e"(d +9), v =e"(¢" +2¢ + g) into the homogeneous equation
gives, after simplifying and dividing by e*,

zg" () — 2¢'(x) =0
This can be solved: if necessary, substitute h(z) := ¢'(x) to get

2
T== = @) =hz)=c’ = gl)=A’+B
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yu () = Az®e® + Be®

So, u(z) = 3%, v(z) = €*.

The Wronskian is then

W(x) = det 1 e® = —3z%e*®
322+ 23 1

and the Green’s function is

3,8

s3e 3,z ,8

et — x°ee
—383625

G(z,s) =

A particular solution is then

T 3,z T T T T
yp(x):/ G(a;,s)f(s)ds:x‘;/ 1‘ds—63/ 1d3:—%

g3

Combined with v and v, we get the general solution
3 x T 1 T
y(x) = Az°e” + Be® — %e
Substituting the initial conditions,

0=y(1) = Ae + Be — 3e

0=y(1) =dAe+ Be—e A=1/6,B=1/3

and the solution is

x

y(a) = (@~ 3z +2)

Notice that once G(z,s) is found for L, it can be used for another f to
give the corresponding particular solution.

Trial solutions The method outlined above need not be the best method
to apply when f is a simple function such as polynomials, exponentials or
trigonometric functions; in this case, one can often guess the answer or try
solutions of the same type. For example, y'+y = e® gives y(z) = Ae "+ %ez
by inspection.

Linearity of the Particular Solutions Of course one can split f into sim-
pler parts f = f1 + -+ + fn and find a particular solution y; for each f;; in
this case y; + - - - + yn is a particular solution for f, by linearity.

4.4 Boundary Value Problem

Second order differential equations require two conditions to determine the
constants A and B that appear in the homogeneous solution. Up to now we
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have considered initial conditions, but there can also be boundary condi-
tions of the type:
yla) =Y,  yb) =Y,

where Y,, Y}, are given constants. Such equations are called boundary value
problems.

Note that boundary value problems are not of the type treated by Pi-
card’s theorem, and in fact we are not guaranteed that solutions always
exist in this case. For example, there are no solutions of ¢y + y = 1,
y(0) = 0 = y(n); there is a unique solution of y” 4+ 2y = 0, y(0) = 0 = y(n)
(namely, y = 0); there are an infinite number of solutions of y” + 4y = 0,
y(0) = 0 = y(m).

However a solution, if it exists, will be of the type found above.

y(z) = yp(x) + Au(z) + Bv(x)
One can proceed to find A and B via

Ya = y(a)
Y, = y(b)

(a) + Au(a) + Bv(a)

yp
yp(b) + Au(b) + Bu(b),

which is equivalent to solving

(u(a) v(a)) (A> _ (Ya — yp(a)>
u(b) v(b) ) \B Y, —yp(d)) "
It can happen however that the matrix on the left is not invertible, and

hence either no A and B exist or an infinite number of them do, depending
on whether the equations are consistent or not.

Exercises 4.7

1. By first solving the homogeneous equation, calculate the Green’s func-
tion of the following differential equation:

y' =3y’ +2y=f(x) y(0)=1 y(0)=2

Solve the equation for the case f(x) = e”.

(Answer: 2e2* — e*(1 + x))

2. Find the general solutions of the equations

(i) " + 4y = sin 2z,
(i) y" +2y' + 1+ o)y = f, a#0.

Answers: (i) —1x cos 2x+A cos 2x+ B sin 2z, (i) G(z, s) = (e* % sin a(x—
( ( ) 4 I I

s)/a.
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3. Find the general solutions of

(a) x2y" —2xy 42y = 2 given that the solutions of the homogeneous
equation are of the type z”. (Answer: 1—123:5 + Ax? + Br)

(b) zy” —2(x + 1)y + (x + 2)y = e*/x given that y(z) = e g(x).
(Answer: (e®logz)/3 + Ax3e® + Be®)

(c) 2%y’ —xy'+y = z given that y(z) = g(logz). (Answer: 1z (logz)?+
Az + Bzxlogx)

4. Solve the equation,

1 1
y' =2+ )Y+ (14 )y =ae™ !
x T
with initial conditions y(1) =0, y/(1) = 1.
(Hint: the solutions of the homogeneous equation are of the form

e?g(x). Answer: +(z® —1)e®™1)

5. Solve
y" + (tanz — 2)y' + (1 — tanz)y = cosx
given that the homogeneous solutions are of the type e*g(x) and that
the initial conditions are y(0) =1, y/(0) = 0.
(Answer: 3(e” + cosz — sinz))
6. By making the substitution z = e, find 3/(x) and y”(z) in terms of

dy/dX and d?y/dX?. Find two linearly independent solutions of the

equation,

w2y//+xy/+y:0

and calculate the Green’s function.

Hence find the solution of the equation,

2y +ay +y=1 y1)=0y(1)=2

(Answer: 2sinlogx — coslogx + 1)

7. Solve
J:Zy// _ l’y, +y=1
given the initial conditions y(1) =1, ¢/(1) = 1.
(Answer: xlogz + 1)

2,1 2

Y +axy —y==x
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8.

10.

11.

Assume that two linearly independent solutions of the equation,
2,1 / 2
Yy +axy + (- 1)y =0

are J(x) and Y (x) (Do not attempt to find them).

Evaluate the Green’s function for the equation, and use it to find a
formula (involving integrals) for the general solution of the equation,

2y +ay + (@ -y =fx) y(1)=A4 y(1)=B

Solve the equation y” + A%y = 1, y(0) = 0 = y(n). Hence verify the
assertion above that there is (i) no solution if A is an odd integer, (ii)
a unique solution if A ¢ Z, (iii) an infinite number of solutions if \ is
an even integer.

Let u, v be two solutions of the linear second order o.d.e.
! /
a2y” + a1y + apy = 0,

where ag, a1, as are continuous, as # 0.

Show that the Wronskian of u and v satisfies the differential equation
asW' 4+ a1 W = 0.

Solve this differential equation to get an explicit formula for W(x).
Deduce that W vanishes if it vanishes at one point.
(*) Show that the Green’s function G(z,s) has the properties (a)

G(s,s) = 0, (b) 0.G(s,s) = 1/aa(s), (c) LG = 0, and that these
properties determine G.
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CHAPTER 5

Dynamical Systems

Let us return to the general non-linear o.d.e. for a function y(x),

Y'(z) = F(z,y(x)).

Such differential equations are usually impossible to solve in closed form
i.e., written in terms of some standard functions. Only a handful of such
equations can in fact be so analyzed.

But such equations are very common in nature or in applications.

Examples

1. Logistic Model: Consider a model for rabbit reproduction, where w(t)
denotes the number of rabbits at time ¢,

= au(l —u/b), u(0) = up.

The parameter a is the natural fertility rate minus the natural death
rate, while b is a term that gives the stable population given the size of
the habitat etc. This equation can in fact be solved explicitly (exercise)
to give

u(t) = b/(1 + (b/ug — 1)e™™).

The rabbits increase or decrease in number until they reach to the
fixed value b, independent of the initial number «(0).

Now consider a model representing the interaction between rabbits u
and foxes v, where the latter prey upon the former. The model now
consists of two interdependent differential equations.

= au(l —u/b) — cuv
U = duv — ev

This time, although there is a unique solution for every initial condition
(by Picard’s theorem), we cannot write it in closed form.
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. The pendulum satisfies the differential equation,

f=—sing —ch

This is not first order, but we can change it to one, by introducing the
variables v = 0 and u = 6,
U=0

v = —sinu — cv

. A model for how the body’s immunization proceeds is to consider two

types of immunity cells, called lymphocytes, denoted here by u(t) and
v(t), which depend on each other via

. b + cuv
t=a—bu+ ———
1+ duv

b —d Yoy UV
N 1+ duv

Different persons have different values for the constants a, b, .. ..

. A van der Pol electrical circuit is such that the current and voltage

satisfy the equations,

where p(u,v) is a cubic polynomial of u and v. This electrical circuit
behaves abnormally in that it keeps oscillating with a strange wave-
form.

. A very simple model of the atmosphere, using the barest minimum of

variables, consists of the equations,
= —10(u — v)

v=30u—v—uw

w = uv — 3w

. The onslaught of a contagious disease can be modeled using three

variables u, v, w denoting respectively the number of persons who have
not yet had the disease, the number who are currently ill, and the
number who have had the disease and are now immune to it. One
model is the following;:

U= —auv + A — \u,
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U = auv — bv — uw,
w = bv — \w,

where a is the rate at which infections occur, A is the birth rate (equal
to the normal death rate in this case), u is the rate at which the ill die,
and b is the rate at which they recover (and become immune). Try
values a = 4,b = 2, A = 0.02 and varying values of p.

7. Applications to economics involve the dynamic evolution of income,
consumption, investment, inflation and unemployment. To chemistry
includes the variation of chemical concentrations while they are react-
ing or mixing. See the section on Non-linear equations in the Intro-
duction.

5.1 State Space

In this chapter we analyze, in a general way, autonomous equations of the
form

Y =F(y)

More general differential equations of the type vy’ = F(z,y), can be
reduced to this form by letting v := (z,y) so that v' = (1, F(v)) = G(v)
(at the cost of incrementing the number of variables); or isoclines of constant
slopes F'(z,y) = ¢ can be drawn; in particular, the isocline for F(z,y) =0
separates the x — y plane into two regions where the slopes are positive and
negative, respectively.

We call the space R" of variables u, v, ..., the state space of the system.
For simplicity we restrict ourselves to the case of two variables u,v. The
presence of more variables makes the analysis progressively harder with ever
more possibilities for the behavior of the solutions. With three or more
variables, the solutions may behave chaotically without ever converging yet
not diverging to infinity, or they may “converge” and trace out a surface
that may be as simple as a torus or more complicated shapes, called strange
attractors. The weather example above “converges” to the Lorenz attractor.

At each point (u,v) in the state space there is a corresponding vector
y' = (v,v') = F(u,v) which indicates the derivative of a solution y(z) =
(u(z),v(x)) passing through that point. Solutions must be such that they
follow the vectors of the points that they traverse, starting from any initial
point. It follows that if we plot these vectors in the state space we ought to
get a good idea of how the solutions behave. Such a plot of the vector field
F(u,v) is called a phase portrait and is usually done using a computer.
The commands are usually variants of VectorPlot and StreamPlot.

The problem with such simple computer plots is that one cannot be
sure that all the important information has been captured within the range
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Figure 5.1: The vector field of the predator-prey equations @ = 2u —u? —uv,
V= UV — 0.

of the plot. Moreover, we would need to substitute particular values for
the parameters and initial conditions. In this section we develop a more
comprehensive treatment.

A good way to analyze the vector field is to divide it into separate regions,
each region having corresponding vectors in the four quadrant directions i.e.,
N/E, S/E, S/W and N/W. The boundaries of such regions will have vectors
that point purely to the “north”, “east”, “south” or “west”.

To do this we can plot the set of curves, called nullclines, resulting
from ' = 0 (vertical vectors) and v = 0 (horizontal vectors). Moreover
we can decide whether vertical vectors are pointing “north” or “south”,
and similarly for horizontal vectors, by taking sample points on them and
checking whether v’ or u’ is positive or negative.

5.1.1 Equilibrium Points

The path that a solution y(x) takes as x ranges in R is called a trajectory
(depending on the initial point). One of the aims of Dynamics is to de-
scribe, at least qualitatively, the possible trajectories of an equation. There
are three basic types: those that remain fixed at one point, those that close
on themselves (periodic), and those that never repeat (topologically, either
a point, an open-ended line, or a circle). Note carefully that trajectories
cannot intersect (otherwise there would be two tangent vectors at an inter-
section point).
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Figure 5.2: A schematic plot of the vector field of the same predator-prey
equation.

Definition An equilibrium point or fixed point is a point y, in
the state space with zero tangent, i.e., y' = F(y,) = 0.

If a solution y(x) is started at an equilibrium point y(0) = y, it re-
mains there. They can be found at the intersection of the boundaries of the
different regions.

Exercise: Show that the equilibrium points for the examples given above
are, respectively, 2) (0,n7), 4) (0,0), 5) (0,0,0).

The equilibrium points are important because they are the points to
which the solution may converge to. Each such equilibrium point has its own
basin of attraction set: a solution that starts from inside a basin converges to
the associated equilibrium point. However, solutions may diverge to infinity,
or even “converge” to a limit cycle, as happens with the van der Pol equation.
So knowing the fixed points only gives us partial answers to the behavior of
the variables.

We can see what goes on near to an equilibrium point by taking points
y = yo + h with h = (h,k) small in magnitude. Substituting into the
differential equation leads to a linear differential equation, approximately
correct in the vicinity of the equilibrium point yg. This is achieved by
taking a first order Taylor expansion of F'(y) around the fixed point:

y' = F(y) = F(yo +h) = DyF(yo)h + O(2).

Notice that for equilibrium points, F(yo) = 0. Also, the second term
D, F(x0) is simply a matrix A with constant coefficients.
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Therefore we get
h' = Ah + O(2).

We have already treated such equations in Chapter 2, where we found
that the eigenvalues of A are, in almost all cases, enough to specify the type
of solution. In our case these solutions will only be accurate near to the
equilibrium points, as the further we go from them, the larger h becomes
and the O(2) terms cannot be neglected any more.

Not all equilibrium points are similar. Some are stable, meaning that
slight changes to y lead to solution curves y(z) that converge back to the
equilibrium point. Others are unstable: any slight change in y from y,
increases in magnitude, with y(z) moving away from the equilibrium point.

We have already classified all the possible generic types of linear equa-
tions in two variables. Each equilibrium point will, in general, be one of
these types:

Node/Saddle: Both eigenvalues real (positive/negative). Of these only a
node sink is stable (both eigenvalues negative).

Spirals: Figenvalues are complex conjugates. The equilibrium point is
stable if Re(A) is strictly negative and unstable if it is strictly positive. It is
neutral if it is zero.

Deficient node: Eigenvalues are equal, and non-diagonalizable. A de-
ficient node is stable or unstable depending on whether the eigenvalue is
negative or positive respectively.

In short, an equilibrium point is stable if all its eigenvalues have nega-
tive real part. If at least one eigenvalue has a positive real part then it is
unstable. In the special case that one eigenvalue has negative real part and
the other zero, or both have zero real part, then the first-order term in the
Taylor expansion is not enough to decide stability. In this case, one look for
those directions which converge or diverge from the equilibrium point. For
example, consider the equations

u/:U2_u2

?}/:?M}

Then let (:j ) = f(x) (é), and substitute into the equations to get

Af'(z) = (B — A%) f(x)?
Bf'(x) = ABf(z)
It follows that A2B = B(B% — A2),s0 B =0 or B = +/2A.

In general, the solutions will converge towards one of the stable equilib-
rium points or to infinity. Each of these has its own basin of attraction.
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Examples

1. Resistive Pendulum Find and analyze the fixed points of the “resistive”
pendulum:

6 =—bd —asinb,
where a and b are positive constants.

Defining v = 6 and u = 6 we get the system of equations,

U=

V= —bv—asinu

To find the fixed points, we set both equations equal to 0, and solve
simultaneously to get the points (n,0).

Let us fix n, and linearize the equations about this fixed point by taking
u =nm+ h and v = 0+ k. The Taylor expansion gives, up to first
order, h = 0+k and k = —b(0+k) —asin(nw+h) = —bk —a cos(nm)h,
that is

The eigenvalues of the matrix are

%(—b + /B~ A(=1)"a)

For n odd, there are two real eigenvalues, with one of them certainly
positive, making the fixed point unstable;

For n even, the discriminant may be positive or negative: if b —4a > 0
(i.e., the resistive forces are high) then the eigenvalues are both real
and negative, making the fixed point stable; if the discriminant is
negative, then the eigenvalues are complex, but with negative real
part —b/2; the fixed point is stable in this case also.

2. Species Habitat What happens to a species if its habitat is destroyed
slowly? Will it reduce in number proportionally, or will something
more catastrophic happen?

A simple model that includes two predator/prey species and a habitat
parameter D is the following:

v = u(D —u) —uv,

U/:’U/U—U.

The curves in state space with u’ = 0 are given by u = 0 or v = D —u.
Similarly v = 0 gives v = 0 or v = 1. The equilibrium points are
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0 D 1 .
therefore <0>, <0> and (D B 1>. The last two points are only

feasible when D > 0 and D > 1 respectively. Let us analyze each in
turn:

At <8>,Weletu:0+h,UZO—I—k:toget

<Z> - <lo) _01> (Z) +0(2).

The point is therefore a saddle point when D > 0, a sink otherwise.

At (g),weletu:D—i—h,sz—i—ktoget

n -D -D h
()= (05 70) (&) o
When D > 1 the point is a saddle point again, but when 0 < D < 1 it
is a sink.

At <D1_1>,weletu:1+h,v:(D—l)—i—ktoget

n -1 =1\ (h
() = (o2 0) (&) o
Its eigenvalues are —1 + /1 — D. Hence we get an inward spiral if
D >1.

We get the following picture: when the habitat is still large, D > 1,
both species coexist spiralling about the third fixed point. As the
habitat is reduced beyond a critical value, D < 1, the predator species
becomes extinct and the prey stabilize to the second fixed point. With
a further reduction in habitat to D < 0, the solution converges to the
origin, and even the prey species becomes extinct.

Other Cases

Degenerate Equilibrium Points It is possible for an equilibrium point to
consist of two or more superimposed simple equilibrium points as described
above, in which case it is called non-hyperbolic or degenerate. The picture
below shows a spiral coinciding with a saddle point. The analysis of such
an equilibrium point yields a number of zero eigenvalues (or zero real parts)
which cannot specify the type of point: higher-order terms are needed.
Limit Sets In some differential equations, the solutions converge to a
set other than an equilibrium point, such as a periodic orbit. The van der
Pol equation, and the equation governing the heart, are two such examples.
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These special points are often said to be non-wandering: the trajectory
of such a point y, returns infinitely often to its vicinity,

Ve > 0,Vzo, 3z > x0, ||[y(x) — yo|| < e.

Chaos theory essentially started when it was discovered that in 3 dimensions
or higher, there may be non-wandering points other than equilibrium or
periodic points (forming strange attractors or repellers).

Figure 5.3: An example of a degenerate equilibrium point v’ = uv, v’ = u—w.

Exercises

Describe the fixed points of the following differential equations and make
a sketch of the phase portrait (for the 2-D problems):

1.

u = -1

v =v(u—1)
2.

v = uv — v?

/_1_u2
3.

u =

v =2 v
4.

U = uv

= —4u + sin 2v
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10.

11.

. Duffing’s equation v’ = u —u

T=x+y+zy
y=-2y+z
z = 2z +siny

. Compare the phase plots of

T+z+x=0

T—z+x=0

. For which values of a, b in & + ai? + bz = 0 does x(t) have non-trivial

periodic solutions?

3.

. Analyze the higher-order equilibrium point of

’LL/ = —uv

v/:u2—|—v2

Infection Model: Suppose the population is divided into the Suscepti-
ble, the Infected, and the Recovered (or vaccinated), with populations
u, v, and 1 — u —v. A model for the spread of an infection is

v = auv — bv

' =c(l—u—v)—auv

Interpret the significance of the parameters a,b,c. Draw the phase
portrait for the cases ¢ > 0, ¢ = 0. Taking the case of a immunity-
inducing disease, i.e., ¢ = 0, a > b, explain on the phase diagram
what happens in an outbreak of the disease. What proportion of the
population, 1 — u (with v = 0), ought to be vaccinated to ensure that
there are no outbreaks of the disease?

Show that in R2?, an equilibrium point is stable if det A > 0 and
trA < 0, and unstable if det A < 0 or det A > 0 but trA > 0. Note that
the stability of the equilibrium point cannot be decided if det A = 0.

5.1.2 Gradient Flows

A gradient flow is a set of equations of the type & = —VV (x) where V is a
differentiable function (the sign is negative by convention). The dynamics
of these equations are special:

The equilibrium points are the maxima/minima/critical points of V. In
general, V(x(t)) is decreasing (because %V(m(t)) =W & =—|W|> so
the trajectories (t) move away from the maxima and towards the minima,
and there can be no periodic solutions.
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5.1.3 Hamiltonian Flows

u = %—f,v’ = —%—IZ. The function H(u,v) is called the Hamiltonian of the
system.

Conservation of Energy: The Hamiltonian function is preserved along a
trajectory H (u(z),v(z)) is constant, independent of x. That is, the trajec-

tories belong to the level curves of H.

PRrOOF.
d _OH , . 0H
@H(U(ﬂf)w(@) = o (z) + 0 Y (2)
= V' (2)u (z) — ' (z)v'(z) = 0
[l
Example, v’ = av, v" = —bu (a,b constant), is a Hamiltonian flow with

H = %(bu2 + av?). More generally, the system u' = f(v), v/ = g(u) is
Hamiltonian with H = F(v) — G(u), where F' and G are the integrals of f
and g. In particular, equations of the type u” = —V’'(u) (so the Hamiltonian
is 3p% + V().

The equilibrium points of a Hamiltonian flow are also the maxima/minima/critical
points of H(u,v), but this time the trajectories move “around” such points.

At an equilibrium point, (ug, vg), let u = ug + h, v = vo + k, then

0’H 0’H
/_
W= 8u8vh+ Ov? K
0’H 0’H
/— J— —
k= 8u2h Buﬁvk
a b

This gives a matrix of the type K := < >, which has eigenvalues

—Cc —a
A = £+ —det K. There are thus two possibilities, either a center or a saddle
point (unless degenerate).

A remarkable property of Hamiltonian flows is that areas are preserved:
consider an infinitesimal rectangle with one corner (u,v) and sides du, dv.
After x changes to = + dx, the corners move to new positions; (u,v) moves
to

0H

u(z +dz) = u(x) + %51'
oOH

v(x 4 ox) = v(x) — %530

(u 4 du,v) moves to
0OH 0?
(u+ ou)(z + ox) = u(z) + du(x) + %5$ + méué:v
2
v(x 4+ ox) = v(x) — 6—H&c 9 H(Suéx
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(u, v + 0v) moves to

OH 0’H
u(z +dz) = u(z )—1-8—53:—1— 502 ——0vdx
OH O*H
(v+v)(z+dz) = v(z) + dv(x) — %5@“ - 8uav<5v5x

B H St
So the sides of the infinitesimal rectangle become the vectors < Q“av )

&g ox
82H(5
and ov2 Ve S dv. Its area, which initially was dudv, becomes |side; x
" Oudv
sides| = dudv|l + det Kéx2|. To first order, there is no change in the area,
i.e dArea __ —0.

dx



CHAPTER 6

Numerical Methods

Since most non-linear differential equations are impossible to solve analyti-

cally, it becomes imperative to have algorithms for such cases. We seek meth-

ods to get an approximate solution for y(z) that satisfies v/(z) = F(x,y),

y(0) =Y, where F' is continuous in z and Lipschitz in y. The methods that

we will describe here work by dividing the range [0, ] into small steps of size

h, so that x,, = nh, and finding approximations y,, ~ y(z,) for the solution.
The algorithm must have two important properties:

1. The approximations y, must converge to the real solution y(z) when
we take smaller step sizes i.e., as h — 0;

2. The algorithm must be numerically stable, meaning that slight errors
in round-off do not swamp the results.

In the following sections we will denote vy}, := F(zy,y,). This is not in
general equal to y'(x,) = F(zp,y(x,)) because y, may not be equal to the
solution y(x). In fact the difference e, := y(x,) — y, is the total error of
the algorithm. Recall from the first chapter that when a solution is started
at a slightly different point y(0) = Y + 4, the difference tends to increase
exponentially; this means that the errors e, may, and often will, become
magnified.

6.1 FEuler’s Method

The simplest iteration is the following;:
Ynt1 = Yo +hyp, Yo=Y

The idea is that y(xn41) = y(z, + h) = y(z,) + hy'(x,) and we use the
available information to substitute y, instead of y(z,) and y/, instead of

Y (wn).

65



66 J Muscat Numerical Methods

Example

Let us try this method on y' =y, y(0) = 1, whose exact solution we know.
The iteration becomes

Yn+l = Yn + hyn, Yo := 1.

Try it out with some value of h, say 0.1, and see whether the values are close
to the actual solution y(z) = e*. For this simple example we can actually
get an exact formula for y, by solving the recursive equation to get

yn = (1+h)™
Since z,, = nh we have y, = (1+h)®/"* — e as h — 0. So Euler’s method
does work for this simple problem.
6.1.1 Error Analysis

Let us see how the errors increase in size in general. Let e, := y(z,) — yn
be the total error at the point x,,. Then, by Taylor’s theorem (assuming y
is twice differentiable),

Y(@n41) = y(@n +h) = y(a) + hy' (z) + O(h?),
Yn+1 = Yn + hyp.
Subtracting gives,
ent1 = en + (Y (2n) = yp) + O(h?).
But from the Lipschitz property of F(z,y),
Y (@n) = Ynl = [F (@, y(2n)) — F(@n, yn)| < Ely(za) — yn| = Klen|-

So
lent1| < |en| + hklen| + ch?® = ale,| + ch?

where c is the maximum of the residual O(h?) function, given approximately
by |y”(x)/2|. Taking the worst case for the error at each stage, we get (for
h sufficiently small)

len] < aeg| +ch?*A+a+...+a™ !
= (1 + hk)"|eo| + ch®[(1 + kh)" — 1]/hk

— (14 2wk /n)"|eo| + %[(1 kg /n)" — 1]

ch

< e leg] + P (eken — 1)
ch
< e (feo] + <)

We can conclude various results here:
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1. An error is introduced at each step, of order h? at most; and the total
error added by the algorithm is proportional to h. Hence halving the
step size reduces this algorithmic error e, by half.

2. There is a second error term, called the propagation error, originating
from |eg|. This is the same error we had analyzed in Chapter 1, where
we called eg = 6. But it can also represent the computer number
accuracy. Both errors increase exponentially as we get further away
from the initial point. The worst error can be expected to be at the
furthest point from O.

3. The step size should be chosen so that %(ekr —1) < ¢, the target error;
but it does not make sense to make it smaller in value than |eg|e*?.

4. Decreasing the step size h, increases the number of steps n to get to
the same point x. There is therefore a trade-off between accuracy
and speed. In fact we can get a relation between the total number of
calculations and the target accuracy e, as follows:

e~ ch=cx/n

implying that the number of calculations needed is inversely propor-
tional to target accuracy. In practice there is a limit to how small we
can take h to be due to round-off error.

5. Large values of k or ¢ lead to larger errors. In particular, corners in
the solution (large y”) and large powers of y in F (large k) must be
treated with more care. Note further that usually we will not get the
worst errors as we have supposed in the error analysis above, so that
k and c should be average values not maxima.

6.2 Improving the Euler method — Taylor series

An obvious way to improve upon the Euler method, is to take further terms
in the Taylor series:

Y(en +h) = ylan) + hy (20) + 129 (20) + O

where we substitute y = F(z,y(z)) and so ¢’ = Fi(z,y) := LF(z,y(z)) =

% + %y’ = %—5 + %F . This gives the following algorithm

1
Ynt1 = Yn + hyl, + §h2y${, Yo=Y

where y;, := F(Zn,Yn), Yy, := F1(Tn, Yn)-

For example, if we want to solve the equation 3’ = 1 + xy?, y(0) = 0,
then 3 = y? + z(2y)y’ = v? + 22y(1 + 23?) = y(y + 22 + 22%y?). So we let
Ynt1 = Yn + h(1 + 2,92) = %thn(yn + 2z, + 22232), starting from yo = 0.
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6.2.1 Error analysis

Taking the difference between the equations

Y(xn +h) = y(xn) + hy' (zn) + %th”(xn) + O(hg)
Yn+1 = Yn + hy;z + %h%/v/;

we get
En+1 = Cn"‘h(F(xm y(zn))_F(a"na yn))+%h2(F1(mna y(xn))_Fl (an, yn))+0(h3)

so that, assuming that both F' and F} are Lipschitz, we get

1
‘en+1| < |€n| + hk|y(xn) - yn‘ + §h2k1’y(xn) - yn| + O(hg)

N

1

len](1 + hk + 5h21<:1) + ch?
a"leo| +eh®(1+a+...+a" 1)
a"leo| + ch*(a" —1)/(a — 1)

e (|eg| + ch?/k)

& NN

The algorithmic error is guaranteed to be of order h?. This is a huge
improvement over the Euler method.

For example, let us suppose that we wish the maximum error €, at x = 10,
to be at most 0.01, and that ¢ = 1,k = 1; then for the Euler method, we
need ch/k < €, s0 h < ek/c = 0.01; thus we need n = x/h = 10/0.01 = 1000
steps. For the improved Euler-Taylor method we need ch?/k < ¢€; so h <
Vek/c = 0.1, and we need n = z/h = 100 steps, an improvement of 10.

Note, in practice the improvement is not this large, because we have
slightly more to calculate at each step. Moreover this method assumes that
F(x,y) is differentiable in 2, which it need not be the case in general.

6.3 Improving the Euler method — Interpolation

Let us rewrite each step for the solution as
It / /
nr) =yl + ) = y(ea) + [ () ds = ylan) + bl
Tn

where (y') is the average value of ¥’ in the range [z, 2,,+1]. Hence Euler’s
method is equivalent to making the approximation (y') = ¢/(z,) i.e., the
average over the range is taken to be the value at the first endpoint. This
rough estimate works as we have seen, but it is not difficult to improve upon
it — in most cases, at least for small steps, the value of ¢/ is either increasing
or decreasing, so the value y/(z,) is an extreme one.
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We should get better results if we find better ways of approximating the
average value of y' over each step. There are two obvious improvements (i)
take (') to be approximately the value of y/(z, + 1h), or (ii) take (y') to
be approximately the average of the two slopes at the extreme ends (y') ~
(y(zn) + y(xn+1)/2. The problem is that we do not know the value of y at
these other points! But we can use the Euler estimate to get approximate
values for them, as in the following sections.

6.3.1 Midpoint Rule

Start with yg = Y, and at each step, let
yqlq, = F(Tn,Yn),
1 /
U = Yn + Qynv
u' = F($n+1/2au),
Ynil 1= Yn + o'

where z;, 1/2 = T + %h.

Error Analysis: The algorithm has errors of order O(h?).
Proor. Consider

Y(ni1) = y(xn +h) = yla,) + hy'(z,) + %h2y"(mn) + O(h®)

1 1
y/(xn—&-l/Z) = y,(l'n + ih) = y/(lin) + ihy”(ajTJ + O(h2)
s, Y(Tpt1) = y(on) + hy/(anr%) + O(hs)

Now,

lyn — ¥ (@) = [F(Tn, yn) — F(@n, y(2n))] < Elyn — y(2n)| = ken.

0= 9(aaj2)] =l + 5hyfy — (en) — Shy' (@) + O(H2)
< lyn — ylen)] + ghlly — o' (za)| + O(R)
<en+ %hken + O(h?).
So,

|u/ - yl($n+1/2)‘ = |F(xn+%’u) - F(.’En+1/2,y(xn+1/2))|
< klu— y(Tpy1)2)]

< k(1 + %hk)en + O(h?)
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And finally,
Wnt1 — Y(@ns1)| = lyn + bt — y(xn) — by (2441/2) + O(RP)|
< Jyn — y(zn)| + h‘ul - y,($n+1/2)’ + O(hg)

1
ent1 < en + hk(1+ 5lm)en + ch?

Let « =1+ hk + %h2kz2, so that by iterating we get
en < aeg+ch*(14+a+...+a™ )

a—1

a—1

a"(eg + ch? k)

e*(eg + ch? /k).

< aeg + ch?

VAS/A

Trapezoidal Rule
At each step, let

u = Yy + hyp,
u' = F(xp.1,u),

Yn+1 ‘= Yn + h(y;l + u/)/27
Yo ‘= Y.

Error Analysis: the algorithm has errors of order O(h?).
PROOF.

(1) =yl h) = ylan) + hy/ (@) + 512y (@) + O(Y)
Y (ni1) =Y (@0 + h) = ¢ (x0) + hy" (2n) + O(h2)

50 (f (ens1) + 9/ (2)/2 = (n) + 5h(0 (ensn) + o/ (@) + O(R?)
(i) = ylon) + Sh(y () + 3/ (nsn)) + O(R?)

As before, we have
‘y;z — 4 (zn)| < ken

u = Y(@ns1)| = lyn + by, — y(n) — by (xn) + O(h?)]
< |yn — y(@n)| + Ayl + ¢/ (z0)] + O(R?)
< e, + hke, + O(h?)
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So,
' =y (@n41)| = [F(Tnt1,u) = Fzps1, y(@n41))]
< k|u - y($n+1)|
< k(1 + hk)e, + O(h?)
So,

Yn1 = Y(@ns1)| = yn + () +10)/2 — y(zn) — By (@ns1) + 9 (20)) /2 + O(R)]
1 1
< yn — y(zn)| + §hken + §hk(1 + hk)e, + O(h?’)

Hence we get the same error at each step of e, 11 < (1+hk+ %h2k2)en +
ch? as in the midpoint algorithm. The total error is therefore at most
en < eF%(eg + ch? /).

O

Note that now the error introduced in each stage is proportional to h3,
and hence the total error is proportional to h?. This is called quadratic
convergence which is much faster than the linear convergence of the simple
Euler method. The total number of calculations needed is now inversely
proportional to the square root of the accuracy N = ¢/+/e.

In practice, the method can be improved even further by inserting more
averaging steps as follows:

U= Yn+ h/y;L

1
v :yn—i—ih(y;—i—ul)
_ | R
Yn+l = Yn + 2h(yn+’U).

6.3.2 Error Stability

It is not enough to have an algorithm that converges to the required solution,
using exact calculations. In practice every computer (including working by
hand) introduces round-off errors at some stage. The algorithm must be
immune to these errors i.e., these errors ought not to increase to a value
larger than the inherent errors of the algorithm. Here is an example of
a method that appears better than the simple Euler method but is not
numerically stable.

Let
Yn+1 = Yn—1 + th;u Yo ‘= Y7

and use some method (Euler’s or the trapezoid rule) to estimate y;.
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It is not too difficult (exercise) to show that this method has quadratic

convergence with
2

2k

where \, p = hk++/1 + h2k? ~ +1+hk. If we take |eg| = 0 and |e1| = O(h?)
we would get A = B = O(h?), so that the total error |e,| < ch?.

h
len| < AN + B +

However let us apply this algorithm to an example v/ = —y,y(0) = 1
(for which we know the solution y(z) = e™*.) The algorithm becomes

Ynt1 = Yn—1 = 2hyn,  yo=1.
This is a recurrence equation that can be solved (exercise) to get
Yn = A\" + Bu",
=AQ—h+.. )" £ B(=1)"(A+h+...)%/"
~ Ae ™ + (—1)"Be”
where \, up = —h4+/1 + h2 ~ +1—h+O(h?). Even if we take |eg| = 0 = |eq],
that is yo = 1 and y; = e~", we get (exercise) that A = 1 4+ O(h?), B =

O(h?). Hence B, although small, is non-zero and the term Bp™ increases
exponentially with each step.

6.4 Runge-Kutta Method

One can improve further on the trapezoid rule by using Simpson’s rule,

% / F é< flar) +4f(a15) + flaz)),

which is exact on quadratic functions. Adapting it to our case we get,

1ot
1 / y (0 () + 4y (o + 1/2) + o (20 + 7).

h 6
This is a weighted average of the function /. However we do not know
this function yet, so we must devise some method to estimate the terms in
the bracket. The Runge-Kutta method does this in the following way, for
each step:

U1 ‘= Yn,
L,
U9 = Yp + ihul’
1 /
us = Yn + §hu2,
! /
Ug = Yn + pi2 Tl s

3 )
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and then let
Ynt1 := Yn + h(u] + 2uy + 2uf + uy) /6.

Note that in fact, taking uy := y,, + huj is just as good.

It can be shown that the error for this method is of order 4 ie. |e,| < ch?,
making the Runge-Kutta one of the most popular algorithms for solving
differential equations numerically.

Of course, there are yet other formulas of higher order (cubic) that are
more accurate than Simpson’s. However these need not necessarily be more
accurate when applied to differential equations. Each step may be more
accurate but more calculations would be needed, introducing more round-
off errors. For example a fourth-order method with step-size h need not be
more accurate than a second-order method (eg Runge-Kutta) with step-size
of h/2.

6.5 Adams-Bashfort Method

Integrating y = F(x,y) gives y(znt1) = y(z,) + [;"" F(z,y)dz. If one
uses a linear approximation F(z,y) ~ F(zp—1,Yn—1) + a(x — x,), where

o v
o = (F(xnayn) - F($n,1,yn,1))/h, then y(xn+1) ~ y(zn) + %h
Thus the formula

1 It / 1 / /
7 Yy = 5(—1/ (1) + 3y (zn))

is another approximation that is accurate to first order. This gives rise to
the following method of calculating y,41 from y, and y,_1.

/ /
~Yp_1+3
U= Yp—1+ hiyn 12 yn,

1 y/ +ul
Yn+1 ::yn+§h "2 :

The steps involve a predictor u of y(z,+1) using the above approximation,
and a corrector step using the trapezoid rule and the predicted value u. To
start the iteration we need yg = Y and y; estimated by using some accurate
method, say the trapezoid rule iterated several times.

These predictor-corrector methods, as they are called, can have different
methods for the predictor/corrector stages. In fact the simplest is to use
the trapezoid method for both, but the Adams-Bashfort is more accurate
(of order O(h%)). Such methods are in general faster than the interpolation
methods used in the previous sections.
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Bulirsch-Stoer Method

In fact the unstable midpoint method described previously can be salvaged
in this manner. At each step calculate

U= yn_1 + 2hy;,

v =y, + h,
Ynt1 :=u+v/2.

Because of the changing sign of B, the average of v and v almost cancels
it out, giving a stable algorithm with error of order O(h?).

6.6 Improvements

All of the above methods can be improved further in accuracy. The Achilles’
heel, so to speak, of the methods is to choose a good value of h that is good
enough but that does not make the algorithm too slow.

Adaptive Step Size

The best solution is to find some method how to estimate the step size,
making it smaller when y is changing rapidly, and larger when a small value
is not needed. We want the total error for the final point to be at most
€. To achieve this we need to make sure that each step introduces an error
smaller than €/N i.e.,

|ent1 — en| < he/w,

so that
ey <ey+ Nhe/x =eg+e.

Suppose we are working with an order O(h*) method (say Runge-Kutta),
which has an error at each step of order O(h°). This means that |e, 1 —e,| &
cnh®, except that we would not know ¢, precisely. If we are able to estimate
¢n, then we can estimate h. To do so we can adopt the following method:

1. Evaluate y(z, + h) using the algorithm with step size of h. This gives
an error from the true value of about ¢,h°.

2. Evaluate y(z, + h) again using two steps of size h/2. This gives an
error from the true value of about 2¢,(h/2)° = ¢,h®/16, which is much
smaller than the error in 1.

3. Hence we can say that the difference between the two estimates, call
it &, is approximately equal to e,,1 — e, and is equal to c,h®. Hence
cn = 6/R°.
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2w X hpewe/.
Now that we have an estimate for c,, we get ht_ = eh®/(dx). Hence
we modify the step size to

4. The ideal step size would therefore be hy,eq, for which ¢, h2

hpew = h/€/0x

Note that the exact power of A ought to be h5/* but the proposed
formula is even better.

Half Step Trick

Suppose we are working with an algorithm which is accurate to order O(h?).
Let us get approximate solutions for y(z), once using a step size of h and
again using a step size of h/2. Call the two approximations u, and v,, so
that u, ~ y(r) ~ vg,. Since the error is of order O(h?) we get

u, = y(x) +ch® + O(h3)
von, = y(x) + c(h/2)% + O(h?).
We can get rid of the ch? terms by taking
4v9, — up,
Yn = T3
making the error better by one order i.e., y, = y(z) + O(h?).

This trick can be applied to any other algorithm already described. In
practice it is always used when adaptive steps are taken because it involves
a very few extra calculations.

Extrapolation with h — 0

For very accurate results, one can evaluate the approximate values of y,
with smaller values of h. As h — 0, the worked-out values become closer
to the true value y(x). For each x one can plot these approximate values
against h and extrapolate by finding a statistical best-fit to h = 0.

Exercises 6.1

1. Apply the Euler method to get an approximate solution for the equa-
tion 3 = 1 + 2y2,y(0) = 0 for the region = € [0,1], using a step size
of (i) h =0.1, (ii) h = 0.05, (iii) h = 0.1 with y(0) = 0.05.

2. Repeat for the equation y' = 12y,y(0) = 1. Compare with the exact
solution.

3. Repeat the first exercise using the Trapezoid rule, and the Runge-
Kutta method, with a step size of 0.1.
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4. In practice, algorithms are run by computers, which make round-off

10.

errors with each calculation. Suppose that at each step of the Euler
method (or any other method), an additional error of § is introduced
so that we have

ent1 < (14 hk)e, 4+ ch? + 6.

Show that the final error e, < e**(eg +ch/k+§/hk), and deduce that
making h too small actually increases this error.

. In the section on Error Stability, show the two unproved assertions

about |e,| and y,. (Hint: use Taylor’s theorem for y(z, £ h).)

. In the Euler method, we took y,+1 = yn + hy,,. Suppose now that we

can easily evaluate 0F/0y. Suppose that we are at the nth step.

(a) Let
oOF
U = Yn, ul = F(l‘n-‘y—l?yn)) k= Biy(xn-i-la yn)

Show that ), ., is approximately equal to v’ + k(yn+1 — Yn)-
b) By taking yn4+1 = yn + hy’ ., and the above approximation, show
y g€ Yn+ Y Yn+1
that g1 = yn + k(1 — hk) /.
(c) Show further that the total error in this case is equal to e, =
(1-—hK) "eg+..., where K is the largest value of k, and deduce

that the propagation error remains small even when the step size
is large.

. Find general conditions on A, B, C' which make

flL/xnnM f~Af(xy) +Bf(xn+%) + Cf(zns1)

exact on quadratic expressions i.e., on f(x) = az? + bz + c. Solve the
resulting simultaneous equations to get Simpson’s coefficients. (Note:
you need only consider the case x,, = 0.)

. Show that if the formula

}t/:tnﬂ f~Af(xn-1)+ Bf(xn)

is correct on linear expressions i.e., on f(z) = ax + b, then we get the
Adams-Bashfort coefficients.

. Devise a predictor-corrector method using the Trapezoid rule for both

steps.

Apply the adaptive step analysis to an algorithm that is accurate to
order O(h?). Show that the step size should be taken to be hpew =

constant X h/€/dx.
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11. Apply the half-step trick to an algorithm of order O(h*).
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CHAPTER 7

Boundary Value Problems: Sturm
Liouville Theory

A differential equation in which the conditions are given at different points
a and b say, is termed a boundary value problem as opposed to the initial
value problems that were considered up to now e.g.

ax(2)y” + ar(2)y’ + ao(x)y = f(2), yla) =Ya, y(b) =Y.

Note that Picard’s theorem doesn’t say anything about such problems. In

fact boundary value problems need not have solutions, even if the differential

equation satisfies the hypothesis of Picard’s theorem. For example, the

equation y” + y = 0 with boundary conditions y(0) = 0, y(w) = 1 has no

solution (try it!). In fact, ¥ + Ay = 0, y(0) = 0 = y(1) has no solutions

except for particular values of A, called characteristic or eigenvalues.
Consider a second-order differential equation of the type:

(p(x)y") + q(z)y = f(x)

with p’ and ¢ continuous functions, and satisfying homogeneous boundary
conditions.
Remarks

1. Any second-order linear equation y” + a1y’ + apy = f may be trans-
formed into this form by multiplying by an integration factor el”
(check this!).

2. The equation (p(z)y') +q(z)y = f(x) can, in turn, be transformed into
u”+a(t)u = F(t) using the transformations 9 = \/p(z), u = y ¢/p(),
a=q+ 1(p* +2p"p), F = f/p. Note that (y1,y2) = {(u1,u2)).

3. If the boundary conditions are not homogeneous, e.g. y(0) = A, y(1) =

B, let v(z) := A+(B—A)x and u := y—v; then u satisfies Lu = f— Lv
with the homogeneous boundary conditions u(0) = 0 = u(1).

79
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For short we will denote Ly = (py’)’ 4+ qy. Since L is linear, we can split
the problem into two parts: the homogeneous equation and the particular
equation. It is the second part that we will be tackling here, and in fact we
will be dealing mostly with the equation:

(py) +ay=1f, yla)=0=y(b).

The general solution is then obtained by adding all the homogeneous solu-
tions. Such problems are called Stiirm-Liouville problems.

Proposition 7.1

Green-Lagrange Identity.

For any functions u, v,

b
/ uLv — vLu = [p(uv’ — UU/)]Z
a

PROOF. ulLv = u((pv') + qv) = u(pv) + quv Hence integration by
pzzrts of the first part gives f: ulv = [p(uv”)] f pu/v' + quo. Similarly for
fa vLu. Subtracting the two gives the result.

O
Corollary
L is self-adjoint
If v and v are functlons that satlsfy the boundary
conditions [p(uv’ — vu/)]° = 0, then f ulv = fb vLu.
A differential equation with such a condition [p(uv’ — vu')]] = 0 is called

lo
self-adjoint. This condition is satisfied if, for example, Au(0)+ Bu'(0) = 0,
Au(1) + Bu/(1) = 0, or by periodic conditions u(0) = u(1), v/(0) = u/(1).

Theorem 7.2

The eigenvalues of a self-adjoint equation L are real and
the associated eigenfunctions are real and orthogonal.

PRrROOF. Let A, i be two distinct eigenvalues of L with associated eigen-
functions w, v i.e., Lu = Au and Lv = pv. Then p(u,v) = (u,Lv) =
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(Lu,v) = Xu,v), where (u,v) := ff u(z)v(z)dr. Hence (A — p)(u,v) =0
so that (u,v) = 0 i.e., the eigenfunctions are orthogonal.
Now consider @: Lu = (p@') + qu = (pu’)’ + qu = Lu = \i, since p and
q are real functions. Hence u is an eigenfunction of L as well. If X is not
real, then \ would be a distinct eigenvalue and hence (u,u) would be zero
ie., ff lu|? = f; uu = 0 a contradiction; hence eigenvalues must be real.
Moreover, if u = f + ig is a complex eigenfunction, then Lu = Au becomes
Lf +iLg = A(f + ig) and comparing real parts gives Lf = Af, meaning
that we can assume the eigenfunctions to be real.
O

The solutions of Lu = f are u(z) = Gf := ff G(z,s)f(s)ds, where G is
a compact self-adjoint operator (G(z, s) is continuous). The eigenvalues of L
are the inverse of the eigenvalues of G and they have the same eigenfunctions,
i.e., Lu = Mu < Gu = A\ 'u (except possibly A = 0). Since G is compact
self-adjoint, the eigenvalues of L are real, countable, unbounded (unless
finite), have no limit points, with orthogonal eigenfunctions. Every function
in H := {u € L*a,b] : u(a) = 0 = u(b)} can be written as a series of
eigenfunctions, y =Y, (en,y)en.

In actual fact, 0 is not an eigenvalue of G (although it is part of its
spectrum) since imG = {u € C?[a,b] : u(a) = 0 = u(b) } is dense in H, so
G can be extended surjectively to H — H. In general, if T is onto then T
is 1-1, so in this case, G = G* is 1-1.

O

Proposition 7.3

Each eigenvalue of a self-adjoint operator has essen-
tially a unique eigenfunction (no repeated eigenvalues).

PROOF. Suppose that Lu = Au and Lv = Av with v and v non-zero.

Then
b x
0= / AMvu — uwv) = / vLu —uLv = [p(uv’ — Uu')]z
a a
Hence the function p(z)(u(x)v'(z)—v(x)u' (x)) = p(a)(u(a)v'(a)—v(a)u' (a)) =
0; hence (u/v) = 0 so that u = cv so that the two are dependent func-
tions. (Simpler, u/(a) # 0 else u would vanish by uniqueness of solution, so
v'(a) = aw/(a) for some o € R; but then both v and au would satisfy the
same equation Lv = v with the same initial conditions v(a) = 0, v'(a). So
v = au.)
U
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Proposition 7.4

Rayleigh formula.

b
_ i —p()?

NG

A

PROOF. Lu = Au means (pu’) 4+ qu = Au. Multiplying by u and
integrating gives,

b b b b
/ \u? = / ulu = / u(pu) 4 qu? = / qu? — p(u')?,
a a a a

where part of the integral has been integrated by parts, keeping in mind
that the eigenfunctions vanish at the boundary points.

O
Corollary
The eigenvalues are bounded above by ||¢[| (. if p 2
0 (A= —llqllgpay if p<0)-
If ¢ <0 and p > 0 then the eigenvalues are negative.
PRrROOF.
) 1
Aullfe = [ =ph P+ ol
2
< llallego,yllullz2p,
O

These ideas of eigenvalues and eigenfunctions are used in finding approx-
imations to the particular solution.

Suppose we have the equation (py’)’ + qy = f with boundary condi-
tions y(a) = 0, y(b) = 0. We first find the eigenvalues and corresponding
eigenfunctions, say, Lu,(x) = Ayup(z), normalized to 1 ie., u-u = 1.
Note that the zero eigenvalue has precisely the solutions of the homoge-
neous equation as eigenfunctions. Then we write the unknown solution
as y(x) = >, anup(z) and the function f(x) = >, Bnun(z), assuming
that this can be done. The coefficients 3, = (f,u,) since the eigenfunc-
tions are orthogonal. Hence substituting into the equation Ly = f we get
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Y on Aoty (x) =Y Brun(x). Taking the “dot” product with u,(z) we get
that o, = B/, for A\, # 0. Hence all the coefficients «,, can be found
except those that are associated with the 0 eigenvalue. The full solution is
therefore

y(x) = Au(z) + Bo(z Z —un

where u(x) and v(x are the homogeneous solutions.
There is a relation between this form of the particular solution and the
one found using Green’s function:

b
h(e) =Y f:unm -3 L) / F(s)un(s) ds

Example: v = f, y(0)

z(l—s) =<

(1—2x)s s<

Hence, if " +ay = f, y(0) = 0 = y(1) has solutions, they satisfy

(I +G)y = f, where Gy = fol G(z,s)a(s)y(s)ds (since v’ = f — ay).
Corollary: If |||, < 4 then the solution is unique.

1 Proof. Follows since ||G|| = [|G(z, s)a(s)||cjq5 < G (@, 8)ll o) lallcpap <

fo s)ds

Il
o
Il
<
» o~
—
~—
=
Q
162}
-+
=
@
0
o
=
ot
-+
-
o
=]
@

where G(z,s) = —

Exercises 7.5

1. Put the following equations in self-adjoint form:
(a) cos(x)y” + sin(z)y’ +y = cot(z), (b) z%y" + 2y + 23y = 0.

2. Find the eigenvalues, and corresponding eigenfunctions, of the equa-
tion 3y’ — 4y = 0, y(0) = 0 = y(1) and verify that they are negative.

3. Show that the equation f; ulv —vLu = 0 is still satisfied even when
the boundary conditions are of the type

(a) cry(a) + c2y/(a) = 0 = diy(b) + day'(b)

(b) y(a) ): y(b), y'(a) = y'(b), p(b) = p(a) (periodic boundary condi-
tions

(¢) p(a) =0=p(b), y is finite at a and b.
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