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Chapter 1

First order

1.1 First order odes basic concepts

We first study order one ODEs:
y' = f(z,y).

For nice enough functions f we have existence and uniqueness. Here are some examples:

e For any continuous function, f, that depends only on ¢ gives a solution y.

— For f(t,y) =t we get v/ =t = y(t) = % + ¢, where ¢ is some constant from
integrating.
— For f(t,y) = cos(t) we get y' = cos(t) = y(t) = sin(t) + c.

e For linear y' = f(¢,y) = ay we obtain the solution y(t) = ce*’ (integrating factors).

e For ¢y = f(t,y) = %, ly| # 1 we obtain —t3 + 3y — y® = ¢ (separable equations).

o Fory' = f(t,y) = —2‘;52 we obtain t? 4 ty? = ¢ (exact equations).

1.1.1 Direction fields: Vector field interpretation

A useful tool will be the vector field interpretation of y' = f(¢,y), for continuous f. A solution
curve (t):= (£,y(t)) has slope v/'(to) = (1,1/(to)) = (1, f(fo, y(t0))) at the point (to, y(to)). Also,
recall that the vector 7/(¢) is tangent to the curve . So if we plot the vector v/(t) = (1, f(t, y(t)))
we obtain qualitative behaviour of the solution. For example, for f(t,y) =t we have the
following linear vector field (1, f(¢,y)) = (1,t) depicted in Figure 1.1.1:
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Figure 1.1.1: the horizontal axis is ¢ and the vertical is y(t).

Every solution curve corresponds to a distinct function of the form y,.(t) = % + c and

3



4 CHAPTER 1. FIRST ORDER

the red curve is for yo(t) = % (i.e when ¢ = 0). The arrows are pointing in the direction (1,t).
The power of this method is that for ODEs for which we do not have an explicit solution we are
still able to plot the vector field to determine behaviour of the solution function. For example,

for the competing species equations (9.4, ex.1)

i—wa(l—x—y)
dy 'y

we don’t have an exact solution but we do have a vector field diagram that we will
keep returning to (see Figure 1.1.2):
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Figure 1.1.2: the horizontal axis is z(t) and the vertical is y(t).

Method formal steps

1. First draw the curves (z,y(x)) where f(z,y) = 0 (called the equilibrium solutions or
critical points).

2. These will separate the regions where f(z,y) > 0 and f(z,y) < 0 and in turn where
arrows point up and down respectively. Evaluate f at a point to decide what sign it has.

3. Next draw the curves where f(z,y) = ¢ for fixed constant c.

Examples

e Consider the equation 3 = f(z,y) = y(x — y). We illustrate the above formal steps to
obtain the diagram depicted in Figure 1.1.3

1. We have that y(z — y) = 0 = the curves are the y = 0 (z-axis) and the line z = y.

2. We have y(z —y) > 0 when y > 0 and = > y or y < 0 and = < y. Therefore, the
arrows are pointing up: below the x = y line in y > 0 and above x = y in y < 0.

3. So we observe that if the initial condition satisfies yo(zo — yo) > 0 and yo > 0 then
y(x) — +oo and similarly for the other sign.
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Figure 1.1.3: Direction field of ¢/ = y(z — y).

4. En route to studying the competing species we will need the logistic equation (2.5):

@ = 7’(1 — g>y

dt KJ7

where r > 0 is called the intrinsic growth rate and K is the saturation level.

(a) First we find the equilibrium solutions: 7(1 - £)y =0=y =K or y = 0. So
the equilibrium solutions are {¢1(t), ¢2(t)} = {0, K'}.

(b) We have (1—%)y>0whenK>yandy>00rK<yandy<0.

y=plt) =K

(7] el e ecccccc———————————

y=¢,t)=0

Figure 1.1.4: Direction field for the logistic equation.

(c) So we observe that if initially yo > 0 then y — K (i.e. will limit to the saturation
level.)

1.2 Methods for first order

Given a specific first-order differential equation to be solved, we can attack it by means of the
following steps:

1. Is it separable? If so, separate the variables and integrate.
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2. Is it linear? That is, can it be written in the form:

dy

T+ Pty = Q)?

If so, multiply by the integrating factor p(t) = exp{ [P(s)ds}.

3. Is it exact? That is, can the equation be written in the form:
M(t,y)dt + N(t,y)dy =0

M,—N,
N
x,y respectively? If so then it can be made exact.

M,—N,
M

4. If the equation is not exact, do we have either or being a function of only

5. If the equation as it stands is not separable, linear, or exact, is there a plausible substitution
that will make it so?

Equations that can be made exacl

Exact

Separable

Autonomous
LINEAR |

| Homogeneous | | Bernoulli |

Figure 1.2.1: Summarizing diagram of all the methods

1.2.1 Method 1: Separable equations

An equation is called separable if we can factor f(¢,y) = fi(t) - fo(y) for some functions f; and
fo that only depend on ¢ and y respectively. Assuming f5(y) is not 0 we obtain:

y' = fi(z) - foly) & M(E) + N(y)y' =0

where M(t) := —fi(t), N(y) := fz%y)'

Method formal steps

1. Separate variables to either side

M(t) + N(y)% =0= N(y)dy = —M(t)dt

/N(y)dy _ /M(t)dt.

2. Integrate both sides
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Example-presenting the method

Let P(t) be the number of dollars in a savings account at time ¢ and suppose that the interest
is compounded continuously at an annual interest rate r(t), that varies in time. Then, after
At units of time, we expect, provided the interest rate does not change too much over a small
period of time, that we have obtained % of the total amount of annual interest, 7(0), which
updates the amount in the savings account at time At to be:

P(At) = (At -r(0))P(0).
In particular, through similar reasoning we see that for any time ¢ we have
P(t+ At) — P(t) = (t + At) - r(t)P(t) — t - r(t) P(t) = (At)r(t)P(t)

provided r(t) does not change too much over the time period [t,¢ + At]. In short, we obtain
AP = r(t)P(t)At or in continuously updated time:

dP

e r(t)P(t).

Example:

Assume that r(t) = t* and P(0) = $10°.

1. We separate
dP

1

2. We integrate

1
—dP = [#dt
/P / -
3

t
ln|P|:§—|—c

for some constant c¢. Since P > 0 we obtain

t3
P = $exp{§ —i—c}.

3. Plugging in the initial condition we get

t3

P(t) =$10°- exp{g}.

General result:

If M, N are continuous, we can obtain an implicit solution by a clever use of chain-rule (§2.1).
First lets recall the definition of an implicit solution as well as the implicit function theorem. An
implicit equation is of the form f(¢,y(t)) = 0 for some function f, and y(¢) is the implicit
solution. There is an existence result for such equations called the Implicit function theorem
which we state here in a simple form:
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Theorem 1.2.1. If f : R? — R is continuously differentiable (i.e. both f and its derivatives are
continuous) and Oy, f(x1,x2) # 0, then there exists function y: R — R s.t.

ft,y(t) = 0.

Separable equation

The equations M (t) + N(y)y' = 0 with y(ty) = yo, where M and N are continuous, have
implicit solutions of the form

/to M(s)ds + / jN(x)dx —0.

Proof.
1. Let functions Hys, Hy be antiderivatives of M, N respectively (i.e. Hj, (t) = M(t),
Hy\(y) = N(y)). Then we can rewrite our ODE as

dy
Hy,(t) + H]’v(y)% =0.

2. For the second term we note that by chain rule we have 4 (Hy(y)) = H]’V(y)% and so we
can rewrite the equation as:

0= Hiy(t) + Hy() S = S (Hualt) + ().

3. This implies that Hps(t) + Hy(y) = ¢ for some constant c. Therefore, by the fundamental
theorem of calculus we have

t Y
/ M (s)ds +/ N(z)dx = Huy(t) — Hu(to) + Hn(y) — Hy(yo) = 0
to Yo
where the last equation follows by using y(to) = yo to give ¢ = Hy(to) + Hn (o). O

Examples

e [t can even tackle non-linear equations:

dy t—5
— = 0) =1
We first separate and integrate
/y2dy :/(t — 5)dt.
This gives
3 t2
LA +c

3 2
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and using that y(0) = 1 we obtain

Restricted solution:

We separate and integrate to get

2
/ydy:/(2x—3)dx = %:$2—3l’+6.
Using the initial condition we obtain

y= /2@ —32+2) = /2& - )(x—2)

and since the square root is only defined for positive numbers, we require

Tz >2 or x<l1.

Asymptotic solution:

dy

for b # 0. We separate and integrate
1 t?
Eln]1+b~y| = E—i-c
using the initial condition we obtain ¢ = 0 which tells us that
1 t?
—In|l+b-y==2>0
which tells us that |1 +b-y| > 1> 0 and so 1 + b -y does not change sign. Observe that
by the initial condition we have 1 +b-y > 1 and so we obtain
1 t?
gln(1+b~y) = E—i-c

and after solving for y we obtain

(0}

So the asymptotic behaviour, as ¢ — +o00, depends on b:

y— +ooif b >0
—1

An example with implicit solution:

dy t2+1

Yo U 0=
dt  cos(y) +ev’ y(0) =
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We separate and integrate

/(cos(y) +e¥)dy = /(t2 +1)dt
t3
= sin(y) + e’ = §+t+c.

Using y(0) = 7 we get
t3
sin(y) + e¥ = 3 +t+e.

This equation cannot be directly solved in terms of . One only has an implicit solution
that is obtained numerically.

Applied example

e Let X(¢) denote the national product, K(t) the capital stock and L(¢) the number of
workers in a country at time ¢. We assume the following relations:

X = AK'"°L*, K =sX, L= Lye™,

where A, s, Ly, A are positive constants and 0 < o < 1 is called elasticity. The first
equation is the Cobb-Douglas production model. The second equation says that aggregate
investment is proportional to output. The third equation says that the labour forces grows
exponentially. Using these three we obtain the equation

K' = sX = ce® K1,

where ¢ := AsL§. We also let K, denote the initial capital stock (the stock at time ¢ = 0).
We first separate variables and integrate:

/K‘“_ldK = /cea)‘tdt.

This gives:
K« ea)\t
— =c—+C.
« “ax
o L o Kg  sALg
We find the constant C' by plugging in the initial condition, so we get ' := =% — =—=¢

and in turn

ALY Ve
K = [Kg + STO(eM - 1)] .

Next we study the asymptotic behaviour of the ratio % (also called the capital-labor ratio)
as t — +oo:

K 1 SALS 1/a
i K& 0/ axt 1 )
L~ oot { oty )}

For simplicity we will first compute the asymptotic behaviour of

K\* 1 sALG
el — K& 0 aAt_l )
(2) = gt 500
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We note that the only surviving term as ¢ tends to +oo is the following:

<K)a 1 sALy ,\ sA
~ —e —_

L) T Lgerat X A

Therefore, the capital-labor ratio converges to

y 5 B % 1/
P L\ '

This means that in the long term the national product per worker will be approximately

constant ) )
X AK'-efLe K\« SA\ = sA\ =t
Z—T—A(f) ~A<7> _A(T) '

1.2.2 Method 2: Linear and Integrating factor

An equation is called linear if it is of the form:
Y +p(t)y = g(t)
for continuous functions p, g where p is assumed to not change signs.

Method formal steps

1. Starting from ¢’ + p(t)y = g(t), we multiply both sides by a function u(t) that we will
determine later:

p(t) -y + pt)p(t) -y = p(t)g(t).

2. If we had y/ = p(t)p(t) then observe that we can use the product rule:

/ / d
poy ey =pglt) = 2 (uy) = pg(t).
3. Therefore,
1 t
y(t :—/usgsds+c.
1) = = [ o)t

4. To find the desired function u(t) we use the imposed condition, u/'(t) = u(t)p(t), to get:

p(t) = exp{/otp(S)dS}-

Note that we ignore the constant of integration in step 4 since we just want to find
some function satisfying p'(t) = u(t)p(t) and not all such functions.

For linear equations we can also draw a direction field to obtain qualitative behaviour
when an exact solution is not possible. The idea is to draw the curves along which % =0 and

: d d
then study the regions where §/ > 0 and 3¢ < 0.
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1. As explained above we first draw the curves along which

=t =0 = ptw=gl) > y=5

provided that p(t) is not 0.

2. Then we identify the regions where

p(t)y —g(t) > 0,p(t)y — g(t) <0 Rightarrow y > % y < ggg

respectively, provided that p(¢) > 0 (the inequalities are reversed otherwise).

Example-presenting the method

A rock contains two radioactive isotopes Ry, Ry with R; decaying into R, with rate 5e~% kg /sec.
So if y(t) is the total mass of Ry, we obtain:

d—?Z = rate of creation of R, - rate of decay of Ry
= 567101} - ky(t)v

where k > 0 is the decay constant for Ry. Also assume that y(0) = 40kg. Lets start by drawing
the direction field to guess the solution:

1. The tangent is zero along the curve (equilibrium solution) so setting % = 0 and solving

for y gives:
56_10t

k

y(t) =

2. From this we see that 5e71% — ky(t) = dy > 0 when 2¢7% > y. Similarly we sce that
% < 0 when 2e71% <y,



13

1.2. METHODS FOR FIRST ORDER

NN S
NN NN
NN SN SN S
/ // NN N SN -
NN NN
AN NN NN
AN NN NN
AN NN NN NN

AR

NN N TN e

_//f///f/f/
/ NN N NN
A // // NN N N N

A NN N N NN

L T e ,\ /1 / oA\ ,/ AN L/ L U~
oo s S S [ N N N NN N
A NN NN
27TV N
ey B BTN U N NN NN
PPN NN NN
A N NN NN
oSS S / VOV N NN N S S
o / / LS N N N N N N N NG
oSS / L U N N N N NN NN
R AN B B UANANRNANANE N NN S
S S / LR NN NN NN
oSS / L N N
oSS L N N N NN NN
s / [ N N N N NN
=S / L U N N N N NN NS
S L U N N N N NN N

\ N\

NN

\ A\

\ 1\

\

v\

/ f/,,

\ r/,

\

N

\

5e 10 4 35 H

5e 10 4 e7Me
40 kg to determine that ¢ = 35.

)

+ p(t)ky(t) = p(t)oe .
t

t =
5e(k—10)t = y<

p(t)k, which can be easily solved to give:

(e*y(t)

Figure 1.2.2: The black line is the equilibrium solution

d

dt
where we used the initial condition y(0)

1. We first multiply by the function p(t), which we will determine specifically in the next
step,

3. So we observe that if ¢ > 0, the solution y — 0 as t — +o0.
4. Therefore, we indeed obtain that y — 0 as t — +4-o00.

3. Then by product rule we have

2. We require p/'(t)
We can obtain a solution by a clever use of product-rule (§2.1).

Next we find the explicit solution:

General result
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Integrating factor

The y' + p(t)y = g(t) have solutions of the form

wwzl)Au@mmu+a

o)

where pu(t) = emp{ f(f p(s)ds}, provided that g and p are continuous.

Proof.
u(t) - (v +p(t)y) = u(t) - g(t) = p(t) -y + pt)pt) -y = p(t)g(t).

We note that if we pick u(t) so that p/(t) = p(t)p(t), we can then rewrite

poy + oy = pt)gt) = %(uy) = u(t)g(t).

Therefore,

To determine pu(t) we use p/(t) = pu(t)p(t)

WO _ o)
1 du(?)
im T = p(t)

we integrate both sides

= ()]~ w(0)] = [ pls)as +
= In (%) = /Otp(s)(is +c
= % = exp{/o p(s)ds + c’}

where, for simplicity, we set u(0) = 1 as well as ¢ = 0. Observe that since the exponential
function is non-negative then the sign of u(t) is determined by 1(0) (by continuity). Since we

chose 1(0) > 0 then we obtain
t
pult) = e:vp{/p(S)dS}
0
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Examples

e Consider the equation
yl o 2y — t262t.
First we look at the equilibrium solution:
1. We have equilibrium solution y' = 0 = y = —1%¢.

2. We have positive/growing region 3’ > 0 = t2e? > —2y
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Figure 1.2.3: The black line is the equilibrium solution

Next we obtain the solutions (notice that there is no initial condition so we anticipate
that we will have many solutions): 15%: we multiply by pu(t)

ny' — 2y = pte™.
204 We solve (and choose the constant of integration to be 0)
() = —2u(t) = p = exp{—2t}.

3. We obtain

%(thy> — e*2tt2€2t — t2
we integrate both sides to get
t3
y(t) = e* (§ + c).
e Consider equation (§2.1 )

1 1

/ T — Zt/3

Yy + 2y 26 .

We start with the 1% step of multiplying by pu(t) of our choice

1 1

)y + n(t) gy = p(t)5e'’.

15
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274 step: We observe that to make use of product rule we need

1
p(t) = Eu(t)

1
=In|u(t)] = §t +d
=pult) = '
by setting ¢ = 0 and assuming pu(t) > 0 to simplify.
3'4 step: by product rule we obtain

d - ]_ t/3 . 1 5t
dt(u(ﬂ-y) —u(t)ze = 5e¢
5t

3
=y(t) = (3_”2(56F +¢)

ol

=y(t) = —es + ce 2.

Applied example

e Returning to the compounded interest example, suppose that we also have deposits and
withdrawals with rates d(t), w(t) respectively. Then the equation will be

P'=r(t)P +d(t) —w(t).

To see that this is the expected differential equation observe that at time ¢, for a small
amount of time At, we expect

P(t+ At) =~ f\@ + r(t)(At)P(t) +d(t)At — w(t)At

amount at interest earned deposit withdrawal
time ¢ at time ¢ amount amount

where we have assumed that the interest rate, the deposit rate, and withdrawal rate do

not change too much in the interval [t,¢ + At]. Notice that the presence of At in d(t)At
and w(t)At is because d(t) and w(t) represent the rates for which we are depositing and
withdrawing at time ¢ respectively. Subtracting P(t) and dividing by At gives

AP

A r(t)P(t) 4+ d(t) — w(t)

and so letting At tend to 0 leads to the differential equation.

1. We first multiply by unknown factor u
pP' = pr() P = p(d(t) — w(t)).

2. Then we obtain u

po=—pr(t) = p= ercp{— /Otr(S)dS}

3. Therefore, by product rule we obtain
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%(p“) — e:vp{— /Otr(s)dS}(d(t) —w(t))

= P(t)e:vp{— /0 tr(s)ds} — P(0) + /0 texp{— /0 xr(s)ds}(d(m) — w(z))dx

= P(t) = 6:Ep{ /0 tr(s)ds} (P(O) + /0 te:vp{— /0 zr(s)ds}(d(as) - w(:z:))dx)

4. This equation states that the present discounted value on the left, is the sum of
the initial assets P(0) plus the present discounted value of deposits minus withdrawals.

e When the price of a good is p, the total demand is D(p) = a — bp and the total supply
is S(p) = o + Bp, where a, b, a, and § are positive constants. Observe that the slope
of the linear function respresenting D is negative while the slope of the linear function
representing S is positive. This matches the expectation that when price is increased
consumers are less interested in goods (making goods expensive prevents some from
purchasing the item) and that suppliers are more inclined to produce that product (it is
advantageous to sell items that generate more profit). When demand exceeds supply, price
rises (people are willing to pay more for scarce items), and when supply exceeds demand
it falls (common goods are easy to obtain, so consumers will simply look for lower prices).
We assume that the speed at which the price changes is proportional to the difference
between supply and demand. Specifically

P = AD(p) — S(p))
for A > 0.

1. We multiple by u to get
pup" + pA(b + B)p = Aula — o).

2. We obtain p
= MNb+ B = p=exp{A(b+ B)t}.

3. Therefore, by product rule we obtain

0 = Ala = @)eap{A0-+ )0} = p(t) = ¢ exp{ A0+ 5} + 7).
4. So as t — +oo the price of this good converges to ((‘Z;g)) (This is the equilibrium

position for which demand is equal to supply. That is, the point for which the lines
intersect.).

1.2.3 Method 3: Exact equations

Suppose the function F'(x,y) represents some physical quantity, such as temperature, in a region
of the xy-plane. Then the level curves of F, where F(x,y) = constant, could be interpreted as
isotherms on a weather map (i.e curves on a weather map representing constant temperatures).
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fli
80°

o

Figure 2.8 Level curves of F(x, y)

Figure 1.2.4: Level sets of constant temperature across the US.

Along one of these curves, y(x) = (z,y(z)), of constant temperature we have, by Chain
rule and the fact that the temperature, F, is constant on these curves:
dy

dF(y(x
0= % =F,+ Fy@.
Multiplying through by dx we obtain
0 = F,dz + F,dy.
Therefore, if we were not given the original function F but only an equation of the form:

M(z,y)dz + N(z,y)dy = 0,

we could set F, := M(x,y), F, := N(x,y) and then by integrating figure out the original F'.

1. First ensure that there is such an F', by checking the exactness-condition:
oM  ON
dy  Ox’
This is because if there was such an F, then

oM PF _ F 0N
dy  Oydx Oxdy  Ox

where a% and a% simply denote the partial derivatives with respect to the variables  and

y respectively (where we hold the other variable constant while taking the derivative).

2. Second, integrate M, N with respect to x,y respectively:

[y = [Fw)in = Fay) +oty)
/N(lv y)dy = /Fy(fv,y)dy = F(z,y) + b(z)

for some unknown functions a, b (these play the role of constant of integration when you

integrate with respect to a single variable). So to obtain F' it remains to determine either
a or b.

3. Equate the above two formulas for F(z,y):
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/M@wmx+dw=F@w%=/N@wﬂy+%w

4. Since to find F' it suffices to determine a or b, pick the integral that is easier to evaluate.

Suppose that [ M(z,y)dz is easier to evaluate. To obtain a(y) we differentiate both
expression for F' in y (for fixed z):

/() =~ [ Myfa,p)ds + No.y)
and then integrate in y:
aly) = / [—/My(:c, y)dx + N(:U,y)} dy + c.

Observe that a is only a function of y since if we differentiate the expression we found for
a and use step 1 we find that

% — /% [— /My(x,y)drlr + N(l’,y)} dy

— /[—My(x,y) + N (2, y)]dx

/ Odx
0

Example-presenting the method

We measured the velocity field (u,v) of a two-dimensional incompressible flow and the curves
are given by ¢ (z,y) = ¢ for some yet unknown potential function .

yi(x yj=c

Figure 1.2.5: Velocity field of two dimensional flow.

For example suppose that v(x,y) := —ﬁ, u(z,y) = 71,7 then by incompressibility
our equation is:
udx — vdy = 0.

1. First we check the exactness condition:
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2zy

Uy = ———.
Y x2 + y2
2. Next we integrate u, v in y, x respectively:

vy = [uleg)de +al) = [ T de+al) = 6 +4) +aly

2
vley) = [ = vy +ba) = 5 Iz + 1) + b

3. Next to obtain a(y) we equate the two ¢-formulas to obtain

5 In(e +37) +a(y) = 5 (e +?) + ()
= a(y) = ()
=d'(y) =0

and so a(y) = constant. Since a is constant then b is constant as well.

4. Therefore, the potential field is
1
V(w,y) = 5@ +¢°) +c.

5. Finally, we obtain the solution (z,y(x)) along which ¥ (z, y(x)) = constant = C:

%ln(l’Q +y(r)’) = C —c=y(r) = £/ exp{2(C — ¢)} — 22,

6. For example, if we knew that ¢(0,1) = 0 then we would obtain ¢ = 0. From this we see
that the solution of the level set, say for v» = 60 = C is

2%+ y? = exp{2- 60} < y(r) = £/ /eap{2-60} — 22.

So the level curves are simply concentric circles.

General result:

Exact equation

If the equations M (z,y) + N(x,y)y" = 0 satisfy

1. M,N,M,, N, are continuous

2. the exactness condition:
My(‘ra y) — Nx(.’ﬂ, y)

then there exists a function, v, such that
Yy = M and ¥, = N.
Thus, along the solutions y(z) := (z,y(x)) of the above equation we have:

dy(z, y)
dx

= M(z,y)dz + N(z,y)dy =0
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and in turn we obtain the implicit solution (z,y.(x)) for the following level set:

(x, ye(2)) = c.

Examples

e Consider the equation
(14 €y + ze®y)dx + (ze® + 2)dy = 0.

First we check the exactness

oM _
oy

_on
- Ox

e® + ze®

Second we integrate N(x,y)

Ploy) = [ Nio.)dy + b(o) = (26" + 2)y + )
Third, it remains to obtain b(x). We differentiate F in x
1+e"y+axey=M=F, = (ze" + ")y +V(x)
=b(r) = /[(1 + ey +ze’y) — (ze® + e )yldr +c=x +c.

Therefore,
F(z,y) = (ze® +2)y + =+ c.

So for a fixed level set F' = C + ¢ we obtain the solution:
C—z
xet +2°

y(z) =

e Consider the equation
(6zy — y*)dz + (4y + 32% — 3wy*)dy = 0

First we check exactness
oM 6 . ON
— = 6x — = —.
oy 4 ox

Second, we integrate M (z,y)

Flay) = [M(z.p)ds + aly) = 32% - 15 + aly).
Third we obtain a(y):

a/(y) =I, — (3$2?/ - y3$)y
= 4y + 3% — 32y* — 32 + 3y’
= a(y) = 2y°.
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Therefore,
F(z,y) = 32%y — v’z +2y* + c.

So for a fixed level set FF = C 4+ ¢ we obtain the implicit solution:

C = 32%y — y’x + 24>

L S —
Ty T T M g, g, e, ey
Ty e e T Sy Sy S ey
e e e e

Ty T Ty Sy g ey e e ]

T T T e e = =

oy Tmm

e e e e
i el R — -

gy o e e e e i = —a
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Figure 1.2.6: Direction field for (6xy — v*)dx + (4y + 32 — 3zy*)dy = 0.

Applied examples

A geometric problem occurring often in engineering is that of finding a family of curves
(orthogonal trajectories) that intersects a given family of curves orthogonally at each point. For
example, we may be given the lines of force of an electric field and want to find the equation for
the equipotential curves. Consider the level sets F'(x,y) = k then their slope is given by

dyl F:):

dz ~ F,
Recall that two curves yi, o are perpendicular if their derivatives multiply to —1 (This definition
comes from the fact that two lines are perpendicular if their slopes multiply to be —1. Hence, if

we multiply the tangent vectors (slopes of tangent lines) then perpendicularity should be that
the derivatives vectors multiply to be —1.) and so:

dy2 —1 Fy

. Thus, by solving this equation we will obtain the implicit solution for the perpendicular curve.
Consider F(x,y) = xy, then xy = k are hyperbolas. We will show that 2> — y? = k are the
curves perpendicular to them. First we check exactness for the equation

0= F,dz — F,dy = vdx — ydy
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we indeed have M, = 0 = N,. Second we evaluate F' by integrating M

F(z,y) = /de+ a(y) = %2 + a(y).

Third we differentiate a(y)
2
Yy
d(y)=-y=aly) =—-75 +e

Therefore, for F(z,y) = k we obtain

22
2

2o S,

k=

%
|
g“\

'f
S

N
(D

S
%
l!’
%

—

O
i\

Figure 1.2.7: Hyperbolas perpendicular to each other

1.2.4 Method 4: Integrating factor and Exact

Some equations are close to being exact (they become exact after multiplying by an integrating
factor). For example, the equation

(2y — 6x)dx + (3z — 4%y ')dy = 0
is not exact but if we multiply both sides by u(z,y) = zy* we obtain
ry*(2y — 6x)dx 4+ xy* (3 — 42’y )dy =0

an exact equation. You can check that F(z,y) = x?y® — 223y? + ¢ solves the modified problem.

Method formal steps

1. If the equation is not exact, check whether
M, — N,
N
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is a function of only x or

is a function of only .

2. Then in the first case the correct integrating factor is

1(z) = exp{ / wdx}

and in the second case

N, — M,
M(?J) = effp{ Tdy}

Example-presenting the method

In the context of the above example on perpendicular trajectories, suppose that we want to
find the curves perpendicular to concentric circles. Then as explained above they satisfy the
equation:

2ydx — 2xdy = 0.

This equation is not exact because M, =2 # —2 = N,.

1. First we check the ratio
M,—-N, 2+2 2

N —2x T

and so indeed this ratio only depends on x and it is continuous away from the origin.

2. We integrate to obtain u

-2
p(z) = exp{/—dx} =exp{ln (27%)} =272
x
3. Therefore, by multiplying by p we obtain an exact equation:
2yxr~2dx — 2z 'dy = 0.

4. Next we carry out the exact equation steps. First we obtain F
F(r,y) = /Mdﬂf +a(y) = =2y~ +a(y).

5. Second we obtain the function a(y) by differentiating in y
—2r ' +d(y)=F, = N(z,y) = 22" = a(y) =c.
6. Therefore, we obtain F'
F(z,y) = —2yr ' +c¢
and note that for its level sets F'(z,y) = k we have

—k

2
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In other words, lines going through the origin are perpendicular to concentric circles (as
depicted in Figure 1.2.8).

Figure 1.2.8: Lines perpendicular to circles

General result:

Integrating factor ratios
The equations M (z,y) + N(z,y)y’ = 0 can be made exact if either
M, - N,
N

is continuous and depends only on x or

N, — M,
M

is continuous and depends only on y.

Proof. We are searching for a factor u(x,y) that will satisfy the exact condition

9 ()M (z,y)) = 2-(ul, y)N (2, )

oy Oz
= My, — Ny, = (N, — M,)p.

M,—N, .
5 are functions of only z:

This equation can be simplified if we assume that p and

N, — M,

0 — piz(z) = Tﬂ(x)-

= e [ 2o}

Therefore, we obtain
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[]

Generalized integrating factor

Consider equation
M (z,y)dz + N(z,y)dy = 0.

If there are functions w(z,y) and R(z,y) = R(w(x,y)) s.t.

M, — N,

Yyt _p
wy N — wy, M (@),

then we can use the integrating factor:

ww(z,)) = exp{ / R(w)dw},

where we treat w as a variable.

Proof.

By requiring exactness we obtain

As a result, we can solve

) = exp{ / R(w)dw},

where we treat w as a variable. Therefore, we obtain the desired exactness condition.

Examples
e Consider the equation
(22% + y)dz + (2%y — x)dy = 0.
We first see that exactness is not satisfied
My, =1#2xy—1=N,.
First we check if the first ratio only depends on z:

My,—N, 1-2zy+1 -2

N 2y —x x

Indeed it does, and so we can multiply by

u(z) = exp{/_?zdx} ]
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This gives us the exact equation

27

(2+yz ?)dz + (y — 2~ ")dy = 0.

Then we repeat the steps for exact equations. First we obtain F'

F(z,y) = /Mdm +a(y) =2z —yz~ " +a(y).

Then we need to obtain a(y):

2

_1+a’(y):Fy:N:y—x_1:>a(y):%—i-c

and so F'is

2

Y

Fla,y) =21 —yo~" +

2
Therefore, for F' = C we obtain the implicit solution:

y2

20 —yr '+ = =0C—c

2

e Consider the equation

20y® + y' + (zy® — 2y)y =

1. You can check that this equation is not exact.

+c.

0.

2. We will assume that the integrating factor p is of the form p = p(w(x,y)).

3. Then we obtain the following equation:

to have exactness we require

(w(w)M)y = (w)N), =

p(w)wy M + p(w) M, = i@/ (w)we N + p(w)N, =

du M, — N,

In our case the last equation becomes

wo Wy N — wy M

dw.

du 6xy? + 33

= W
o wa(zyd — 2y) — wy (223 + y*)

4. Tt is easy to notice identity y(6zy® + 3y3) = 2(2zy® + y*).Because of that, we will

take w, = =2, or w = w(y) = —31ny.

5. By substituting this result into equation above, we finally get

dp -3

1

y

H Y

6. It is easy to check that 22 + zy + % = (' is a solution.

e Consider the equation
dy + Mdx = 0,

with M = &£ — L(W)erfz(xy) where erfi(w) =
function.

1. Since M, # 0 the equation is not exact.

2

v

Iy e’ dt is the imaginary error
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2. This equation satisfies

M,
Y R(xzy) = xy.

3. Therefore, let the integrating factor be

p(zy) = 6xp{/R(w)dW} = exp{(xy)*}.

1.2.5 Method 5: Substitution methods
If an equation is of the form ¢’ = f(¢,y) with f being nonlinear, then one can try to figure out a
change of variables (¢, y) — z(t) that gives 2’ = g(t, ) where now g is linear and thus the above
methods apply.
Homogeneous equations
A function f(t,y) is homogeneous of order a (or a—homogeneous) if it satisfies:

FOXy) = A% f(ty)

for all A € R. Equivalently, such functions are of the form:

F(t,y) = f(t-l,t-%) :to‘f<1,%> :t“h@) or
——
n(%)
fty) = y‘“f(i 1) =y* f<(L 1) = yag(%)

—_——

(¥)

=
~—

Q
o+l

For example, f(t,y) = t*e is homogeneous of order «v. If an equation is of the form
M(t,y) + N(t,y)y' = 0, for continuous functions M, N that are both a—homogeneous, we can
obtain a solution by a clever use of chain-rule (§2.1).

Homogeneous equations

The equations M (t,y) + N(t,y)y’ = 0 ,for a—homogeneous M, N, have implicit solutions

of the form 2 1
— dr=1n t| + ¢,
/z(o) h(z) — |
where z(t) := ¥ and h(¥) = —%fffz))'

Proof. 1. We rewrite the equation as

= f(tv y)

where we note that f(t,y)) is 0—homogeneous due to the ratio i.e. —%((f?y’)) =: h(Y).

2. Therefore we can rewrite the equation as
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r-i(2)

t . .
¥® we can rewrite the equation as

t

3. By change of variables z(t) :=

t%+zzy=h@)=mw

By rearranging it we get

dz _ h(z) ==

dt t
S| 1
:>/—dx:/—dt+c
Zoh(x)_m tot

where z(tg) = zo. Let ®(z) := LHS = f;mdx then we obtain the implicit solution:

O(2) =1Inlt| + c. O
Bernoulli equation
The non-linear equations of the form
d
+ Pla)y = Q)"

are called Bernoulli equations. By substituting v = =" we obtain the linear equation:

4 FL=m)P@) = (1-n)Q(x)

which we can solve by means of an integrating factor.

Riccati Equation
The non-linear equations of the form

d
= Ay + B(x)y + C(x)
dx
are called Riccati equations. By substituting y = f + %, where f is a particular solution of
the above, we obtain the linear equation:

dv
Ir + (B+2fAp = —A.

1.2.6 Method 6: Linearize

Example-presenting the method

e (Energy balance equation (EBM)) The global mean temperature T can be modeled by
the | |

dr
RE =Q(1 —a)—oT*,

where
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— T (K kelvins)is the average temperature in the FEarth’s photosphere (upper atmo-
sphere,where the energy balance occurs in this model) (1kelvin= 1C);

— t(years)is time;

— R (W —yr/m?K) is the averaged heat capacity of the Earth/atmosphere system(heat
capacity is the amount of heat required to raise the temperature of an object or
substance 1 kelvin(=1 C));

— Q (W/m?) is the annual global mean incoming solar radiation (or insulation) per
square meter of the Earth’s surface;

— « (dimensionless) is planetary albedo(reflectivity),and

— o(W/m?K") is a constant of proportionality, the Stefan-Boltzmann constant.

e Let Tg be the equilibrium surface temperature

(1-a)@

o

T := ( )4 = 288K

We will make the assumption that T is close to Ts over time.

e By Taylor expanding the non-linear term we obtain

T =Ts +4T3(T — Ts) + O((T — Ts))|).

e Substituting in the equation we obtain

Y
RS = QU1 —0) — T4 — (o - 4T)Y,

where Y := T — Tg. This a linear ode that can solved by integrating factor.

1.2.7 Summary

Given a specific first-order differential equation to be solved, we can attack it by means of the
following steps:

1. Is it separable? If so, separate the variables and integrate.
2. Is it linear? That is, can it be written in the form:

dy

D+ Pty = Q)7

If so, multiply by the integrating factor u(t) = exp{fP(s)ds}.
3. Is it exact? That is,when the equation is written in the form:
M(t,y) + N(t,y)dy =0
with M, = N;.

—N; M,—N;
or —4-

4. If the equation is not exact, do we have either 2 being a function of only

N
t,y respectively? If so then it can be made exact.

5. If the equation as it stands is not separable, linear, or exact, is there a plausible substitution
that will make it so? For instance, is it homogeneous?
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Equations that can be made exacl

Exact

Separable

Autonomaous
LINEAR |

| Homogeneous | | Bernoulli |

Figure 1.2.9: Summarizing diagram of all the methods

1.3 Existence and Uniqueness

If the first order equation ¥ = f(¢,y) satisfies that f, f, are continuous as functions of
(t,y) for |t| < a,|y| < b, then there is some interval ¢ € [0, h] in which there exists a unique
solution y = ¢(t).

1.3.1 Method Formal steps: Picard’s method

Observe that by integrating both sides we obtain by fundamental theorem of calculus:
t
o) =0 = [ Flsy(s)ds,
to
where yo = y(ty). We will approximate the solution y as follows

1. Let @o(t) be an initial guess to the solution eg. ¢o(t) = yo, then we define the next step
as:

t
e1(t) = yo +/ f(s,¢o0(s))ds.
to
2. Similarly, given ¢,, we define

wmﬁ%=m+/ﬂ&%@ﬁ&

to

Example-Presenting the method

Consider the initial value problem:

1. Let o9 =1 then

©1(t) 2=1+/0f(8,g00(s))ds:1+/0 1ds =1+ t.
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2. We repeat

t t t2
wo(t) =1+ f(s,(pl(s))dszl—k/(1+s)ds=1+t—|—5.
0 0

3. Assume that ¢, () :==1+t+ ... + L then

t " gl
() =1 . —1 =14t
Oni1(t —l—/fs<p ds +/OZI<:'S +t+ .. +(n+1)

4. Therefore, as expected we obtained the approximation to y(t) = e, which is indeed
the solution of the above initial value problem.

1.3.2 Picard-Lindelof Theorem

In this section we will prove the Picard-Lindel6f Theorem. To do this we will first reformulate
the differential equation into an "integral equation”. The reason we do this is because integral
are more lenient with respect to regularity (think of how shabby a Riemann integrable function
can look) while derivatives are not. This reformulation is the goal of the following lemma:

Integral equation reformulation

Suppose f(x,t) is a continuous function on a domain (a, b) x (¢, d). Then if = is a solution
to
/(t) = f(x(t),t), for t € (c,d) such that x(ty) = xo

whose derivative is continuous and for ¢y € (¢, d), then z satisfies

i t)::c0+/t:f(x(s) s)ds

for all t € (¢,d). Conversely, suppose z is a continuous function that satisfies

t) = xo +/t f(z(s),s)ds

for all ¢t € (¢, d) then x is differentiable withcontinuous derivative and z solves

Z'(t) = f(z(t),t), fort € (¢,d) such that z(ty) = xo.

Proof. First suppose that x solves
2'(t) = f(x(t),t), fort € (¢,d) such that z(ty) = .

and has a continuos derivative. Since z is continuous then f(x(¢),t) is a continuous function of ¢.
Integrating both sides from ¢y to any ¢ € (¢, d) gives, by the Fundamental Theorem of Calculus,

z(t) —xo = x(t) — x(ty) = /t x(s)ds = /t f(z(s),s)ds

Since t was arbitrary we conclude that for all ¢ € (¢, d) we have

t) = 2o + /t:f(x(s) 5)ds
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Conversely, suppose z is a continuous function that satisfies

x(t) = xo + /t f(z(s), s)ds.

Observe that since x is continuous then f(x(s), s) is continuous. By the Fundamental Theorem
of Calculus we conclude that the map

t
t— / f(z(s), s)ds
to
is differentiable for all ¢. Since constant functions are differentiable we conclude that
t
z(t) = xo +/ f(z(s),s)ds
to

is differentiable for all t. By the Fundamental Theorem of Calculus we have

'(t) = f(z(t),1)

for all t € (¢,d). Since f(z(t,t)) is continuous then 2'(t) is continuous. So x solves the ODE
and has continuous derivative. In particular, notice that z(tg) = . ]

Now we have exchanged the goal of demonstrating existence and uniqueness of an
IVP for demonstrating existence and uniqueness of an integral equation. Notice that this
reformulation has = appear on both sides of the desired equation. This allows us to use "fixed
point methods” to achieve our goal. We recall, for convenience, the Banach Fixed Point Theorem
which is proven in the appendix of analysis results:

Banach Fixed Point Theorem

Suppose X is a non-empty and complete metric space. Suppose also, that f : X — X

satisfies
d(f(z), f(y)) < kd(z,y)
for all x,y € X and where 0 < k < 1. Then there exists a unique point z € X such that

f(z) = z.
We are now ready to prove the existence and uniqueness theorem.

Picard-Lindelof Theorem

Suppose [ : [a,b] X [c,d] — R satisfies, for each fixed ¢ € [c, d] and for any xy,xs € [a, b]
|f(.T1,t) - f(.%'g,t)l < M‘xl - Z'2|

where M > 0 and does not depend on t. Then, if ¢y € (¢,d) and z( € (a,b), there exists
€ > 0 and a continuous function x such that

x(t) = xo +/t f(z(s),s)ds

for ¢ € [to — €, 10 + €.
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Proof. Observe that for any z,y € (a,b) we have, for t > ¢,

<x0 + /t:f(:v,s)ds) - <x0 + /t:f(y, s)ds)

/t (F(z,s) - F(y,5))ds

t
=) |z, 8) = fly, s)lds

< M(t —to)|z — y|
= M|t —to||z —y]

A similar computation holds for t < ¢y with the same conclusion. Thus, for all ¢ we have

(0 [ seo9ias) = (a0 [ r.900s) | < Mt alle—
to to

and in particular if we restrict the consideration of the above inequality to t € [to — ﬁ, to+ ﬁ}
then we can further conclude that

(roe [1008) (s [ s095)| < oo

for ¢ € [to — 537, to + 537)- This constraint shows that the dependence of zo + ft'; f(z,s)ds on x
is that of a contraction. Next observe that for ¢ € [to — 557, %0 + 557] We have

(mo—i-/totf(x,s)ds) 2 /t:f(x,s)ds

min{zo—a,b—zo} min{zo—a,b—xo}
B el L

< 1 lleapxe.an It — tol-

Thus, if we choose t € [to = } then we may conclude that

Il fa.b1x (e an) Il e fa,b1x (e, an)

t
a<zg+ / f(z,s)ds <b.
to

Thus, in this constraint the output of xy + ftto f(z,s)ds is in between a and b. We restrict our
attention to t € [to — ﬁ,to + ﬁ] N [to — minfro—ab-gzo} 4"y mm{wo_—ab_m}] = I so that both of

I Meqapxiea >0 Tfloqabxed
the above described conditions are true. Now we define F : C(I;[a,b]) — C(I;]a,b]) by

F(x) = xq +/t f(z(s),s)ds.

We verify that F is well defined and that F is a contraction. Let z € C(I;][a,b]). Then z is
bounded and so

F(x) = zq +/t f(z(s), s)ds.

is a continuous function. In particular, since z is a function that maps to [a,b] the above
expression makes sense and is defined for all t € I. By construction, since t € I and x(I) C |a, b]
then a previous computation shows that

a<zo+ /tf(x(s),s)ds <b.

for all ¢ € I. The previous computation still holds since f(z(s), ) < || fllc(japx[c.q for all s € 1
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remains true. Thus, F(z) € C(I;|a,b]). Next we show that F is a contraction. By mimicking a
previous computation we have, since t € I and z(I),y(I) C [a,b] for x,y € C(I;]a,b]), that for

all tc I
‘<x0+/t:f(x(s),s)ds) - <m0+/t:f(y(s),s)ds)‘ < M/t:p;(s) —y(s)|ds

< Mt —to| ||z — Z/Hc(];[a,b])
< 1
> §||$ - yHC(I;[a,b})

where the last inequality follows from the choice ¢ € I. From this we conclude that

(F@)O) ~ F)O] < 3l vlous

for all t € I. Hence,
1
1F (@) = FW)lleray < §||x = Ylleran

. By the Banach Fixed Point Theorem we
satisfying

which shows that F is a contraction on C(/;|a, b|
conclude that there is a fixed point z* € C(I; |a, b]

~——

x*(t) = xg +/t f(z*(s), s)ds

forallt e I. O

1.3.3 Generalized Existence and Uniqueness*

We prove a general form of existence and uniqueness known as the Osgood’s existence and
uniqueness theorem:

Osgood’s existence and uniqueness

Suppose f(z,t) is continuous in both variables and satisfies, for each x € [a, b],

|f(@,t1) = f(z,t2)] < w(|ts — )

where w : [0,00) — [0, 00) satisfies w™'({0}) = {0}, L is Riemann integrable on [4, 1] for

all 6 > 0, and
1

lim ——ds = 4o00.
50+ J5 w(s)

Then there exists a unique y that satisfies
y'(z) = flz,y(x))

for x € [a,a + ¢€) as well as y(a) = yo.

Proof. Since f is continuous then by the Peano’s existence theorem we have that a solution, v,
exists for x € [a,a + €) where € > 0. We now demonstrate uniqueness. Suppose not. Then there
exist two solutions y;, 2 to this initial value problem. Since the solutions are distinct then there
is a point z* such that y; (z*) # yo(z*). In particular, we see that

A= {f € [a,a+¢) ‘ yi(z) # yz(l‘)} # .
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Observe that by continuity that A is also open. Choose any point in A and consider the largest
interval containing the chosen point. Suppose this interval has boundary points ¢ and d. I
claim that we must have y;(c) = ya(c) and y1(d) = y2(d). Suppose not. If this fails for ¢ then
notice that by continuity there will be a § > 0 such that y;(x) # y2(x) for x € (¢ — d,¢). This
contradicts how we found the endpoint ¢. A similar proof works for d. Observe also that we
either have y;(x) > yo(x) for all z € (¢,d) or yo(x) > yi(z) for all x € (¢,d). This is because
(¢,d) C A and if both situations occurred in (¢, d) then by the Intermediate Value Theorem
there would be a point in (¢, d) C A where y; and y, agree. Assume, without loss of generality,
that y;(x) > yo(z) for all © € (¢,d). Then, for x € (¢, d) we have

2(7)) < |f1(@,11(x)) — [z, y2(2))]
w(yi(x) — ya2(2)).

IIQ

Hence, for x € (¢, d)

(yl(f) - y2(x))’
ol @) = gola) =

By Preiss and Uher’s version of the change of variables theorem we have for each ¢ > ¢ and for

fixed t* > t that - ( )
_ / Y1—y2 1
[ ey, o
o wy(z) —ya(2)) -y (5)
where we choose t* so that (y; — y2)(t*) < 1 (this is possible since y; — y» is continuous and is 0

at t = c. Hence,
(1—y2)(t") 1
/ ds <t —t.
- «(5)

Letting ¢ tend to ¢ gives

(y1—y2)(t*)
ds <t"—c¢ < +00

+00 = lim
e Sy gy wW(8)

which is a contradiction (note that we have used that (y; — y2)(t) tends to 0 as t tends to c).
We conclude that the solution is unique. O]

Remarks

We remark that the Osgood condition can be weakened to requiring

[f(a,t) = f(z,t2)] < w(lts = to])p ()

for each = € [a,b] and any t;, 5 where w satisfies the conditions stated in Osgood’s existence and
uniqueness theorem and ¢ > 0 is Riemann integrable on [0, 1]. This strengthening of Osgood’s
theorem is referred to as the Montel-Tonelli uniqueness theorem.

1.4 Autonomous dynamics and Logistic growth

The equations of the form
dy
= f(y)

are called autonomous. Such equations mlght not have explicit solutions, but it is possible to
draw qualitative solutions for them.
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Method formal steps

1. First we draw the curves ¢;(t) = (t,y(t)) where f(y) = 0 (called the equilibrium
solutions or critical points ).

2. These will separate the regions into y' = f(y) > 0 and v/ = f(y) < 0.

3. We classify each ¢; as asymptotically stable if for y(t) starting close to ¢; (i.e.
lyo — »i(0) <¢)
lim y(t) = ¢;

t—o00

irrespective of whether yo < ;(0),y0 > ;(0) and asymptotically unstable if solutions
that start close to the ¢;(t) curve, move away from it.

Example-Presenting the method

En route to studying the competing species we will need the logistic equation (2.5): Let y(t) be
the population of a given species at time ¢ then

dy _ | (1 _ £>y
dt KJ7
where r > 0 is called the intrinsic growth rate and K is the saturation level. Since y is a physical

quantity, the y < 0 is ignored.

1. First we find the equilibrium solutions: r(l — %)y =0=y= K ory=0. So the
equilibrium solutions are ¢i(t) = 0, po(t) = K.

2. We have ¢ = r(1 — %)y > 0 when K >y and y > 0 (y < 0 is ignored). Therefore, the
solutions started from below K will be growing upwards to y = K.

3. On the other hand, ¢’ = r(1 — %)y < 0 when K < y and y > 0. Therefore, the
solutions started from above K will be decaying downwards to y = K.

oS

Figure 1.4.1: Direction field for logistic with K = 3.
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4. So we observe that irrespective of the initial value the solution converges to the saturation
level: tlim y = K. Therefore, po(t) = K is the asymptotically stable solution.
— 00

5. On the other hand, we observe that if y is really small (i.e. close to ¢; = 0) but still
positive, the solutions still move away from ¢, and go towards ¢,. Therefore, ¢, is the
asymptotically unstable solution.

6. Physically that the population dynamics will return to the saturation/capacity level K;
the most the ecosystem can withhold.

Examples

1. Consider the equation

Y =(y—1)(y—2)(y—3)

(a) First we identify the equilibrium solutions:

y/

=0=i(t) =1, a(t) =2, and p3(t) = 3.

(b) Second we identify the sign of ¢ in each region:
e Above y > 3 we have iy > 0 and so the solution will growth to infinity
e In y € [2,3] we have ¢ < 0 and so the solution will decay downwards to ¢.
e Iny € [1,2] we have ' > 0 and so the solution will grow upwards to 2. Therefore,

in either case

y(t) — o2

and so  is asymptotically stable.
e In y € [0,1] we have ¢ < 0 and so the solution will decay downwards to minus

infinity.

e Therefore, 1, 3 will be asymptotically unstable.

st | et / roor 1
st /o owed/ S
ar - yO=5—
) P P — -:_________g-———
1 ——— yo=3—
0 U L o \ S v v
e WU
20 L yo=0 | l l l
sl 100
AL a2 ! | l !
S| ved ! A Lo

4 05 0 05 1 15 2 25

Figure 1.4.2: Direction field for v/ = (y — 1)(y — 2)(y — 3).

2. Consider the equation
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(a) First we identify the equilibrium solution/-s:
Y =0=¢(t)=0.

(b) Second we identify the sign of ¥’ in each region:

e Above y > 0 we have iy = e ¥ — 1 < 0 and so it will decay downwards to 0.

e Below y < 0 we have 3/ = e ¥—1 > 0 and so it will grow upwards to 0. Therefore,
@ is asymptotically stable.

E2XTT77

Figure 1.4.3: Direction field for ¢y = e ¥ — 1.

Applied examples

e We return to the price of good example from the integrating factor section. When the
price of a good is p, the total demand is D(p) = a - bp and the total supply is S(p) = a+fp,
where a, b, o, and 3 are positive constants. When demand exceeds supply, price rises, and
when supply exceeds demand it falls. The speed at which the price changes is proportional
to the difference between supply and demand. Specifically

P = AD(p) — S(p))
for A > 0.

1. We obtained
(a —a)

(b+8)

2. So as t — +oo the price of this good converges to % Now we will show that

p(t) = c-exp{—\b+ p)t} +

_ (a=a)

Y= orp)
3. We first obtain the equilibrium solutions

in fact an asymptotically stable solution.

()

(b+5)

pP=0= D(p)=Sp) = a—bp=a+pp = p=
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4. Since D(p) = S(p), this is the price where supply will match demand. We have p’ > 0

(a—a)
(b+8)

when p < and so the price will grow upwards to the stable price.

(a=)

/
5. We have p’ < 0 when p > )

price.

and so the price will decay downards to the stable
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1.5 Problems
The questions labeled by (*) are trickier.

e Linear integrating factor (2.2)

— Find the general solution and use it to determine how solutions behave as t — +o00
1.y +3y=t+e?
2.y +y=tet+1,
3. (M) + Fy = 3cos(2t),t >0

— Find the general solution and use it to determine the asymptotic behavior for different
values of a

1.y — 3y =2cos(t),y(0) = a as t — +o0,

2. Mty +(t+ 1y =2te " y(l) =a,0<tast— 0.

3. (*) A rock contains two radioactive isotopes R;, Re with R; decaying into R
with rate 5e?%kg/sec. So if y(t) is the total mass of Ry, we obtain:

& rate of creation of Ry - rate of decay of Ry

dt
= 56_20t - ky(t)v

where k > 0 is the decay constant for Ry. Also assume that y(0) = 40 kg.

— Suppose z : [a,b] — R is continuous on |[a, b], differentiable on (a,b), and satisfies
2/ (t) < c(t)x(t) + b(t) on (a,b) where ¢,b: [a,b] — R are continuous.

1. By using an integrating factor, p, show that we can rewrite the inequality
'(t) < e(t)x(t) + b(t) as

((D)(t)’ < p(b(t).

2. By further rewriting the inequality conclude that the function

is non-increasing on (a,b) and continuous on [a,b]. Conclude that F' is non-
increasing on [a, b] and hence

F(t) < F(a).
Conclude that

t
z(t) < z(a)elac®ds 4 efac(s)ds/ e[_ Jiels)as] b(s)ds
for ¢ € [a, b].

e Separable (2.1):

— For each of the questions (1) — (5) you should:

(a) find the solution of the given initial value problem
(b) determine the interval in which the solution is defined:

We follow the standard book practice of using a (*) to indicate a question is trickier.
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Ly =(1-22)y* y(0)=-1/6,

3. (%) =2 (1) =2,

L)y = 2517/(1 +2y), y(2) =0,

5. (*) v =y*+1, y(0) =0 (only the interval containing 0).

— For each of the following questions you should:

(a)
(b)

find the solution of the given initial value problem
determine the behaviour as t — +o00:

L (*) ¢ = cos’(y), y(0) =2,
2. (*) y = t2 0 y(0) = 1.

— (*) Homogeneous equations problem 2.2-(25).

e Homogeneous equations problem

dy
L. 3

x2 +ccy+y2
72

e Autonomous equations

1. Draw the phase lines and identify which solutions are asymptotically stable/unstable.

(a)
(b)
()

%:ay—{—byZ’ CL>07 b>0, —00 < Yo <00,

W =yly—1)(y—2), yo >0,

d
P=e'-1, —oco<yy<o0.

2. (**) Suppose f : [¢,d] — R and suppose z : [a,b] — R is a function which is continu-
ous on [a, b], differentiable on (a,b), z([a,b]) C [c,d], and x satisfies 2'(t) = f(z(t))
for t € [a,b]. Show that x is monotone on [a, b].

Hints:

(a)

Suppose not. Then, without loss of generality, we can find points a < t; <
ty < t3 < b such that z(t;) < z(t2) but z(t3) < z(t2). Use this to argue that
there is a point ¢4 € (t1,¢3) such that x attains its maximum on [t1,t3] at .
Then construct t5 € (t1,t4) and tg € (t4,t3) such that 2'(t5) > 0, 2/(ts) < 0,
x(ts) < x(t4) and z(tg) < x(t4).

If 2(t5) = x(tg) use the differential equation satisfied by x to conclude we are
done. Otherwise, without loss of generality, we may assume x(t5) < x(t). Show
that the collection of ¢ € (t5,t4) such that z(t) = z(t¢) is non-empty.

Now suppose, for t € (t5,t4), 2’(t) < 0 whenever z(t) = z(ts) and consider the

set
A={te (ts,ts) | 2(t) # x(ts) }.

Show that if ¢, € A then there exists € > 0 such that ¢, + ¢ € A. Finally show
that the set z71(A) has the property that if s € z71(A) then s £ € z71(A) for
d > 0 small enough (you will need to use that z is continuous here).

Conclude that A = J;°,(a;,b;). To see this for note that if a point is in A then
nearby points are in A. Thus, we may consider the maximal neighbourhood of a
point z € A. Show that if A,, A, are maximal neighbourhoods of x and y then
either A, = A, or A, N A, = ¢. Since rationals are countable conclude that the
amount of intervals A, is countable.

Pick any maximal interval (a;, b;) from A. Observe that a;,b; ¢ A. Conclude,
by continuity, that there is § > 0 such that x(a;) > z(t) if 0 <t —a; < ¢ and
z(t) > x(b;) if 0 < b; —t < §. Conclude that there is a point ¢ € (a;, b;) such
that z(a;) = x(c) = x(b;) (they all equal x(ts)). This is a contradiction. Thus,
the assumption 2/(t) < 0 whenever z(t) = x(t6) is wrong. Conclude that there
exists t7 € (t5,14) such that z(t7) = z(ts) and 2’(t7) > 0 and use the differential
equation to argue that we have a contradiction as in 20.
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3. (F*

) In this exercise we construct an initial value problem for an autonomous differ-

ential equation which has no solution but the function f is continuous at the initial
condition.

(a)

(b)

Suppose [ : [¢,d] — R is nowhere 0. Show that the differential equation
2'(t) = f(z(t)) has no constant solutions. That is, if C' € [¢, d] is any constant,
then x = C is not a solution to 2/(t) = f(z(t)).?
Suppose f : [¢,d] — R is continuous on [c, d] and differentiable on (¢, d). Then:
i. if t,s € (¢,d) with t < s and f'(t) < 0 and f'(s) > 0 then there exists
r € (t,s) such that f'(r) =0.
ii. if t,s € (¢,d) with ¢t < s and p satisfies f'(t) < p < f'(s) then there exists
r € (t,s) such that f'(r) = p.
Hint: Apply the previous problem to g(z) = f(x) — xp.
Suppose [ : [¢,d] = R and z : [a,b] — R satisfies z([a,b]) C [¢,d], = is continu-
ous on [a, b] but differentiable on (a,b), = satisfies 2/(t) = f(x ( )) for t € (a,b).
Then if ¢, s € (min {z(a), z(b) }, max {x(a),z(b)}) with t < s, nd p is such that
f(t) < p < f(s) then there exists r € (t, s) such that f(r) =

Note: You will need to use 2 to conclude.
Consider f : [—1,1] — R defined by

1 r# +LforneN
fay =9 1 .
Show that the problem z'(¢) = f(x(t)) with z(0) = 0 has no solutions using the

previous questions. Also, verify by directly integrating that this initial value
problem has no solutions.

2This is referred to as Darboux’s Theorem.
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Chapter 2

Second order equations

The general form of 2°¢ order equation is

y' = f(ty.y).

We call them linear non-homogeneous if the equation can be written in the form

y" 4+ pt)y +q(t)y = g(t)

and linear homogeneous if, in addition to being linear non-homogeneous, g(t) = 0

Y +p(t)y +q(t)y = 0.

The method of characteristic equations is for homogeneous equations and the methods of
undetermined coefficients and of variation of parameters for homogeneous equations.

2.1 Method 1: Characteristic equation

If the equation is linear homogeneous and further p(t), ¢(t) are constant, then the equation is
referred to as a constant-coefficients equation:

ay” +by +cy =0

and we can apply the method of characteristic equations to solve such an equation. Note that a
is assumed to be non-zero since we are working with a second order equation.

Method formal steps

1. We assume that the solution is of the form y(¢) = " (this is called making an ansatz).
This gives

(ar? +br +c)e" =0= ar*+br +c=0,
which equation is called the characteristic equation.
2. So to solve the above ODE, it suffices to find the two roots rq, 7.
3. Then the general solution is of the form:
y(t) = cre™ + cpe™.

45
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Example-presenting the method

Consider a mass m hanging at rest on the end of a vertical spring of length [, spring constant k
and damping constant v (as depicted in Figure 2.1.1).

Puositive Direction

Figure 2.1.1: Spring mass

Let u(t) denote the displacement, in units of feet, from the equilibrium position. Note
that since u(t) represents the amount of displacement from the spring’s equilibrium position
(the position obtained when the downward force of gravity is matched by the will of the spring
to not allow the mass to stretch the spring further) then wu(t) should increase downward. Then
by Newton’s Third Law one can obtain the equation

mu” (t) +yu'(t) + ku(t) = F(t),

where F'(t) is any external force, which for simplicity we will assume to be zero.

1. First we obtain the characteristic equation:

mr? +yr +k = 0.

2. Suppose that m = 1lb,y = 5lb/ft/s and k = 61b/ft then we obtain the roots r; = —2,
o = —3.

3. Therefore, the general solution will be

u(t) = cre™ 4 cpe™ .

4. Further if u(0) = 0, v/(0) = 1 we obtain ¢; = 1,¢, = —1:

u(t) =e 2 — e,

Examples

e Consider the IVP
' —y=0, y(-2) =1, y'(-2) = —1L
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1. We obtain the characteristic equation 4r* — 1 =0 = r = :I:% and so the general
solution will be

_t
2.

y(t) = cre? + coe

2. Using the initial conditions we obtain:
-1 1 -1
l=ce " +ce and —1= §(cle — cg€).

3. Solving these two equations gives: ¢, = Zle, ¢y = ge_l and so the solution for our

2
IVP is:
1

t 3 t
y(t) = —5e ™2 F g

4. Therefore, as t — +00 we obtain y — —oo.

e Consider the IVP . ) )
y" +5y +6y =0, y(0) =2, y(0) =p

1. The characteristic equation is 72 +5r +6 = 0 = r = —2, —3 and so the general

solution will be:
y(t) = cre™* + cpe™

2. Using the initial conditions we obtain:

2=c1+c and = —2¢; — 3co.

3. Solving these two equations gives: ¢; = (6 4+ [3), co = —(4 + ) and so the solution
for our IVP is:
y(t) = (6+ B)e™™ — (4 + B)e™™.

4. Therefore, as t — +00 we obtain y — 0.

2.1.1 Wronskian

Now we will show that the general solution of linear homogeneous ode is always of the form:

y(t) = aiyr + caye,

where the y; are solutions for the differential equation that satisfy a linear independence condition
that is called the Wronskian. Then {y;, y,} will be called the fundamental solutions because
they can be used to generate all other solutions.

Method formal steps

/

Consider arbitrary initial conditions y(ty) = yo and y'(ty) = vy,

1. Assuming that y = c1y; + cay» holds for some choice of ¢, ¢y then we certainly expect
that the follow equations will hold:

Yo = y(to) = cryi(to) + caya(to)
Yo =y (to) = cryy(to) + cays(to)

which can be rewritten in matrix form as:

i o) (2) = G2)
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This leads us to studying the matrix

T {yl(tO) yz(tO)}‘

2. Then we compute the determinant of this matrix, referred to as the Wronskian,
W = det(Winawriz) = y1(t0)ya(to) — y2(to)ys (to)-

3. If it is not zero, then the general solution will be of the form y = c;y; + coy2 (Although
we only found coefficients that allow c1y; 4+ coys to match y when ¢ = ¢y it will turn out
that both functions agree for all t).

4. If it is zero then these y;, yo will not generate all solutions (In this case it is possible to
choose yy and y; to make the system have no solutions at to. If we can’t solve it at ty
there is no hope for general t).

Example-presenting the method
Going back to the spring example, the characteristic equation is

mr? +yr +k = 0.

Assume that it has two distinct real roots 71,75 and so we can easily check that y(t) =
et yo(t) = e are both solutions for this ODE. Now by computing the Wronskian we will
check whether all possible solutions are of that form:

W (et e t) = eFTI (ry — ) £ 0.
——
distinct roots

Therefore, all solutions will be of the form: y = c;e™* + €™ for some choice of ¢; and c;.

General results:

Generalized solution

Suppose that y;, y» are solutions of

y' +pt)y +q(t)y =0.
Then the family of solutions
Y =1y + C2Y2

for arbitrary ¢, co, includes all possible solutions if and only if there is a ¢, where the
Wronskian of y;(t.), y2(t.) is not zero.

Proof. Consider general solution ¢(t) of the above ODE. We will show that there are constants
a,bs.t. p(t) = ay; +byy. Let t, be the time for which W (yy, ya,t.) # 0 and let Ky = ¢(t.), K3 =

¢'(t,). Then o e B
E(t:) Z(t;] (b) - (KO>

has a solution (7) because the matrix is invertible. So if ((f) := ay(t) + bya(t) we have
((t.) = Ky, ('(t.) = K;. Therefore, the existence and uniqueness theorem for 2nd order ODEs
gives us ¢(t) = ((t) = ayy(t) + bya(t) for all . O
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In fact if W (y1,y2,ts) # 0 for one ¢, , then the Wronskian is actually never zero for all
t s.t. W(yi,ya,t) # 0. This is proved via Abel’s identity:

Proposition 2.1.1 (Abel’s identity). Let y1,y2 be solutions to

Y +pt)y +qt)y=0

then for any t, we can write
t
W(y17y27t) = W(y17y27t*)€xp{_/ p<8)d8}
t

Proof. Next we prove Abel’s identity which will imply W (y1, ya,t.) # 0 = Wy, ya,t) # 0.
Differentiating the Wronskian we obtain

W' =419y — yi'ye.
Plugging in the ODE for y} and g} gives

W' = y1(=pys — q(t)y2) — (=py1 — q(t)y1)y2
= —p(nys — y1y2)
= —pW.

Therefore, we obtain the first order ODE W’ = —p(t)W which is solved by

Wit) = W(t*>ea:p{— /tjp<s>ds}.

[]

One application of this is in disproving that two functions y;, y» are the fundamental
solutions for some second order linear non-homogeneous constant coefficient ODE. For example,
let y; = 1 —t, y, = t® then their Wronskian is

W(ys, 2, t) = £°(3 — 2)
and so W (y1,y2,0) =0 and W (y1,ys2, 1) = 1. Therefore, these yi, o cannot be solutions to any

such ODE (If such an ODE existed then since the Wronskian is non-zero at t = 1 then by Abel’s
identity the Wronskian is nowhere zero. However, the Wronskian is 0 at ¢ = 0).

Examples
e Consider the equation y” — 2y’ + y = 0 and functions y; := €, yp := te

1. One can easily check that both y;, y» solve the above ODE, so now we will check if
they are fundamental solutions.

2. The Wronskian is
W (e te' t) =e' (e + te') —te* =e* #0
3. So indeed a general solution for the above ODE is y = ae’ + bte'.

e Consider the ODE y” — 3 — 2y = 0 and functions y; := €%, y := —2¢2.

1. One can easily check that both solve the ODE.
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2. Their Wronskian is
W(e%, —2€2t,t) = —2¢% — (—4€2t€2t) =0

and so they do not form a linearly independent set and in turn a fundamental solution.

2.1.2 Complex roots

In some cases the roots are complex (when b — 4ac < 0). For example, suppose that there is no
damping in the above spring example (v = 0), then the equation will be:

mu” + ku = 0.

Therefore, the roots will be r = +/—k/m = +i\/k/m =: tiw, where we define i := y/—1

called the imaginary unit as well as w = \/g . The main result we will need is Euler’s formula

™' = cos (wt) + isin (wt).

Here we can easily check that y;(t) = cos (wt) and y»(t) = sin (wt) are both solutions for this
ODE. Now by computing the Wronskian we will check whether all possible solutions are of that

form:
W (cos (wt), sin (wt), ) = w cos® (wt) + wsin® (wt) = w # 0.

This is to be expected since we don’t imagine that the imaginary part of this solution (i.e sin (wt))
interferes with the real part of this solution (i.e cos (wt) and so they should be independent.
Therefore, all solutions will be of the form: y = ¢ cos (wt) + ¢y sin (wt) , where ¢; could be
complex constants. Physically this periodicity is expected because there is no external force or
damping to remove energy from the spring and so it can keep oscillating forever.

Examples

e Consider the equation " +y =0, y(7/3) =2, ¢ (7/3) = —4

1. The roots are r? + 1 = 0 = r = +i and so the general solution is (with a; = ¢; + ¢,
and as = i(c; — ¢3))

y(t) = cre” + coe™" = ay cos () + agsin (1).
2. Using the initial conditions we obtain:

1 V3 V3 1

2= alé +a27 and —4 = _a17 + a2§.

3. Solving these two equations gives: a; = (1+2v/3), a3 = —(2—+/3) and so the solution

for our IVP is:
y(t) = (14 2v/3) cos(t) — (2 — V/3) sin(t).
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Figure 2.1.2: Spring mass

4. So as t — oo the system simply keeps oscillating steadily (depicted in Figure 2.1.2).
Physically this is because it is damping free v = 0.

e Consider the equation y" —2y' + 5y =0, y(7/2) =0, ¢/(7/2) =2

1. The roots are r> — 2r +5 =0 = r = 1 4 2i and so the general solution is (with a; =
¢1 + ¢z and ag = i(c; — ¢3))

y(t) = 1) 4 0t 0720 — e cos (2t) + ag sin (2t)).

2. Using the initial conditions we obtain:

Wl

0=ce2(a;-(=1)+ay-0) and 2=e>(a; - (—1) +ay - (—2)).

3. Solving these two equations gives: a; = 0, ay = —e~™? and so the solution for our
IVP is:
y(t) = —e' "™ % sin (2t).

200
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-100 1
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=200

=250

-300

Figure 2.1.3: Spring mass
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4. So ast — oo the system simply keeps oscillating with increasing amplitude. Physically
this is because the damping is negeative v = —2 < 0 and so instead of removing
energy, it adds.

2.1.3 Repeated roots

In some cases the roots are equal (when b* — 4ac = 0). For example, suppose that v ~ 4km
(called critically damped), then the roots will be

I
Tl—rg——%—.’r.

This only gives one solution 3; = €™, but to find the general one we require a second
solution y, that is linearly independent: W (yi,ys,t.) # 0 for some t,. It turns out (proved
below) that ys(t) := te™ is such a function:

W (y1,ya,t) = €™ (" +rte’™) —re’'te™ = " # 0.

Example

e Consider the IVP
y'—2y+2=0, y(0) =1, y'(0) =2

1. The root of the characteristic equation is » = 1 and so the two solutions are
y1 = €', yo = te!. Thus, the general solution will be of the form

y = ae’ + bte'.

2. The initial conditions give 1 = a,2 =a+b = a =1, b = 1 and so the solution
satisfying these conditions is

y = e’ + te'.
3. This solution goes to infinity as t — +oo.

e Consider the IVP " ) '
y" =6y +9y =0, y(0) =0, y'(0) =2

1. The root is r = 3 and so the independent solutions are 1, = €3, y, = te3. Thus, the
general solution will be

y = ae® + bte*.

2. The initial conditions give 0 = a, 2 = 3a+ b = a = 0, b = 2 and so the solution
satisfying these conditions is

y = 2te’.

3. This solution goes to infinity as t — +oo.

General result

Repeated root

—b
2a?

If the ODE ay” + by’ + cy = 0 has a characteristic equation with repeated root r :=
then its general solution is of the form:

y = cie™ + cote™.
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Proof. For ys := g(t)y; we will first find which ODE g¢(¢) must satisfy in order that y, is a
solution of our ODE.

a(g(t)yr)” +b(g(t)y)' +c=0
=a(g"(t)e" +2¢ (t)re™) + bg'e™ =0

where we used that i, satisfies the ODE ay” 4+ by” + cy =0

0= alg/ () + ¢ ()20 +) = a0+ ) (205, +1) = ag’

=ag’ =0
=g = 1 + Caot.

We conclude that
Yo (t) = (c1 + cat)e’ = cre’ + cote™.

Since we are interested in finding an independent solution (so that we can find the general
solution) we may as well take ¢; = 0 and ¢ = 1 since for any a,b € R we have

ae" + b(cle” + CQte”) = (a + bey)e™ + begte™.
That is, any linear combination of the solutions €™ and cie™ + cyote™ can be generated by e
and te™ by a different set of coefficients. The opposite is also true. We conclude that the
candidates for fundamental solutions are €’ and te™. As shown earlier, by means of a Wronskian

computation, these solutions are independent. Thus, the general solution is of the form

Y = dlert + dgt@rt [l

2.1.4 Stability

Consider nonhomogeneous equation of the form
y'+ay +by =c,

where a, b, c are constants. If we have a solution y; for the homogeneous problem, then we can
construct a solution for the nonhomogeneous problem:

c
Y=UYn+ b
The solution ys := 7 is called globally stable when for all solutions y we have y — y; as

t — 400, which is equivalent to saying y, — 0 as t — +4-00.

Method formal steps

1. If the characteristic equation has two real distinct roots r1, 79 then the general solution is
yn = c1e’ + e’
and so y, is stable iff 71,7y < 0.

2. If the characteristic equation has two complex roots 71,7y then (if we let f = —“4”2"’2))

Y = e_%t(cl cos(ft) 4 cosin(ft))

and so y; is stable iff a > 0.
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3. If the characteristic equation has a double root » = r{ = ry then

yn = €"(c1 + cot)

and so y; is stable iff » < 0.

In fact, as we will prove below it suffices to check whether the coefficients a, b are

positive.

Example-Presenting the method

e [CW] In the price adjustment example (from the section on linear integrating factor and

autonomous dynamics), we assumed that the demand and supply are functions of the
price alone:

D(P)=a—bP and S(P)=a+ GP.

However, buyers may also base their behavior on whether the price is increasing or
decreasing. For example, if the price of newer versions of a phone brand have been
increasing steadily or in an accelerating manner, they may decide to switch to another
brand. So the demand will also be a function of the derivative of the price P’ (growth)
and the second derivative of the price P” (steady or accelerating growth).

To keep things simple we will consider the following updated models:

D(P)=a—bP+mP +nP" and S(P) =a+ P+ uP' +wP”,
where a,b,a, 8 > 0 and m,n,u,w can be any sign. For now we will study it from the

buyers perspective and set © = w = 0. To obtain an ODE for it, we assume that the
market is cleared and thus D(P) = S(P).

b+6P:a—a.

a—bP4+mP +nP' =a+fP = P+ p
n n n

1. Once we obtain the solution ¥, of the homogeneous problem:

P”—i—mpl—b—i_ﬁ
n n

P=0

then for the above unhomogeneous ode the solution will simply be

N _b+ﬁ 71(oz—a)_ +a—Oz
Y= Yn 0 0 = Yn b+ﬁ'

2. The characteristic equation is:

Its roots are:

2}
m:_mi\/@) WEE]
2n n n

(a) If (%)2 + 4# > 0 then we obtain two distinct real roots r1, 7, and the solution
will be
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B m 1 m\ 2 b+ f
e (-5~ () -5}
m 1 m\ 2 b+ a—
—— + =4/ — 4—= )
+62€xp{< 2n+2\/(n> + n >t}+b+ﬁ

Since # <0< n <0, then if n < 0 and m < 0 then both roots are negative
and thus as ¢ — 400 we obtain:

— O 4o O —

a
P = cie™t + ¢t +

b+ f " b+

Intuitively this means that when the demand D(P) depends negatively on P”
(n < 0), the buyer will be averse to accelerating prices and so demand will not
rise but simply converge to the equilibrium price

e
For example, suppose a =42, b=1,aa = —6,8 =1,m = —4,n = —1, then our

ODE will be:
P’ + 4P +2P = 48

and the equilibrium will be §75 = 24. Solving this ODE with P(0) =1, P'(0) =0
gives us:

25

201

-
o
T

y solution

-
o
T

. . .
0 10 20 30 40 50 60 70

time t
Figure 2.1.4: The solution stabilizes around the equilibrium price ¢ " B =24
This agrees with the result below, namely the coefficients *, —% are both

positive and so the y, is globally stable.

(b) If (2 )2 4b+ﬁ < 0 then we obtain two distinct complex roots ry,r and the
solution will be (with a3 = ¢1 + ¢ and ag = i(c; — ¢3))

P =ce exp{——\/‘ 2 b—;ﬁ‘)t}
m ) b —

+026_2nt6$p{%\/'(%)2 +B't} a+§

—eﬂt[mcos (%\/M% i b D—l—azsin (%\/M%)Q—Hlb—;ﬂ’)

a—«

b+ 5

_|_
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m

So this solution will diverge or go to zero depending on whether ™ > 0 or = < (

respectively. For example, suppose a = 40,b=2,m = -2, a = —-5,=3,n=—1
then our ODE will be:

P" 4+ 2P +5P =45
and for m = 2

P’ — 2P 4+ 5P = 45.
The corresponding solutions will be

P(t) = e '[ay cos(2t) + ay sin(2t)] + 9
and P(t) = e'[a; cos(2t) + ay sin(2t)] + 9.

1000
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1 2 3 4 5

(a) The solution stabilizes around

the equilibrium price %

(b) The solution oscillates with
brs =9

increasing amplitude.

As expected from the result below the first ODE has globally stable solution due
to the positivity of the coefficients whereas the second ODE does not.

Intuitively, when m = —2 < 0, the demand D(P) will depend negatively on
growing price P’ and so the price will have to drop to market equilibrium. When
m = 2 > 0, the buyer will not stop even if the price is growing eg. for vital goods
such as bread, and so the price is free to keep growing. But why is it oscillating?
This is because the condition (%) + 4# < 0 forces that n < 0 and so the buyer

will always be averse to accelerating growth in the price, which in turn causes
the downturns in price.

If ()2 + 4"2 = 0 then we obtain one double root 7 = r; = 5 and the solution
will be

m m CL—O(
P =cie m! 4 cote 2t + )
! 2 b+

Similarly, depending on the sign of m, the solutions will either diverge (m > 0)
or converge to market equilibrium price (m < 0).
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General solution for non-homogeneous and Stability for second order

Stability criterion for second order nonhomogeneous ODEs

Consider non-homogeneous equation

Y +ay + by = f(t).

Then the solution is of the form y = y; + y,, where y;, solves the homogeneous problem
and y, is any solution of the nonhomogeneous problem. We have that

lim y =y, iff a > 0,6 > 0.

t—o00

In other words, y; is globally stable iff a > 0,b > 0 iff the real parts of the roots of the
characteristic equation are both negative.

Proof. As with constant f(t), we again obtain that the generalized solution is of the form

Yy =cC1y1 + Y2+ Ys = Yn + Ys-

So by studying when y;, — 0, we can identify when y, is the globally stable solution.
1. If the characteristic equation has two real distinct roots rq, 79 then
Yn = 1€ 4 cpe™

and so y; is stable iff r1, 79 < 0. The roots are

—a++va? —4b —a —+va? —4b
;T2 .

r =

2 2

We have r; <0< a>0,b>0and ry <0< a> 0. So to have both conditions we must
require a > 0 and b > 0.

\/m)

2. If the characteristic equation has two complex roots r1, 7y then (for B ==

yp = e % (¢1 cos(Bt) + cosin(ft))

and so y, is stable iff @ > 0. The condition b > 0 follows from a? < 4b.

3. If the characteristic equation has a double root » = r; = ry then

yn = €™ (c1 + cot)

and so y, is stable iff r = 5* <0 = a > 0. The condition b > 0 follows from a® =4b. O

Examples

e Solve the IVP and determine long term behaviour

y' +y =9, y(r/3) =2, y'(r/3) = —4

1. As showed in the complex roots section the solution to the homogeneous problem is:

yn(t) = (1+2v/3) cos(t) — (2 — V3) sin(?).
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2. So the solution to our problem is:

y=uyn+9.

3. However, y, will keep oscillating steadily around the constant solution 9.

e Solve the IVP and determine long term behaviour

Y+ 5y +6y=3,y0)=2,4(0) =1

1. The solution to the homogeneous problem is:
yn(t) = Te 2 — 5e ™.

2. So the solution to our problem is:

— 1

3. Therefore, y will converge to the constant solution y, = 3.

2.2 Method 2: Undetermined coefficients

We will now consider non-homogeneous equations with constant coefficients of the form
ay’ + by +cy = f(t).

By managing to find a particular solution y,;, then we can generate every other one. Let v be
any another solution, then

a(v - ynhyl + b(v - ynh), + C(” - ynh) = f(t) - f(t) =0.

Therefore, by finding the fundamental set of solutions ¥, yo for the homogeneous problem we

have
UV — Ynh = C1Y1 + C2Y2 = U = Ypp + C1Y1 + C2Y2.

So we managed to generate any solution starting from y,,, 1, y2. Here we will find y,,, for f(t)
of the following possible forms:

fi(t) == Ctme™, fo(t) :== Ct™e¥cos (Bt), f3(t) := Ct"e™ sin (Bt).

In fact once we obtain solutions y;,7 = 1, 2, 3 for them, we also obtain solutions for their sums.
For example, consider the equation

ay’ + by + cy = t"e™" + sin (Bt).
Observe that if y;, y2 solve

ay// + by/ 4 cy = tmer*t
ay"by’ + cy = sin (5t)

respectively then their sum, y; + ys, solves

a(yr +y2)" +b(y1 + y2) + c(yr + yo2) = t™e"™" + sin (Bt).
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Method formal steps
1. If f = Ct™e™! then we make the ansatz (assume the solution to be of the form)
Ynn(t) = t°(ag + a1t + ... + apt™)e™".

Now the way we pick the exponent s, depends on whether or not r, is a root of the
characteristic equation of our ODE. The reason for this can be seen in the proof 2.2below.

(a) If r, is not a root, then we set s := 0.
(b) If 7, is a simple root, then we set s := 1.

(c) If . is a double root, then we set s := 2.

2. If f = Ct™e*cos (ft) or ct™e™ sin (t) then we make the ansatz

Ynn(t) = t°e™[(ag + art + ... + amt™) cos (Bt) + (bo + art + ... + b, t™) sin (5t)].

Now the way we pick the exponent s, depends on whether or not a + i3 is a root of the
characteristic equation of our ODE. The reason for this can be seen in the proof below.

(a) If a4 if is not a root, then we set s := 0.
(b) If o +if is a root, then we set s := 1.

Example-presenting the method

Resuming the spring example, let u(t) denote the displacement from the equilibrium position.
Then by Newton’s Third Law one can obtain the equation

mu"(t) + yu'(t) + ku(t) = F(t),

where F(t) is any external force. Above we assumed that F'(t) = 0, and now we will take it to
be any of the above mentioned functions. For example, consider the equation

y" + 3y + 2y = sin (¢).

Here we are shaking the spring system periodically in time.

1. First we are in the second case and so we make the ansatz
Ynn(t) = t°e*[(ag + art + ... + apt™) cos (Bt) + (bo + ait + ... + by, t™) sin (5t)]
which simplifies because m = 0,a =0 and 5 = 1:

Ynn(t) = t°(ag cos(t) + bo sin(t)).

2. Next we pick s, depending on whether a 4+ i3 = i is a root of our ODE’s characteristic
equation:
r’+3r+2=0.

3. Its roots are ry = —2, r, = —1 and so we set s = 0 and have
Ynn(t) = agcos (t) + by sin (t).

4. Plugging into our ODE we obtain

y" 4+ 3y" + 2y = —(ag cos (t) + bysin (t)) + 3(—ag sin (t) + by cos (t)) + 2(ag cos (t) + by sin (t))
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= (ap + 3by) cos (t) + (—3ag + by) sin (1)

and so to have this be equal to sin (t) we require
{ Qo + 3b
—3&0 + 80

5. So the solution will be

(1) — ag=—0.3, by = 0.1.

Ynn(t) = —0.3 cos (t) + 0.1sin (¢).
6. Therefore, the general solution will be:

Y= Ynn + 12 + et

7. But why is it periodic given that damping is involved (v # 0)? The sinusoidal external
force keeps pumping energy into the system.

General result:

Method of Undetermined coefficients

Proof. First we will work with

ay” + by + cy = Ct"e".
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We assume the solution is of the form:
Yui(t) = (ag + art + ... + apt™)e™.
for some yet undetermined n. Then plugging it into our ODE we obtain:
i+ 0+ g = (@ b+ )+ (aqn(2ar +6) -y (ar? b 40)) e

+ [ann(n — 1)@ + an—l(n — 1)(2ar + b) + a9 (QTQ + br + C)]tn—Qe'r't
+ lower order terms

Case 1: If r is not a root of the characteristic equation ar? + br + ¢, then the leading term ¢"e"
remains and so to obtain t™e" we must set n := m giving:

Ynn(t) = (ag + a1t + ... + a,t™)e™.

Case 2: If r is a simple root, then ar? + br + cy = 0 and we are left with t""'e" being the
leading order term and so we set n — 1 := m giving:

Ynn(t) = (ao +ait+...+ antmﬂ)e”.

Moreover, since  is a root, then y := age™ will solve the homogeneous equation ay”+by'+cy = 0
and so we can ignore it (due to additivity of solutions of the homogeneous equation). Thus,

Yn(t) = (a1t + .. + ant™ M) e = t(ag + ... + apt™)e™.

Case 3: If r is a double root, then ar? + br + cy = 0, 2ar + b = 0 and we are left with " 2e"
being the leading term and so we set n — 2 := m giving:

Y = (ag + art + ... + a,t™?)e™.

Moreover, since r is a repeated root, then e, te are both solutions of the homogeneous equation
ay” + by’ 4+ cy = 0 and so we can ignore. Thus,

Ynh = (aot® + ... + ant™H)e™ = 2 (ag + ... + a,t™)e™.

Next we will work with

1 ) 1 .
ay// + by/ + cy = C«tmeat sin (Bt) _ ECvtmeozt—i-zﬁt o Zc«tmeat—lﬁt.

where we used that ) A
ez,Bt o e—zﬁt
sin (ft) = ———

(8t) =

Therefore, from the previous we make the guess

Yo = (ap + art + ... + apt™)e®T 4 (by + byt + .. A byt e
= e™(co+ cit + ... + cpt™) cos (Bt) + (do + dit + ... + d,t")e™ sin (St).

So as above we check whether r, = a 4 i is a root and the same analysis shows the result.

Note that o + i3 cannot occur as a double root since the characteristic equation, ar? + br + c,
has real coefficients. In fact, if o + ¢4 is a root then the other root must be o — if5.

By representing cos (5t) as * and applying similar logic to the sin (Bt) case we
complete the proof. O

¢iBt L o—iB
2
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Examples

e Consider the spring system governed by

y" + 2y — 3y = 3te'.
Find the solution and its asymptotic behaviour.

1. For this equation we have m = 1, r, = 1 and so our guess is:
y = t*(ap + art)e’.

2. To decide on the value of s, we have to check whether 1 is a root and what kind. The
characteristic equation is

P4+2r—3=0= r=-3, L.
3. Therefore, we set s = 1 and our guess is:
Ynn = t(ag + ait)e’.
4. Next we determine a; by plugging them into the equation and equating to 3te!:

te! =y + 2y — 3y = (t(ap + art)e™)” +2(t(ap + art)e™") — 3(t(ap + art)e™")
=2¢"(2a + 4ait + a;) = 3te’.

This implies the following equation

2(2ap + 4ait +ay) = 3t
—>a; = 3/8 and 4ag + 2a; =0
3

= a; =3/8 and qy = I

Therefore, the general solution is

3 3
y = cre 3 4 coel + Yy = cre7 3 + crel + t<_ﬁ + ét) el

5. Therefore, as t — +o0, we have y(t) — +o00. Physically this means that the mass
will get displaced towards the positive direction because of the external force 3te’.

e Consider the spring system governed by
y" + 2y — 3y = 2te’ sin (¢).
Determine what form the solution will take.
1. For this equation we have m = 1 and @ = = 1, so our ansatz will be
Ynn = t°€'[(ag + ayt) cos (t) + (bo + byt) sin (t)].
2. To decide on s, we have to check whether 141 is a root for our characteristic equation:

P’ +2r—3=0= r=-3,1
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3. So we put s = 0:
Ynn = €'[(ap + ayt) cos (t) + (bo + bit) sin (¢)].

4. Therefore, the general solution is

y=cre” " + o€’ + yup = 167 + coe’ + €'[(ag + art) cos (t) + (b + byt) sin (2)].

2.3 Method 3: Variation of parameters

We will now consider non-homogeneous equations with coefficients of the form
ay” +by +cy = f(t),

where f(t) is any continuous function and a, b, ¢ are also functions with a(t) # 0.

Method formal steps

1. First, we obtain two linearly independent solutions ¥, yo for the homogeneous problem

ay” + by + cy = 0.

2. Second, we make a guess
Yo = v1(t)y1 + v2(t)y2

and plug it into our ODE. This will gives one equation for vy, vs.

3. Third; we have two unknowns, so we will need one more equation in order to solve for
both. So we impose another condition for vy, vy to obtain another equation:

VY1 + vay2 = 0.
This equation is helpful because it simplifies the first equation (proved in detail below )

Yoy = Y101 + Yoo + 0 = ay) + by, + cyy = a(yiv] + yaus).

4. Therefore, we can obtain vy, vy from the system

viy1 + vaye =0
vl + v = 1
Example-presenting the method
Returning to the spring example, suppose that it is damping free v = 0 and the exernal force is
f(t) = tan (t):
y" +y = tan (¢).
1. First we find independent solutions for the homogeneous problem:

y' +y=0.

2. One can easily check that cos (t), sin (¢) are solutions for it and computing their Wronskian
gives:
W (cos (t), sin (t),t) = cos® (t) +sin® (t) = 1 # 0.
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3. Therefore, we make a guess
Yy = vy cos (t) + vy sin ().
4. Using our system of equations

ViYL + vyye = 9
Yivy + yavy = =

we obtain

v cos (t) + vhsin (t) =0

{— cos (t)v] + cos (t)vh, = tan (t)
v} = — tan (¢) sin (¢)

:{vg = tan (t) cos (t) = sin (t)

Therefore, by integrating we obtain

v = — /tan (t)sin (t)dt = — /sin2 ®) dt

cos (t)
= / (cos (t) — cosl 0 dt
— sin () — In 1;2”2)( )‘ &
and

vy = /sin (t)dt = —cos (t) + ¢z

For simplicity we take ¢; = co = 0 and we get:

vy = <sin (t) —In 1;2—13)“)’) cos (t) — cos (£) sin (£)
— cos (t) In %lg)(t)’

General result:

Proof. We start by making the guess

Yg = Y101 + Y2V2.
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We have ) ) ) ) )
Yy = U1Y1 + VgY2 + V1Y) + V2Ys.

So we note that if we set , ,
VY1 + vyy2 =0

then the second derivative will not contain any v{, v terms:

Yo =0+ 01y + v23h
—> Yo = VY| + o1y + vayh + vy

Therefore, the ODE for y, becomes

Yy + DYy + qyg = viyy + v1y] + 0ol + vays + p(viyy + vays)
+ q(y1v1 + yav2)
= o1(yf + POy + a()yr) +vays + p(t)ys + a()y2)
+ vy + vhY;
= 0+ vy + v3y5
becguse Y1, Yo are solutions to the homogeneous problem. Therefore, for y, to be a solution we
nee
vy + vy = g(t).
Our second equation was
V1Y + vayz = 0.
Together they give

= —Y29 Y19
ylay27t) W(ylay27t)

t
y1(s)g(s)
v = C) — dsandv =0+ [ =————"ds.
! / W ylvaJ ? to W(y17y278)

Observe that the constants of integration can be ignored since including them leads to

t t
y2(s)g(s) ) ( y1(s)g(s) )
Oy + vy = (= [ 228 g )y, + ([ 228 _q5)y,+ G+ C
U1()y1 v ( tOW(y1,y275)S s W(yl,ym)s M

and vy, =

solution to homogeneous

Examples

e Consider the equation
ty" . (1 +t)y' +y — t2€2t
with given fundamental solutions y; = 1 + t,y, = €' for the homogeneous problem
ty" — (1+t)y +y=0.

e We have the system
vy + vhys =0
Yoy + yhoh = £

vi(1+1t) 4+ vhe! =0
— { vl+e?12—te%

— v} = —e® and vy, = (1 +t)e
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1
= U = —56 tand vy = te'.

Therefore, the solution for the nonhomogeneous problem will be
1 2t t\ .t 1 2t
y =iy +uaye = —5e (1+1t)+ (te')e zé(t—l)e

e Consider the equation
2 — 3xy + 4y = 2% In ()

with given fundamental solutions y; = 22, y» = 2?In (z) for the homogeneous problem
22y" — 3zy’ + 4y = 0.
We have the system

Viys + vays = 0

yivh + il = 1
{ viz? + vha?In (z) = 0
2cv) + (2zIn () 4+ x)vh = In (2)
— v} = —In® ()/2 and v} = In(x)/x

1 In
:>111:—n3( ?) and vy = nz(x)

Therefore, the solution for the nonhomogeneous problem will be

In®(z In?(z
Y =uiy1 + v2y2 = — 3( )$2 + 2( )9521“@)-

2.4 Method 4: Reduction of order

For homogeneous equations of the form
y' +pt)y +qt)y =0 (2.4.1)
if we have one solution y;, we can obtain a second one by setting
y2 = v(t)y
and identifying an ODE for v. Plugging in ys into our ODE we obtain
0" + (20 + py)v' =0

where we have used that y; satisfies (2.4.1).

Example-presenting the method

Consider the equation

2y —5xy +9y =0 = ' — 5z 'y + 9272 = 0.

1. One solution is y; = 23. One would guess this solution by observing that this equation
preserves the 'order” of monomlals That is 3" decreases the power of z by 2 but in the
equation y” is multiplied by z2. The same phenomenon occurs for xy’. As a result, we
obtain a characteristic equatlon if we guess y = 2" for an r to be determined.
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3

2. Assuming a second solution of the form y, = v(z)z® we obtain

0=y1v" + (2y; +pyr)v' = 2*0" + (627 — bz~ '2®)v’ = 2 (20" + ') = "+ = 0.

3. This gives us
v(x) = cln (x).

So the general solution will be

y = ar® + bln (x)z°.

2.5 Nonlinear into second order

2.5.1 Riccati

The non-linear Riccati equation can always be reduced to a second order linear ordinary
differential equation (ODE): If y satisfies

y' = qo(x) + qu(2)y + g(2)y?

then, wherever ¢, is never zero and differentiable,
UV =1Yq2

satisfies a Riccati equation of the form
v = v+ R(z)v + S(x),

where .

S:ngoandR:ql—l—%
D)

because

V' = (yg) = y'q2 + ydh
= (q0 + @1y + @v°) a2 + yd

/

q 2
= qoq2 + (Q1 + q—z) ¢y + (q2y)

/
= qoq2 + (Q1 + @)U + 02
42

Substituting

u/

V= ——,
u

it follows that w satisfies the linear 2nd order ODE
u" + R(x)u' — S(z)u =0
since

u' = (w) = u'v+u
=u'v +u(v® + R(z)v + S(z))

_ u(_u“> + u<<_5)2 + R() (_u“> + S@))
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_ _(U/)2 + (Ul)2 . R(x)u/ —i—S(J?)U

u u

= —R(z)u' + S(z)u

and hence
v + Ru' — Su = 0.

A solution of this equation will lead to a solution

of the original Riccati equation.

2.6 Problems

e Real distinct roots

1. Find the solution, do a rough sketch, and describe its asymptotic behaviour
(a) ¥ +y —2y =0, y(0) =1, y(0) =1,
(b) ¥ +3y =0, y(0) = -2, y'(0) = 3.

2. Solve

y' =y =2y =0y(0) =a, y(0) =2
and determine for which a, the solution goes to zero as t — +oo.
e Wronskian

1. Consider the equation ¢ —y' — 2y =0
(a) Show that y(t) := e~ yo(t) := €' form a set of fundamental solutions.
(b) Show that each of y3(t) := —2€%, y4(t) := y1(t) + 2u2(t), and ys5(t) := 2y, (t) —
2y5(t) are solutions to the above ode.
(c) Which of the following pairs give rise to a fundamental pair of solutions:

{yla y3}7 {y27 yd}a {yla y4}7 {y47 95}
e Complex roots

1. Imagine a spring satisfying the following equations. Find the solution, do a rough
sketch, and describe its asymptotic behaviour (steady/growing/decaying oscillation).
Finally, explain the asymptotic behaviour based on the coefficients (see notes on
damping effect).

(a) " +4y =0, y(0) =0, y'(0) =1,
(b) ()" +2y +2y =0, y(r/4) =2, y(r/4) = 2.

e Repeated roots

1. Find the solution, do a rough sketch, and describe its asymptotic behaviour
(a) 9y" — 12y + 4y =0, y(0) =2, y'(0) = -1,
(b) ¥' +4y +4y =0, y(-1) =2, y'(-1) =1L

2. Consider the problem

y' =y + % =0, y(0) =2, ¥(0)=b

Find the solution and determine for which b, the solution remains positive for all
t>0.
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e Demand and Supply Problems
Let the demand and supply functions be, respectively,

D(P)=9— P+ P +3P" and S(P) = —1+4P + 2P’ +5P"

with P(0) =4, P'(0) = 4.
1. Derive the price ODE (, and find the price solution.

2. Does it have a globally stable solution as t — +00? What does the stability result
tell you?

o Method of undetermined coefficients

Find the general form of the solution (with abstract coefficients) and use the stability
result to determine whether they will have a globally stable solution.

1. y" — 2y — 3y = 3e*,
2.y —y — 2y = —2t + 412,
3.y 4+ 2y =3+ 4sin(2t)
e Find the solution of the given IVP:
y'+y —2y =2t y(0)=0, y(0) =1L

e Variation of parameters
Below you are given the fundamental solutions 1, ys of the homogeneous problem. Use
them to find a solution of the nonhomogeneous one.
1. t2y" — 2y = 3t2 — 1 with y; = 2, y, =t71,
2. 2y —t(t +2)y + (t +2)y = 2t% with y; =1, yp = te'.
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Chapter 3
Systems of ODEs

Consider system of equations:
oy = pu(t)zr + ...+ pinx, + 91(1)

where p;;(t), g;(t) are continuous functions. The continuity ensures that we have
existence and uniqueness of solutions. Equivalently we can rewrite this system as

x'(t) = P(t)x(t) + g(t).

where P(f) denote the matrix where the entry in the 5™ position is p;;(t) and g(t) is the
n-vector with entries gx(t) for 1 < k < n. For the homogeneous problem (i.e. g =0) we can
see by linearity that if x;, x5 are both solutions to that system, then any linear combination
Y = 1X1 + coXs is also a solution. In fact, as with second order ODEs, we will show that any
solution to the system is of that form if {xn;}, for 1 <i < n are linearly independent solutions
to the system (that is, any solution can be expressed as a linear combination of the solutions
X1,...,&, when they are linearly independent). Analogously to second order, a collection of
solutions X1, ..., x,, is called linearly independent if there exists t, s.t.

r11(te) wi2(te) -+ a(ts)
det[X(t)] :==det| : : : # 0,
To1(te) Too(ts) <+ Tpn(ty)

b row = (214, oy Tni).-

General solution

Consider x4, . ..,X, linearly independent solutions of the system x'(t) = P(¢)x(¢) where
P(t) is an n x n matrix and v(¢) is any solution for the nonhomogeneous problem
x'(t) = P(t)x(t) + g(t). Then for any other solution y of the nonhomogeneous problem,
there exist unique constants {c;} s.t.

where x; =

Yy =aX) + .+ X, + v(E).

Proof. We will follow the same ideas as in the analogous second order result. We begin by
proving an auxiliary result about the homogeneous equation. Let ¢ be a solution for the above

71
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homogeneous problem and K := ¢(t,). Consider the system of equations given by

r11(t) wia(ty) - wia(ts)
X(ty)c := : : : c=K
xn,l(t*) xn,2(t*) Tt xn,n(t*>
for unknown vector c. Then, by linear independence of the solutions x1,...,X,, the matrix,

X(t.) is invertible and so we can solve for ¢ by inverting X(¢.) and multiplying on the right
by K (i.e ¢ = X '(t,)c). Let ¢(t) := X(t)c where c is the vector obtained from the above
discussion. Then we have that {(t.) = K = ¢(t.). Therefore, by existence and uniqueness

¢(t) = (t) for all t.

Next let y be a solution for the nonhomogeneous problem. Then y — v is a solution of
the homogeneous problem and thus, by the above discussion, Ja € R" s.t.

y=—a-xXx-+v.
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3.1 Homogeneous linear systems with constant coefficients

Consider the homogeneous system of n-ODEs
xX'(t) = Ax(t),

where A is n X n matrix with constant real entries. As with second order we make the ansatz
x(t) = €eM where £ is a fixed n-vector (to be chosen precisely later). Then, we observe that if
& is chosen so that A§ = \¢ (i.e € is an eigenvector of A) we get

Ax(t) = AgeM = \geM = g%(e”) = i—);(t).

Such &, \ are called A's eigenvector and eigenvalue respectively (as noted earlier). We will now
obtain the general solution. First we will assume that all eigenvalues {\;}?_; of A are real and

distinct from each other; in the other sections we study the other cases. Let {&;}7, be the
corresponding eigenvectors. Then the solutions {&;e*'}" | are linearly independent:

EneMt o &t Su o &
det : : : — Wt FAldet | 0 oL | £0

gnle/\lt . fnneA"t £n1 ce Snn
where the last step follows because when all the eigenvalues of a matrix are distinct, then its

eigenvectors will be linearly independent. Thus, from the above result we obtained the general
solution.

Example —presenting the method

Consider two connected tanks A and B containing 1000L of well-mixed salt-water with z(t), y(¢)
kilogram amounts of salt respectively. Let IP,OP denote the L/min-rate of salt-free water
entering and exiting the two tanks and P1, P2 the L/min-rate of saltwater getting exchanged
between the two tanks.

IP

P1

P2

Tank A Tank B OP
x(t) y(t)

Figure 3.1.1: Tanks A and B containing salt

To keep the volume of water constant in the two tanks we set IP = OP = 1(L/min).
Let the rates P1 = 1(L/min) and P2 = 2(L/min) be constant in time. The concentration of

salt in each tank is féé%kg / L,%kg /L respectively. Therefore, for tank A the rate of change of
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the amount of salt:

d ) !
d_f = Input rate — Output rate = 2 - féoz) - f()(oz)

and for tank B we must also subtract the draining of salt from pipe OP

o) ) )

1000~ 1000 1000

@) N ﬁ {_11 —23} @

1. First we compute the eigenvalues

d
d_?tJ = Input rate — Output rate =1 -

In matrix form our system is

—1-A 2

det
{ 1 —3-2)

}:0 = (—-1-A)(-3-))—-2-1=0
=\ =-24+V3 A=—-2-3

2. Second we find the corresponding eigenvectors. To find &, := (g;

—-1-— )\1 2 61,1 . 0
[ 1 —3- AJ (52,1) a (0)

By solving the system directly we obtain the solution (up to multiples). For example, we
rewrite the above to get:

{(1 - \/3)51,1 +26, =0 . B (51’1) _ (1 + \/g)
S+ (—1=v3)61 =0 €21 1 '

) we solve the system
(up to multiples):

Similarly to obtain &, we have to solve

e -0

(1)

3. Therefore, by the discussion above the general solution will be

0= (o) -9 R e B (RN ]

1 1000 1000
4. Since 2 > /3, both the eigenvalues are negative and in turn the salt concentrations
x(t),y(t) will go to zero as t — +oo. This is reasonable because through pipe IP we are
injecting salt-free water that over time transports the tanks’ salt out through pipe OP.

and we get

Cl '€1€>\1t+

T Cl'(

5. Next we study the stability. Since —2 4+ v/3 > —2 — /3, we get e("2HV3)t > (-2=V3)t 4pq
so as t — +oo the first eigenvector (1+1\/§) will dominate.
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TN N NN N Y
NN N N N Y]

\\I\*«x N\
NONCNY

Figure 3.1.2: Solutions converge to line defined by vector & = (1+1x/§) and then to (0,0).

In other words, for large t we will have

2(t) ~ (14 V/3) - eV 5 1L o2V (),

This is reasonable because P2 > P1 and so as t — +o0o the salt concentration x(t) in tank
A will be greater than that of tank B.

Method formal steps

a b
1. Starting with a matrix A we first compute its eigenvalues {\;} eg. for matrix A = { d}
c

we have two eigenvalues:

a—XA b 5
det \ =0=>XN—-(a+d)A+ad—bc=0

c d—

:>)\—(a;d)i%\/(aer)?—ZL(ad—bc) TT Ir4) | 1 \/T — ddet(A).

2. Second for each eigenvalue, we find the corresponding eigenvector. Continuing the example
from the previous step, we find the eigenvector &, := (51 1) by solving the system:

a— A b SEANAL
O E)-6)

Here are the general formulas for eigenvectors for 2D systems:

e If ¢ # 0 then
A —d Ao —d
51:<1 >and£2:<2 )
c c
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b b
& = (Al—a> and &, = ()\2_01)'
- (e ()

3. Then the general solution will be of the form

e If b+ 0 then

e If ) =c =0 then

z(t) = c&eM + .+ e et

4. Finally we study the stability for 2D systems:

e If \; # Ay and both positive then (0,0) will be a nodal source and solutions will be
moving away from it (unstable).

e If \; # Ay and both negative then (0,0) will be a nodal sink and solutions will be
moving towards it (asymptotically stable).

e If \; # Ay and with opposite signs then (0,0) will be a saddle point and solutions
will be moving away from it along one eigenvector and towards it along the other
eigenvector (unstable).

e If one of the eigenvalues is zero eg. A\; = 0 and Ay < 0 then the line defined by &;
will be a nodal source (asymptotically stable).

e If one of the eigenvalues is zero eg. A\; = 0 and Ay > 0 then the line defined by &
will be a nodal sink (asymptotically unstable).

Examples

e We will exhibit each of the above stability cases by studying the IVP problem
dx [a O
dat o o)”

with x(0) = (3).

2

1. First we find the eigenvalues. For diagonal matrices this is immediate: A\ = a, Ay = b.

2. Next we find the corresponding eigenvectors:

a — )\1 0 5171 . 0 -
[ 0 b Al] (52,1) - (0> = =0

therefore &, = (é) Similarly, we obtain &, = ((1))

3. Therefore, the general solution is

() o)

4. Finally, using the initial condition we obtain

x(t) = 2 (é) e +2 <(1)> e,

5. Next we study the stability. The origin is a special point for dynamics because if

x(t,) = 0 then &(¢,) = A (8) = (8) and so it is a critical point.
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(a) If @ # b and both positive we obtain that the solutions diverge to infinity

nyvverrrr7
% AN N A (Y N A ARV
NN b Y A AV A4
S NN A \ f / S A
- -~ - . \ ’ /51/ - -
0

2V s/ / / ! \ NN Y
vV /D VoV N N
4+ , . . i
A NN
A
-5 -4 -3 -2 -1 0 1 2 3 4 5

Figure 3.1.3: a=1,b=3

(b) If a # b and both negative we obtain that they both converge to the source (0,0)

RRERERERRE
a b Yy b '.II ‘i!i" i ".pl-f WV ! |
3_\ \ HM w \ ¢ Ji 'j / / L/
NN N N 1 S
INCOONON V) P A Y
;‘m - “ \ W ! g - ;*é.?,f
:23’ VAR A A | YN NN N
AR ER
ny . A Jh | l'. I:h _le . hy
D A A A A O O L W O

Figure 3.1.4: a = -1, b= -3

(c) If a # b with different signs we obtain that (0,0) is a saddle point: ifa = —1,b = 3
then the solutions converge to the origin if they start on the linear span of &
(x-axis) otherwise they diverge to infinity.
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(bya=1,b=-3

(a)a=-1,b=3

(d) If a =0 and b < 0 then the linear span of £; (x-axis) will attract all the solutions:

= =T = = = = _—T = = =
|
= = - e
= - - e -
F———— ——= —= — —_ -— e
-—
A
=3 = =
F—— = ——=  —= — —_ -— ;
e T - e e
= = = —= - - - = m !
— e = - -y ) e
R a9 ¥ 9

-3

Figure 3.1.6: a =0, b

(e) If @ =0 and b > 0 then the linear span of & (x-axis) will repel all the solutions:
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Figure 3.1.7: a=0,b=3

Applied examples

e Richardson Arms race model: Consider countries A, B with z(¢),y(¢) amount of
weaponry respectively. The model for the rate of change of weaponry is:

dr +hoy+
— = —a-x . e
dt yrea
d
d—‘q::cm—d-y—l—eg

The constants a, b, ¢, d are nonnegative. The constants b, ¢ represent the fear magnitude eg.
when y(t) goes up then country A will increase its rate of weapon production by b - y(t).
The constants a, d represent the fatigue factor because some countries decide on a lower
rate of production given the amount of weapons they currently possess. For simplicity the
constant e; represents the distrust country A has for country B and the reverse for es.
But they can represent other factors not accounted for such as revenge, degradation of
weapons, etc. So if we have no interaction i.e. a = b = 0 but positive amount of distrust
e1 > 0 then we still have a steady rate of weapon production z’(t) = e; > 0.

For simplicity e; = —1,e3 = —1 consider the following matrix system

dx [-1 2 (T 1
dt ~ 4 =37 " \-1)
1. A constant solution for this nonhomogeneous problem is v(t) = (

: dx 0
by setting 3 = (0
solution will be:

1
1

) and solving for x. Therefore, as explained above the general

), which we obtained

1
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2. The eigenvalues for this matrix are the solutions to

0=M—Tr(A)\+det(A) =\ +4\ -5
:>)\1:1, )\2:—5

1
1

x(t) = ¢ (D el + e (_21) e 5t 4 G)

4. Therefore, G) becomes a saddle point. That is, if a solution starts from G) in a

direction parallel to (_21) (i.e. choose ¢; = 0), then the solution will converge to

3. The corresponding eigenvectors are £, = ( ) and &, = (;1) So the general solution

1S

the constant (}) at an exponential rate (like e7*). For example, this happens if

x(0) = (%) However for ¢; # 0 the solution will diverge to infinity like €' in the

. . 1
direction (1

) away from the starting point G)

Figure 3.1.8: The (1) is a saddle point

5. This is reasonable because if the amount of distrust is negative e; = —1,e5 = —1 < 0
(i.e. positive trust), then for appropriate initial conditions the solutions will converge
to peaceful coexistence (z(t),y(t)) — (1,1).

6. To make sense of the special role ¢; = 0 plays we have to study the critical level
sets. We have 2/(t) > 0 and ¢/(t) > 0 when —z +2y — 1 >0and 4 —3y —1 >0
respectively; call these lines as L1, L. The first inequality happens when we are
above L, and the second when we are below L,. This is the region enclosed between
the lines on the right. So in the direction of £; both countries are increasing their
rate without stop . On the other hand, in the direction of &, which is above or below
both lines, the rates will have opposite signs (In this case, one country is increasing
their amount of weaponry while the other is decreasing it. The effect of one country
decreasing their stock of weaponry interferes with the other countries desire to have
more weapons. This is because the country that was originally increasing its stock of
weapons will see the other country deplete its stock and so will have less incentive to
create more.).
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Figure 3.1.9: The lines Lq, Ly separate into regions of stability and instability.

As a reference the general solution for

i_)t; _ [—Ca _bd}’w G) (3.1.1)

1 1 e1d+eab
() =1 s ) o )+ (5, (312
b b ad—bc

18
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e Consider the parallel circuit displayed in Figure 3.1.10 capacitance C' (eg. battery),
resistance R (eg. light bulb) and inductance L (eg. coil used for storing energy). Note
that there is no voltage source.

C
N
| |

V

(4]

| 4 R

. (0)

S

—

1 V )

1
V2 @) R,

Vs

Figure 3.1.10: Parallel LRC circuit.

Let V' be the voltage drop and I the current passing through the circuit. Here is a quick
summary of the laws governing such systems:

— Ohm’s law(OL): For the resistance we have V =R - I.

— For the capacitance we have I3 = C' - %3.

— Faraday’s law and Lenz’s law(FLL): For the inductance we have V; = L - 42,

— Kirchhoff’s current law(KCL): —I3 = I = I, — I, ; this is the conservation of
energy law for circuits.

— Kirchhoff’s Voltage law(KV L): The sum of voltages in a loop is zero. Thus, in
the upper loop V3 =V and in the lower loop V5 + V; 4+ V; = 0.

We can express all these relations in a system of odes that will describe the above circuit
system. We have

Vi
oy YD) oy g (KCD _p (KCD) (o) S
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where we first applied Kirchhoff’s voltage law and then current law. We also have

Ly P v Y v v, D v - Ry,

Therefore, we have a system for I, V;:

Vi
cvl=1 - —
1=h-p

L[é - —RQIQ - ‘/1

We rewrite this in matrix form:

Suppose, for example, R; = %, Ry =1
v\ _[-5 3](W
L) -1 —1|\L)
1. First we find the eigenvalues. \; = —4, \y = —2.

2. Second we find the eigenvectors. By solving the system or using the formulas we

obtain 5 .
- () ()

3. Therefore, the general solution is

Vi 3 1
() =) rele)

4. Therefore the current and voltage will go to zero as t — +o00. This is reasonable
because there is no voltage source and so eventually electricity will dissipate by
passing through the light bulbs.

3.1.1 Complex eigenvalues
Consider the system
x'(t) = Ax(t),

where now matrix A will have at least one pair of complex eigenvalues.

Example - Presenting the method

Consider the following parallel circuit with capacitance C' (eg. battery), resistance R (eg. light
bulb) and inductance L (eg. coil used for storing energy).



84 CHAPTER 3. SYSTEMS OF ODES
R1

@

M

V

-

|y c
K
|I

-—

3y

3

4

Figure 3.1.11: Parallel LRC circuit.

Let V' be the voltage drop and I the current passing through the circuit. We also
define the counterclockwise orientation as the positive one. Here is a quick summary of the laws
governing such systems:

e Ohm’s law(OL): V=R I.

dVv
c.&_r

Faraday’s law and Lenz’s law(FLL): L- % =V.

Kirchhoff’s current law(KCL): I = I, + I3 ; this is the conservation of energy law for
circuits.

Kirchhoff’s Voltage law(KV L): sum of voltages in a loop is zero. Thus, V; = V5 and
Va+Va+Vy=0.

We can express all these relations in a system of odes that will describe the circuit
system depicted in Figure 3.1.11. We have

V; v
ovi " ovi= L= L+ L=-2 4L =—"L11,
R Ry
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where we first applied Kirchhoff’s voltage and current law and then Ohm’s law. Note that we
used C'(—V3) = I3 because Vj is in the clockwise direction. We also have LI} =V, = =V, -V =
—RyI5 — Vi. Therefore, we have a system for I, V;:

v
V' =1—-—
Ry

LI' = -V + Ryl.

We rewrite this in matrix form:

()= 2] (7)

LetR1:R2:4,L:8,C’:%then
Vv’ -1 921 /V
I’ = _i _1 I/
) 2

1. First we find the eigenvalues. \; = _12”, — %

2. Second we find the eigenvectors. By solving the system or using the formulas we obtain
—4q 4q
() mie- (1)

3. Therefore, the general solution is

I —43 14 49 1

To obtain a real valued general solution it suffices to take real and imaginary parts of one
of the basis elements:

PR PIC SRY i
1 o eit/2

_ vy —Hilcos(t/2) + isin(t/2)
( (cos(t/2) +isin(t/2) >)

ey (4sin(t/2)) N (—4005(75/2)) \

cos(t/2) sin(t/2)
So we take
w(t) = e~t/2 4sin(t/2) and v(t) — e~/ —4cos(t/2)
" <(cos<t/2>) d vt <sm<t/2> )

Indeed by computing their wronskian we get

W) = [ )] = e eost /) sinta/2) = 407 £ 0

4. Since there is no voltage source, as expected the solutions will converge to the origin.
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Figure 3.1.12: Phase portrait for (V).

5. To understand the periodicity we will describe the circuit’s analogy with a mass spring.
(a) When the spring is compressed we are storing energy in the form of atomic-bond
energy or potential energy (i.e. the spring tries to regain its original position).
(b) Then that energy is released into kinetic energy.
(c) When the spring mass returns, it compress the springs and so the cycle begins again.

In a circuit, a charged capacitor (battery) is analogous to a compressed spring and an
inductor is analogous to the inertia mass.

(a) The charged capacitor releases the electrical energy into the circuit which the inductor
converts into magnetic field energy (analogous to kinetic energy).

(b) When the capacitor is fully discharged, the magnetic field energy creates a counter
current (by Faraday’s law), which then charges the capacitor in the opposite direction.

(¢) The oppositely charged capacitor starts releasing a current in the opposite direction
and so the cycle starts again.

Method formal steps

rlewl

1. Let Ay = —a +ib, \y = —a — ib be the complex eigenvalues and &; = (r26i92),§2 = (iizi;)

the corresponding eigenvectors. Then the solution is
x = e—at(clsleibt + 02£2e—ibt).

2. To obtain a real-valued solution (not all) it suffices to pick one of the terms above, say
e~9¢ e®. Then its real and imaginary parts will also be solutions:

| i(01-b) 6, b n(0y + b
efaté-lezbt — e 7”16' o | = eat TICOS( 1+ ) + je— Tls?n( 1t ) — w4+ v,
Poei(02+0) r9c08(0y + b) rasin(fa + b)
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3. Sometimes we can even obtain a general solution. By computing the wronskian we obtain:
Wlu,v] = e *riry(cos(y + b)sin(fy + b) — cos(0y + b)sin(6; + b)).

So as we see depending on the choice of 6,6, the solutions u,v might be linearly
independent or dependent.

—at

4. Stability results. We note that the crucial role of stability is played by the factor e

e If a > 0, then the solutions will converge to the node sink (0,0) and the spiral will
be inward.

e If a < 0, then the solutions will diverge away from the node source (0,0) and the
spiral will be outward.

e If a = 0, then the solutions will be concentric circles centered at (0, 0).

3.1.2 Examples

e Consider the system
x = [_al %)] X.

1. We first compute its eigenvalues: A\ —a\+1=0 = )\ = Va4 V;L‘l. So to explore the
complex case we assume that a? < 4.

2. Let &1, & be the corresponding eigenvectors: & = (fll),@ = (ii)
— Assume o = —1 < 0, then \ = # and so the general solution will be

/3 /3
X = e_t(clﬁleZTSt + CQEQe_ZTSt).
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Figure 3.1.13: The solutions are converging towards the node sink (0,0).
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— Assume o« = 1 > 0, then the general solution will be

V3 V3
X = et(cléleZTSt + 02526_273t).

.,
foe - S™™
d0O NNV L L ::ﬂ‘;“g\‘m Q‘nﬁ
NN L L - *’\\:&\-\\Q\{
%_ow T U
2b \“‘\ N s NN \\:\\‘3&.\5\ O
“:H\\\%\\ R W NN \ W Q\\\\h
ol NSNS - -, \ N \ N
S D VNN
ol K“ff‘fxmh_ff p J: \“\\ ]
SIS
I - _ iy i
4EM:H‘H/f / } f
rys \H‘{mﬁ_;é . ﬁ: / ’{ ) . 4
A
8 % 4 2 0 2 4 6 8

Figure 3.1.14: The solutions are spiraling outward from the node source (0, 0).

— Assume a = 0, then the general solution will be

i /3 _i3
X=c &2 + el
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Figure 3.1.15: The solutions are concentric circles centered at (0,0).

3.1.3 Repeated eigenvalues

Consider the system
x'(t) = Ax(1),

where now matrix A will have at least two duplicated eigenvalues.

Example-presenting the method

Consider the following LRC circuit.
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- |
| |
1
V1
| 4 R
@
|2
VZ
l
5L

Vs

Figure 3.1.16: Parallel LRC circuit.

We have CV] = -1 = -1} — I, = —% — Iy and LI, = V3 = V5 = V. Therefore, the

matrix system is:
/ 1 1
()= )0)
L

1. The eigenvalues are A = —52= £ 31/(55)2 — 4a7 and so if (g5)? —457 =0 & L = 4R*C,
we get a repeated eigenvalue Ay = Ay = —ﬁ. So assume R = C' =1 and L = 4, then the

system is
7 [—11 —1} V
r) Ly O0I\r)

=1 and the eigenvector is € = (712) So we obtain the first

2. Then the eigenvalue is A = =
term of the solution x; := &e*.

3. Similarly to second order odes with repeated roots, we make the ansatz
_ _ At At At
X = 1X1 + ¢oXg = c1€e™ + o (€e™ -t + me™),

where 1 is a yet undetermined vector.
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Plugging in x, := e - t + ne* into our system x’(t) = Ax we obtain:

MMt + (& + In)eM = A(geMt + ne).

Equating the coefficients of e*t and e we get

A = AL
E+ 2 n=An.

The first equation is always true by virtue of £ being an eigenvector. We will use the
second system to determine 1. In other words, we must solve the system

(A—=A)n=¢.
In our case we have

5= ()= 17 0 - ()

By solving the system we obtain

Therefore, for any 7, = k we obtain

Returning above the ansatz solution will be:

woe( el (e e {G) ()
“(el () B

where a1 :=¢; — k/2.

—_

Therefore, the (Voltage,Current) pair presents no periodicity and it simply goes to (0,0).
However, for as t — +oo the term (—12)€—t/ 2.t will dominate and so the solutions will
converge to the linear span of (7?) and then along that line to the node sink (0,0).
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Figure 3.1.17: The linear span of (_12) is a node and the origin will be the node sink.

Method formal steps

1. We first find the repeated eigenvalue A\ and its eigenvector £. So the first term of the
solution will be x; := &e.
2. For the second term we make the ansatz
Xq 1= €M -t + me.
3. Plugging this into our system x’(¢) = Ax(¢) we obtain the stystem
(A= Ay)n=¢.
4. By determining ) we obtain:
X = c1X1 + CoXy = c1€eM + cy(€eM - t + met).
Examples

e Consider system

1. We first find the eigenvalues:

TY;A) n %\/Tr(A)Q ~Adet(A) = 2

and so we have a repeated eigenvalue.

P
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2. Second, we find the corresponding eigenvector:

OB 0-()

1 33— \&
3. Assuming the solution is of the form x5 := €e* -t + ne* and plugging into our ODE
we obtain: L ) )
- - m
(A AL = { 13- A} (772) <—1)

Solving this system gives us:
=== " Y=k )"
e = T=\k-1) 7)) T\ )

where £ is any real number. We can rewrite n as:

0
e (!

4. Therefore, the general solution is:

X = C1X] + X9y
= c1e®€ + cy(€e* -t + me)

arerale s e (1))

= () red () ()3

5. The vector & = (_11) dominates the long term behaviour due to the extra term ( ll)t
(provided we do not choose co = 0). So we see that, essentially, all solutions are

diverging away from the linear span of (_11)

T
VU
12::::‘:!:;‘ =Y ; ffffﬁ:

— —~ p A
e ey i
N s T
w7 TR
e
/f/ Hi
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e Consider the system

with x(0) = (:1,))

1. First we find the eigenvalues:

A= % + %\/TT(A)Q —4det(A) = g

and so we have a repeated eigenvalue.

2. Second, we find a corresponding eigenvector:

OO 00
-3 1-— 5 2 2
3. Assuming the solution is of the form x5 := €e* -t + ne* and plugging into our ODE

we obtain:
()= ()
Uy —1
Solving this system gives us:

im=2—n={( " Y=r( 1)+ ("
e = T=\kt+2) = "\-1) T \2)

where £ is any real number. We can rewrite n as:

0
n:k£+<2>.

Therefore, the general solution is:

-3 1
2-3 2

3
_ 1-3

(A—)\I2)77=€:>[

1
2

X = C1X1 + X9

= cle%ﬁ + 62(56% “t+ ne%)

= cie? €+ e |:£632t St {k:g + (g) }e‘?]
ool C O}

If we now use the initial condition we obtain the system of equations

(5) = rra () +a(5)

which can be solved to obtain that ¢; =1 — 2k and ¢y = 2.

4. The vector & = (_11) dominates the long term behaviour due to the extra term (_ll)t.
So we see that all solutions to the IVP are diverging away from the linear span of

(4)-
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Figure 3.1.19: The phase portrait for x
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3.1.4 Stability

Summary of the stability results.

CHAPTER 3. SYSTEMS OF ODES

Type of criti-

Eigenvalues cal point Stability Sample phase portrait
A1 > Xy >0 | Nodal source Unstable
4/
A1 > 0> Ay | Saddle point Unstable //
e v

0> A > X2 | Nodal sink Asymptotically stable
A =0, >0 | vy line Unstable and source
A =0, <0 | vy line Unstable and sink
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A=A =X>0
' ? Proper node Unstable
and A= ()
Al =X >0

Improper node Asymptotically unstable
and A is not diagonal prop YHp Y

A=A =X <0

and A — (/\ /\) Proper node Stable

Ar| AR A R

/\1 = )\2 <0
and A is not diagonal

A =a+1ib,\y =a—1b | Spiral

Improper node Asymptotically stable

o)

a>0 Unstable

0>a Stable

(AN
NP N

A1 =1b, Ay = —ib Center Stable
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Classification of Phase Portraits in the (det A, Tr A)-plane

det A
A0 ¢ A=0: det A=1(Tr A)?

! !

spiral sink spiral source

®

center

degenerate sink degenerate source

uniform
motion

line of stable fixed points saddle line of unstable fixed points

sink source

Figure 3.1.20: Classification of phase portraits.

Stability of Eigenvalue Dependence

In this section we study the limiting behaviour of solutions as distinct eigenvalues of A become
repeated. Specifically, we demonstrate that the solutions of X’ = Ax when A has distinct
eigenvalues converges pointwise, after being suitably prepared, to the solution of x’ = Ax when
A has repeated eigenvalues. We focus our analysis on the 2 x 2 case. Consider the problem

X(t) = (3 i) x(t) (3.1.3)

where A € R as well as the perturbed problem

X(t) = (A g . ' 6) x(t) (3.1.4)

where € > 0. Notice that the perturbed problem has a matrix with distinct eigenvalues A + ¢
and A — e. One might hope that if we take a sequence of solutions to the perturbed problems as
e — 07 then, in the limit, we obtain a solution to the limiting problem (3.1.3). As we will see,
this only works if we choose the sequence of solutions appropriately. To begin, we note that the
solution x.(t) to the perturbed problem (3.1.4) is

x(t) = 1 () ((1)) +ep(e)e (_12)

for each € > 0, where ¢;(€) and cy(€) are constants that may depend on € (note that we are
considering a sequence of solutions with no initial conditions and so we are free to choose these
constants as we please). We now wish to show that as e — 0% the above family of solutions
tends to the solution of (3.1.3). Observe that we can write this solution as

x.(t) = (Cl(@e(”“t + Cz<€>e“‘f”) _ (cme)eft " <>> |

—2¢cy(€) et —2¢ecy(€)e~et
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To ensure that the second component converges to an interesting value, k € R, of our choosing
we see that we must require that c;(e) = 3%. Updating the family of solutions with this choice

of co(€) we obtain
et k —et
() = N ci(e)e” — e '
x( = ("7

Observe that the first component now has a term that diverges as ¢ — 0. Thus, we must
choose ¢;(€) in a way that combats this divergent term. In accordance with the above logic we

choose ¢1(€) = £ + c3(€) where we will decide later how to choose ¢3(€). Updating our family of
solutions we obtain

M ((2% +ese))e — Qﬁee‘“) _u (cs(E)eEt + k(ed;“)) Y (c;;(e)e“ + kt(@d;;“))

ke—et ke—et ke—et

We now choose ¢3(€) = a for some constant a € R so that the first term in the first component
converges. Observe also that, by L’Hépital’s rule we have

eet _ e—et ) 26

lim ——— = lim — =1.
e—0t 2et e—0+ 2€

Thus, we conclude that by letting € tend to 0 from the right we obtain, for each t € R

,  oafatkty (1 At
elir(r)ixe(t)—e ( I )—ae(o + ke )

which is a solution to (3.1.3). Notice that a and k were arbitrary choices and so we can obtain
any such solution. Notice, however, that we had to choose very specific behaviour for the
coefficients to get this convergence.
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3.2 Nonhomogeneous linear systems

In this section we study nonhomogeneous first order systems of equations building off of the
previous work on homogeneous first order systems.

3.2.1 Diagonalization Method
Consider nonhomogeneous linear first order systems:
X' = Ax +g(h),

where g(t) is a vector of continuous functions and A is a diagonalizable n X n matrix with
eigenvalues {\;};,—1__,. The latter assumption means that if T has the eigenvectors of A as

columns, then T"'AT = D is a diagonal matrix.

Using diagonalization Plugging in x = Ty for some yet unknown y we obtain

Ty' =x'= Ax+g(t) = ATy + g(t)
— y =T 'ATy + T 'g(t) = Dy + T 'g(t).

As a result, we decoupled the system. From this decoupled system we obtain the first order
equations:

yi = Ayi(t) + (T7'g(t)); fori=1,..,n.
For h,(t) := (T 'g(t)); we have (by the method of integrating factors)

t
y;(t) = et [/ e %hy(s)ds + ¢ .
0

Therefore, we found the solution x = Ty.
Using Jordan form

Method formal steps

1. As usual we first find the eigenvalues A1, Ay and corresponding eigenvectors &, &, of the
homogeneous system x’ = Ax.

2. Form the change of basis matrix T := [£,,&,] and find the solution to the following two
first order odes

yr = My (t) + (T7'g(t)
Yy = Aaya(t) + (T~ 'g(t))2.

3. By integrating factor the solutions are

it = [ [ er gt + o
) = [ [ e gl + ]
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4. We obtain the original solution by undoing the change of basis:

x = Ty.

Example-Presenting the method Consider the system
, 2 —1 el

X = X + .
3 =2 t

1. First we find the eigenvalues

A= # + %\/(Tr(A))Q —ddet(A) = A\ =—1, Ay = 1.

2. The corresponding eigenvectors are, respectively, v; = (1,3)T, v, = (1,1)T and so the
change of basis matrix T that diagonalizes our matrix is:

11
31

T —

3. Therefore, as argued above, the solution will be
x =Ty,
where . .
yi(t) = e_t/ e*hi(s)ds + cre™" and yo(t) = et/ e *hy(s)ds + coe’
0 0
with
1 t |
hi(t) == §(t —e') and hy(t) := 5(36 —t).

—t

First we find the y; (note that sinh(¢) is et’; ):

1 1
Y = cie '+ §e’t [e'{t —sinh(t) — 1} + 1] and yo = coe’ + §et [3t+e(t+1)—1].
4. Therefore, we obtain, since x = Ty

z =cre + et + sl 4+ e'{—1 +t —sinh(t)}] + Jef[—1+ 3t + e (1 + t)]
Ty =3cie™t + coe! + e 1 + e {—1+t — sinh(¢)}] + €' [—1 + 3t + (1 + )]

— x = {clet + %et{l Fel(—1+t— sinh(t))}] (;) + [CQQt n %et{_l L34t 4 t)}} G)

Examples

e Consider the system
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1. First we find the eigenvalues

A= # + %\/(Tr(A))z —4det(A) = A\ = —2+iV5, Ay = —2 —iV/5.

2. The corresponding eigenvectors are, respectively, v; = (iv/5, 1), vy = (—iv/5,1)T
and so the change of basis matrix T that diagonalizes our matrix is:

iv5 —iv5b
1 1)

T —

3. Therefore, as argued above, the solution will be

x = Ty,
where
t t
yi(t) = e(_2+i‘/g)t/ e~ 2V (8)dstcr eV and yy(t) = e(_2_i‘/5)t/ e~ (2 Vs, (5)d
0 0
with

hy(t) :== —2icos(t) and ho(t) := cos(t).
4. First we find the y;. We will do y; and ¥, is similar.

t t
0 0

-2 —t(—2+'\/5) . . .
= e WO (sin(t) + (2 — iv5) cos(t)) — (2 —iVB) b + e,
e (sin(t) + (2= iv/5) cos(1) — (2 V5) | +ex
where we used the formula
/e(’”ib)t cos(s)ds = TZW(et(a”b)(sin(t) + (a +ib) cos(t)) — (a + ib)).
we simplify by setting ¢; := % to get
‘ —9 ‘
_ t(—2+iV/5) —t(=2+iV5) (o o
Yy =e€ T2 ivA) {e (sin(t) + (2 — iv/5) cos(t))}
-2
= sin(t) + (2 — iv/5) cos(t
T A )+ - i) cos(t)]
—2
= 2 cos(t) + sin(t) — iv/5 cos(t
T 5{ cos(t) + sin(t) — iv'5 cos( )}
1
= ——=12 t) +sin(f) —tvH t
2\/5{ cos(t) + sin(t) — iv'5 cos( )}

=:u(t) +iv(t)
For y, we have

Y2(t) !

T I+ 2+ivE)e
1 . .
— M{Q cos(t) + sin(t) + z\/gcos(t)}

using that i~! = —i we obtain

{ sin(t) + (2 + iv/5) cos(t)}

b 5cos(t) — L(2 cos(t) + sin(t))

44/5 44/5
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1 1 .
=1 cos(t) — m@ cos(t) + sin(t))

=1 () + 0 (t).

5. Undoing the change of basis we obtain:
Xnh = Ty
(V5 —iVB [u+iv
1 1 U+

(VBT -+l - a)))

v —v+i(u—u)

v—0

uUu—u

_ \/Bw—v>> H(ﬁ(u - m)

we have that

- - : 1
v—v= m@ cos(t) + sin(t)) + COS(t)§
1 1 i -1
= COS(t)§(1 — %) + sm(t)m
and
= icos(t) - 2—\1/5(2008(75) + sin(t))
= COS(t)l(l — i) + sin(t)_—1
20 V5 2v/5

As a result,

cos(t)3(1 — \/Lg) +sin(t) =
= <ﬁ<cos<t>§<1 — J2) +sin()
cos(t)5(1 — \/Lg) + Sin(t)ﬁ5

6. Since we are only looking for a particular solution we only take the real part:

o (\/g(cos(t)%(l - ) +sin(t)ﬁg)>

cos(t)3(1 — \/ig) + sin(t) —=

7. Therefore, the general solution is:

X — 016(72+i\/5)t @\/5 +C2e(727i 5)t —iV9
1 1
+

e Consider the 2nd order equation

0" —20 —30 =t +3

103
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then by setting x = 6,y = # we obtain the system:

X(t) = lg ;]H (e_tO+ 3).

1. First we solve the second order equation. The homogeneous part is
z, = 1€’ 4 cpe .

2. Then we apply our guess: z,;, = at®e~". Since -1 is a simple root, we have s = 1 and
so it remains to find a:

a(—2e " +te Tt =2+ 2 —3te ) =e = a=—.

3. So the solution is:
3t —t 1 —t
Tgen = C1€7 + g€~ — Zte + 1.

4. Next we solve the corresponding nonhomogeneous system. The eigenpairs are
(3, (3)), (=1, (7")) and so the homogeneous part is:

3
1 -1
X = cleSt(?)) +cze_t( 1 )

1
5. So the change of basis is matrix T = <3 . ) and we obtain:

6. Thus, we obtain

~ 16
and

wlt) = [ (s

et

=

7. Therefore, the nonhomogeneous part is

et (1 =1\ /-1 et [—1 et [—1
Xnh,1 y 4<3 1><t) 4(TS)+4(1)

8. For the system x’ = Az + (g), we have
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9. The general solution will be:

I et -1 N —e t /1 N e tt [—1 N 1
= (& Coe _— .
Kgen = CLE g ] T2 1 16 \3 1 \1 0

10. Indeed the x = 0 component is of the form:

€:$26163t+026_t—6—+1,

4

which agrees with our second order solution.

e Consider the equation
0" + 20 +20 = 3+ e 'sin(t)

X+ (3 + e_(zsin(t)) ‘

1. First we solve the second order equation. The homogeneous part is

and its related system

xp = eI 4 ppe(T170E

2. Then we apply our guess: x,, = t¢ *(acos(t) + bsin(t)). Since -1+i is a simple root,
we have s = 1 and so it remains to find a,b:

2(e™" — e "t)(bcos(t) — asin(t))
+ e "t(—acos(t) — bsin(t)) + 2e "t(acos(t) + bsin(t))
+ (e7t — 2e ") (acos(t) + bsin(t))
+ 2(e7"t(bcos(t) — asin(t))
+ e *(acos(t) + bsin(t)) — e "t(acos(t) + bsin(t)))
= e 'sin(t).
Isolating the term e 'sin(t) we obtain
—2a—b:1:>a:—% and b =0

and so the nonhomogeneous part is

1
Tpp = te’t(—i cos(t)).

3. So the solution is:

Tgen = c1el T 4 717 4 e~ (—5 cos(t)) + 5.

4. Next we solve the corresponding nonhomogeneous system. The eigenpairs are (—1 +

i, (—12—1'))7 (=141, (1__21)) and so the homogeneous part is:

I A
x = cel ”)t( 5 )—1—026(1 )t( ) )
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—1—1
2

h(t) = (—22— : Zgl) i (e—ts(;n(t)> B eﬁ%@cjg

6. Thus, we obtain

R,
5. So the change of basis is matrix T = < 2+ Z) and we obtain:

Y (£) =eLE / e—(—1+i)s(€_s sin(s)(1 4 4) )ds

and

7. Therefore, the nonhomogeneous part is

e(— 1+z)t

o (—1—14)t e2it —2it

(it =5+ (it + 5-)

el 14{17,)1& —21t -\ el z)t e2it
(141d)S——(—it — ¢ )—l—(l—z)T(zt— )

Xnh,1 = Ty :(

using the Euler formula we obtain

_ < —<- “t2 cos(t) + it : sin(t))
“ t(2t — 1)(sin(t) + cos(t))

)
—t2 cos(t ( 11 + —s1n(t)( : 1) + eT_t(Ztsin(t) —cos(t))<(1)>.

8. For the system x' = Az + (g), we have

9. The general solution will be:

Xgem =1l (z’+ 1> + cpel-1o0t (Z - 1)
en _2

1
+ —t2 cos <

1
+—sm < ) %Qtsm )—cos(t))(?)

+
N\
O vlw
~
N~
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10. Indeed the x = 6 component is of the form:

. , 1 3
0 =z = cr eI gl 4 te’t(—ﬁ cos(t)) + Y

which agrees with our second order solution.

3.2.2 Using method of undetermined coefficients

If the components of g(t) are linear combinations of polynomial, exponential, or sinusoidal
functions, then as before we assume that the solution x is a linear combination of the same type
of functions.

Example-Presenting the method

<= (5 e () )

1. Given g(t) = (ett) we assume that the solution is of the form:

Consider the system

x(t) = ate' + be' + ¢t +d.
for some vectors a, b, c, and d to be found.

2. Plugging this into our system we obtain

1 0
a(te’ +¢") + be' + ¢ =x' = A(ate’ + be' + ct +d) + ¢’ <0> +t(1).

Therefore, we obtain algebraic equations for a, b, c, d:
a= Aa,

a+b=Ab+ (;),

0
=A
0 c—l—(l),

c = Ad.

The first equation implies that a is an eigenvector for A with associated double eigenvalue
A1 = 1 and so we can assume that
3/1
a=—
2\1

because it will solve the second equation:

()00

By solving the remaining systems we obtain

(%)
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Therefore, the solution is
x=ce’ ! +§ ! te' +< ¢ ! —1 0 e’ + ! t— 0
3/ T2 \1) 2\ 2 1)

3.2.3 Integrating Factor

We now present an alternative method for solving nonhomogeneous first order systems. Specifi-
cally, we wish to solve the first order system described by

x'(t) = Ax(t) + g(t)

where x : R — R” is a column vector, A is an n X n matrix, and g : R — R" is continuous.
Observe that, by moving the term Ax(t) to the other side we obtain

x'(t) — Ax(t) = g(t). (3.2.1)
One might be reminded of the one-dimensional nonhomogeneous differential equation given by
() —ax(t) = g(t).

You may recall that to solve such an ODE we multiplied through by an integrating factor,
p(t), chosen carefully so that we may view the left hand side as the derivative of a product of
functions. Specifically, we choose p to satisfy p/(t) = —ap(t). Multiplying through by p and
applying the above strategy leads to the solution, as one can check,

z(t) = eat{o + /Oteasg(s)ds}.

Motivated by the philosophy that ODEs that look similar are probably solved by similar
techniques we attempt to use a similar strategy for the first order system. Note that since we
are working with matrices we have to be careful with what we multiply through since not all
matrices can be multiplied together (recall that matrix multiplication only makes sense if the
row and column sizes are appropriate). After some consideration we may anticipate that the
function we desire is a function of the form g : R — M, (R). That is, a function such at each
time ¢ we obtain an n x n matrix p(t). Multiplying our equation on the left by p(t) gives

p(t)x'(t) — p(t)Ax(t) = p(t)g(t).

If we now choose p such that p'(t) = —p(t) A, where this derivative is understood componentwise
as in the case of X/, then we could rewrite the equation as

(nz)'(t) = p(t)g(t)

and then integrating' we obtain

p(Dx(t) = C + / () (s)ds

Tt is worth pondering what integration would mean here since the product of u and g is a column vector
and not a scalar. One is usually taught that integrating a continuous scalar function f is the result of taking a
limit of Riemann sums. That is

b n
/ f(z)dx = HILH;OZ flz)Ax.
@ i=1
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where C is a vector of constants of integration. Finally, if we are lucky enough that p(t) is
invertible for all ¢ then we can solve for x to obtain

x(t) = (y,(t))_l <C - /Otu(s)g(s)ds). (3.2.2)

We now try to find our candidate p. Recall that we needed to solve the equation

w(t) =—p(t)A. (3.2.3)

Given that the one-dimensional case had A on the left hand side of the candidate function one
might find it odd to have the matrix A on the right for this computation. To fix this, we define

y(t) = (u(t))T. Transposing equation (3.2.3) we obtain
Y() = (1) = (—ut)A)" = -AT(u(t))" = —ATy(1).

Observe that if we write y is columns then the above can be understood as

Vi) o ya0] = ATy o ya0] = ATy - ATy, )]
which means that each column y, satisfies the first order homogeneous system

yi(t) = —Aly;(t).

Suppose now we choose the columns of y to be n-linearly independent solutions (i.e fundamental
solutions) of this first order homogeneous system. Then we will have found y which means
we have found p by transposing. Specifically, choose y; ..., yn to be n-linearly independent

solutions. Now we let y(t) = [yl(t) ‘e yn(t)]. This tells us that

(Y1(t))T
puty=@y®) = + |
(ya(t)"

In view of this, we notice that if f : [a,b] — R™ is now a vector-valued function then f is simply a column of

scalar-valued functions ( fiyeoos fm)T. Observe that in this case it makes sense to write
fi(zi) i filzi)Ax
Zf(xi)A:c = Z Az =
i=1 i=1
fm('ri) Z?:l fm (JUL)Ax

Now taking limits suggests the definition

f;fl(m)dx

/abf(x)Ax =

b

fa fm(z)dz.
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One can check that equation (3.2.3) is satisfied. Since we chose that the solutions y; are all
linearly independent then p(t) is invertible for all ¢. In particular the formula given in equation
(3.2.2) is valid.? Note that the above technique results in a more general answer than the

technique given by using diagonalization since we did not assume anything about the matrix A.
However, we can see that the cost of generality is that obtaining the solution is more challenging.

To make the above construction more notationally clear we use the concept of a
matriz exponential in the following section outlining the steps to implementing the above
construction. The matrix exponential, ¢4, (whose formula for a 2 x 2 matrix depends on
whether its eigenvalues are complex, real and repeated, or real and distinct) is the matrix whose
columns are the fundamental solutions to the problem x’ = Ax and whose value at ¢t = 0 is the
identity. Notice that the notation was deliberately chosen to remind you of the scalar ODE

z' = ax whose solution (up to a constant) is e'®.

Method formal steps

1. As usual we first find the eigenvalues A;, Ay of the homogeneous system x’ = Ax.
2. Identifying the exponential of A:
e If the eigenvalues are distinct then

1
A1 — Ao

1
A1 — Ao

(A — \oIy) — e (A — \1y).

° If)\:)\1:>\2 then
e = M, + M (A — M),

L] If)q:a—l—ib,)\g:a—ibthen
at

et = 6T{b cos(bt)Iy + sin(bt)(A — aly)}.

3. We compute e *A by inverting the matrix ¢'* (see the linear algebra appendix)

4. Finally we obtain the general solution for our system (using identities proven in the linear
algebra appendix):

(”(t))_l (C + /OtH(S)g(S)d8> = exp{tA} (C +/0

t

x(t) exp{—sA}g(s)ds) (3.2.4)

Example-Presenting the method

X = (; 1>x+ (6;> (3.2.5)

Notice that the matrix A in equation (3.2.5) has only 1 as an eigenvalue but the only solution

to
1 1
V=V
01

20ne might try to check that the formula for the solution given in equation (3.2.2) is in fact correct. Note,

Consider the system

however, that this computation is actually somewhat sophisticated since you have to differentiate the function

(u(t))f1 which requires computing the derivative of the function that assigns the inverse of a matrix.
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()

for a € R. So this matrix is not diagonalizable and hence the diagonalization method does not

apply. However, the integrating factor technique will still work. Following step 1 we notice that
we have a repeated eigenvalue A = 1. By step 2 we obtain that

t tt
et =Ty +e't(A 1) = (6 e)

is

0 €

By step 3 we learn that

Finally, by equation (3.2.4) we learn that the general solution is:

x(1) = et tet C+/t e~ —se % |e® €)= et tet
0 € ol 0 e s 1 0 €

<c+/0t

1— —s
N ]d)
[

et tet] t—1+et4te? et tet 2te! — et + 1
= C+ = C+
0 ¢ 1—et 0 € el —

One can check that this solves equation (3.2.5) since

(1) = el tel + e Ci 2te’ + €
0 et et
while
el tel + et 2te! e el tel + et 2te! + et
Ax(t) +g(t) = C+ + = C+

et el —1 1 0 et et

3.2.4 Variation of Parameters

Given the complexity of the process to solve the inhomogeneous first order system found in
section (3.2.3) one might wish to find a simpler way of obtaining the solution. This is possible if
one is more clever about how they proceed. Recall that for the scalar inhomogeneous equation
2'(t) = ax(t) + g(t) the general solution is

z(t) = e (C + /Ote_asg(s)ds>

where C' is a constant. Observe that the term Ce® actually solves the homogeneous equation

2'(t) = ax(t). Thus, the part of this solution that is needed to solve the inhomogeneous equation
is

t
e“t/ e “g(s)ds.
0

Observe that this looks like the solution to the homogeneous equation multiplied by a new
function. Inspired by this we might try to solve the system

x'(t) = Ax(t) + g(t). (3.2.6)
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by using the ansatz
x(t) = X(t)y(t)
where X (t) is the n x n matrix consisting of n linearly independent solutions to the homogeneous
equation and y is to be determined. Note that X plays the role of e® from the scalar case.
Thus, we desire that
x'(t) = Ax(t) +g(t) = AX(t)y(t) + g(t)

but we have
t X (1) = X (t)y(t) + X()y'(t) = AX()y(t) + X(1)y' (1)

Comparing these two equations we see that we must demand

Integrating then gives
t
y(t)=C+ [ (X(9) gl
0

Thus, we have found the solution

x(t) = X (t) (c + /0 t (X(s))_lg(s)ds).

There are a few of advantages to this solution over the one found in section (3.2.3). First, notice
that it is not too hard to verify that this does in fact solve (3.2.6). Second, unlike the solution

found in section (3.2.3) this formula makes reference directly to the matrix of fundamental

solutions to the homogeneous system. As a result of this, less computations are needed. In
particualr, exponential matrix identities are not needed to make this expression simpler.

Method formal steps

1. Solve the homogeneous systems to find two linearly independent solutions x;(t) = (2;8)

and x,(t) = (ﬁj;gg) to form the fundamental matrix:

lIl(t) — [1'171@) x271(t)]’

which satisfies ¥' = AW

2. We make the ansatz we have x,,(t) = ¥(t) - v(t) = ¥(t) - (Z;Et))
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we obtain the system

4. Solving this system for v}, v}, we then integrate to obtain vy, vs and finally obtain the
Xon(t) = W (t) - v(t).

Examples

e Consider the system

1. First we find the fundamental matrix ¥: the eigenpairs are (=3, ('), (2, (})) and
so the fundamental matrix is:
-3t 2t
v = [ c e ] .
46_3t 62t

2. The system is

4e 3] + el = —2¢t

and we obtain

,(t) _e3t G2 -1 o2t 1 et 4 9¢it N
Vv = = —_—
fe—3t o2 — 9t 5\ —4e—4t 4 9t

1 et + %e‘“
v(t) = —5\e4t —9et)

Therefore, the nonhomogeneous solution is

Xpp(t) = Uv = <_z_2t).

The general solution is
-1 1 et
_ —3t 2t 2

3. From the above solution we note that the dominating term is GZtG) so we expect the
solution to converge to the linear span of G)

{_e—StUi + e = 2
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Figure 3.2.1: Phase portrait

e Consider the system

1. First we find the fundamental matrix ¥: the eigenvalue is (—2, (1)) and n = k(7)) — (}),
therefore, the solution is

2. The system is

e 2] +te %l = e
e 2] + e 2 (t — 1)vh = —2¢!

and we obtain
1—t(1+ 2e%
i (126
1+ 2e3¢

142 24 .3t 1.3t
B t+ 23t '
3

Therefore, the nonhomogeneous solution is
e 2 (—t?/2 — 2/3e3t +t + €3 /9) + et (t + (23)/3)
Xan (1) = (e—Qt(—tQ /2 — 2/3e3t 4t 4 €3 /9) + e~ 2(t — 1)(t + (2¢3) /3))'
The general solution is

x(t) = cre™ G) + coe™ G)t - (2) e ") + X (t).

4
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115
e Consider the 2nd order equation

0" —20 +0=3+¢e"
then by setting x = 6,y = 6’ we obtain the system:

X0 = [—01 ;]’“L (3 +Oe—t>'

First we solve the second order equation. The homogeneous part is

Ty = clet + 02€tt.

. Then we apply our guess: x,, = at®e~'. Since -1 is not a root, we have s = 0 and so
it remains to find a:

1
ale " +2e " +e ) =et=a=-.
3. So the solution is:
3t P
Tgen = C1€7 + e + —e " + 3.

4. Next we solve the corresponding nonhomogeneous system. The eigenpair is (1, (

and n = k(}) + (O

1
)
1) and so the homogeneous part is:

X = cletG) + cget(tG) + <(1)>).

5. So the fundamental matrix is

6. The system becomes

U1 + w19(t) é g1 (t)

z1a(t
T (1
elv] + tetvly =0

=
el + t—l—ler—et
o2t
vy =e”

7. Therefore, the nonhomogeneous part is

et /1
Xt =WV = (_1>
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8. For the system x’ = Az + (g), we have

9. The general solution will be:

Xgen = clet(i) + (:Qet(tG) + ((3)) + %t (_11) + (3)

10. Indeed the x = 0 component is of the form:

—t
e
92I2016t+02t6t+T+3,

which agrees with our second order solution.
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3.3 Problems

3.3.1 Real eigenvalues

e Find the general solution of the system. Describe the asymptotic behaviour (what is
the dominating term and the limit). Draw the two eigenvector’s spans and draw arrows
towards the dominating term. Is it a saddle or a sink to the origin?

e Find the particular solution of the system. Describe the asymptotic behaviour (what is
the dominating term and the limit). Draw the two eigenvector’s spans and draw arrows
towards the dominating term.

e For some a € [1,2] consider the system

/(-1 -1
x' = (2, 71)x

Find the general solution in terms of a. Determine the asymptotic behaviour for a = % and

for 2, and find the a, € [%, 2],called the bifurcation value, where the asymptotic behaviour
changes.

e (*)The amounts of salt z1(t), z2(t) in the two tanks satisfy the equations

d d
% = —k1$1, % = kll’l — k2$2 with IE1<O) = 15, 33'2(0) = O,
where k; = VLI = %, ke = VLQ = % Find the particular solution and determine the

asymptotic behaviour. What does it tell you about the tank’s salt concentration?
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Fresh waler
Flow rale ¢

Tank 1
Volume V;
.".nl". X .t.rf

Tank 2
Volume V,
Salt x4(n)

—

Figure 3.3.1: The two brine tanks.

3.3.2 Complex eigenvalues

e Find the general solution of the system. Describe the asymptotic behaviour. Are the
trajectories forming a spiral source, a spiral sink or concentric circles?

1.

X' = (57 )x
2.

x'=(17")x
3.

x'= (1 2%)x

e (*) Find the general solution of the system. Find the bifurcation value or values of o where
the qualitative nature of the phase portrait for the system changes. Draw a phase portrait
for a value of « slightly below, and for another value slightly above, each bifurcation value.

x'=(9)x

(0)-Ch()

e (*)Consider the circuit

Z ’ JL

BZ  \ D

W »
\_~

Figure 3.3.2: The circuit with complex eigenvalues.

3.3.3 Repeated eigenvalues

e Find the general solution of the system. Describe the asymptotic behaviour. Are the
trajectories forming a source or sink behaviour wrt the origin?
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x'=(32])x

3. Find the particular solution and determine the asymptotic behaviour as above:
! 1 -4 3
x' = (}77)x, x(0) = 5 )

3.3.4 Differential inequalities

1. In this question we will show the following result: Suppose x : [a,b] — R" is a function
that is continuous on [a,b], differentiable on (a,b), and satisfies, for A € M, «,(R) a
diagonal matrix,

x'(t) < Ax(t)

for all ¢t € (a,b), where the inequality means that each component of the left hand side is
smaller than the corresponding component on the right hand side. Then

x(t) < e"=D%x(q).?

(a) First show that if A € M,,«,(R) then Ax > 0,,.; whenever x > 0, if and only if
A is a non-negative matrix (all entries in the matrix are non-negative).

b) Next show that if ¢ > 0 then €t is a non-negative matrix if and only if A has
g
non—negative off diagonal entries.4

(c) Consider the function w : [a,b] — R defined by®
w(t) = el DAx(1).
Show, using (1b), that w'(t) < 0,,x; for ¢ € (a,b).
(d) Conclude that each component of w is decreasing on [a, b].
(e) Finally, conclude that e(*PAx(t) = w(t) < w(a) = x(a) which can be rewritten as
x(a) — el VAX() > 0,1
Use (1b) to conclude the desired inequality.

2. In this question we show that solutions to the initial value problem x'(t) = Ax(t)
for t € (a,b) with x(a) = xo are unique using Grénwall type inequalities. Suppose
X,y : [a,b] — R are continuous on [a,b| and differentiable on (a,b). Suppose also that
they satisfy x'(t) = Ax(t) on (a,b) as well as y'(t) = Ay(t) on (a,b).

(a) First show that, for t € (a,b)

S (Ihe(t) ~ yOI?) = (x(1) — (1) "A(x(1) — y(1).

DN | —

3This is known as Grénwall’s inequality. The principle involved here is that if a function grows no quicker
than Ax(t) then the value of the function should not exceed the solution of x’(¢t) = Ax(t) which maximizes its
growth.

4Such matrices are called Metzler matrices.

5Some properties of the matrix exponential will be used here. Please refer to the linear algebra appendix for
proofs of these properties.
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(b) Next use equation (3.3.1) and the previous step to conclude that

3.
%(Hx@ = YOI) < A(A)lIx(0) -y (O)II*

N —

(c) Argue that we obtain, for ¢t € [a, b],
Ix(t) = y(@)I* < e x(a) — y(a)||*.

(d) Deduce that if x(a) = y(a) then x(¢) = y(¢) for all ¢t € [a, b].

3.3.5 Systems of ODEs and Quadratic forms
1. (a) In this problem we show that if A has only positive eigenvalues, x(0) # 0,x1, and if
x'(t) = Ax(t) then [|x(t)|| = 400 as t — +oc.
i. First, show that

d , T
7 (xO17) = (x(1) Ax(®).

N | —

ii. Next, observe that
min {x"Ax} = \(A)

lIx[I=1

where A\;(A) denotes the smallest eigenvalue of A. To see this, note that A is
diagonalizable and so we can represent x as a linear combination of orthonormal
eigenvectors uy, ..., u,. So we have

Ax=A (i clui> = i )\Z(A)clul
=1 =1

which means

n

x"Ax = " Nc? > M(A)) = (A)[x]* = Ai(A)
=1

=1

and observe that x was an arbitrary unit vector. Note that equality can be
obtained.

iii. Using the previous two questions observe that

1d

5 77 (IXOIP) = As(A)[x ()]

—2t\q (A)

Using the integrating factor e conclude that

d, _
S W) 2 0.

iv. Conclude that
Ix(8)[1> > [|x(0)||]Pe* A,

(b) In this problem we show that if A has all negative eigenvalues then ||x(t)|| — 0 as
t — +o0 if X'(t) = Ax(t).

i. Show that, as in the previous question,

max {x"Ax} = \,(A) (3.3.1)

lIx([=1
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and conclude that q
E(HX@)IP) < An(A)|Ix()]1%.

NO| —

ii. Conclude that
x(8)[|* < [|x(0)[|?€* A4

2. In this problem we will demonstrate how to find a solution with perpendicular trajectories
in R?. Suppose x,y : R — R? solve x/(t) = Ax(t) and y'(t) = By(t) respectively,
where A, B € My,5(R). Assume also that, for all a € R?, that if x(0) = a = y(0) then
x'(0) Ly'(0).

(a) Use the conditions given in the problem description to conclude that
a- (ATBa) =0

for all a € R?.
(b) Conclude that there is a constant ¢ € R such that

ATB =c¢ 0 1.
-1 0

(c) If ¢ = 0 conclude that either A = 0gy5, B = 03,5, or ATB = 05,5 while A and B
are both not the zero matrix. In the event that ATB = 05,5 even though both A
and cB are both not the zero matrix show that im(A) L im(B).

(d) Now we may assume that ¢ # 0. By taking determinants show that both A and B
are invertible. Finally, conclude that either

ATB = CR%
or
ATB = CRfTﬂ

for some ¢ > 0 where Rz denote rotation matrices at angles +7 respectively. Use
this to conclude that .
B =c(A™) Rz,

3. Notice that for each t € R we can define a map ¢; : R” — R" by ¢,(x) = e'Ax. We say
that the family of maps {¢;},.p is volume preserving if for every ¢t € R and for every open
set U C R"™ we have vol(¢(U)) = vol(U).°

(a) With ¢, defined as above for each ¢t € R show that, by the change of variables
theorem, that

vol(p(U)) = | det(e™)|vol(U).

(b) Use this to show that if {¢;},.p is a volume preserving family then det(e'*) =1 for
all t € R.

(¢) Recall Liouville’s formula, as seen in the linear algebra appendix, says that
det(etA) _ et-tr(A)‘

Use this to conclude that tr(A) = 0.

(d) Conversely, show that if tr(A) = 0 then {¢;},.r is a volume preserving family of
maps.

6This exercise describes a particular instance of a result known as Liouville’s Theorem.



122 CHAPTER 3. SYSTEMS OF ODES



Chapter 4

Autonomous systems

As in the 1D case we will study the following system:

dx

dy
- F =G
dt <x7 y)? dt <x7 y)7

where F, G are continuously differentiable functions. Here again we might not be able to obtain
explicit solutions, but we can provide a qualitative analysis.

Method formal steps
1. First, we find the critical points by setting

F(z,y) =0 and G(x,y) = 0.

2. For each critical point we carve out the regions of the phase portrait that converge to it,
called basin regions of attraction. For example, as we will explain later in the competing
species section, we obtain phase portraits of the form:

,,,,,,,,,,,,,,,,,,,,,
.....................
.......................

...................
...................
..................
rrrrrrrrrrrrrrrr
---------------
.............

..............

Figure 4.0.1: The critical points (14, 0)
and (0, 14) have their own basin

regions of attraction

Here the points (14,0) and (0, 14) have their own basin regions of attraction (arrows
pointing towards them) that are separated by curves called the separatriz.

3. Sometimes we can even solve such systems by taking their ratio and obtain a parametric

123
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solution: .
dy & _ Glz,y)

dx 9 F(z,y)

This ratio depends only on x and y (and not t), so methods from the first order section
could be used.

4. Next we sketch the direction field by doing a nullcline analysis around the critical points.

That is we study the signs of the pair (42, %)'

5. Finally, we plot the parametric solution and check whether it agrees with the direction
field from the above step.

Example-presenting the method

Consider the following oscillating pendulum: a mass m is attached to one end of a rigid, but
weightless, rod of length L which hangs from the pivot point.

Figure 4.0.2: oscillating pendulum

The gravitational force mg acts downward and the damping force C|%| is always
opposite to the direction of motion. A rotational analog of Newton’s second law of motion might
be written in terms of torques:

) do 42 , d?6 do g .
mg~Lsm(6)—i—E-L+m@L =0 = e Tt sin(f) =0

where v = ﬁ and w? = 2. This is a nonhomogeneous second order equation, but we can also

o ] : : .f . de.
view it as a system of equations by letting x := 0 and y := -
dx dy 2 gin(z)
— =y, — = —yy —w sin(z),

a = Pag -

where v is called the damping constant and, as in the spring problem, it is responsible for
removing energy. Notice that this is an autonomous system.

1. First we find the critical points:

d d

2. Then we numerically draw the solutions
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_.\. \.. .‘.\_ .‘.\. 5\... #\.\.‘..\.\I

uonn|os 1p/(1EIByIp

10

theta(t) solution

Figure 4.0.3: Phase portrait and solutions for oscillating pendulum.

We see that the basin regions of attraction for each critical point are the areas separated

by the black spiral curves.

3. The ratio is

—yy — w?sin(z)

dy
dt

dy

dx

Yy

dz
dt

which is not amenable to known methods (eg. see Chini’s equation).

4. However, if we set v = 0 (undamped pendulum), we get a separable equation and in turn

the implicit solution:

constant.

w? cos(z)

2

Y
_— — —
+¢) 5

)

X

(

y* = 2(w? cos

to obtain the implicit equation is to note that:

dy
dx

An alternative to using the equation for

5. Next we do a nullcline analysis around the origin.

>0, &> 0iff

da
dt

e We have

—T

<z <0.

y >0, —w?sin(z) >0 < y >0,

2



126 CHAPTER 4. AUTONOMOUS SYSTEMS

OWehave‘é—f>0,%<Oiff

y>0,—w25m(x)<0<:>y>0,0<x<g.

o We have 4 <0, & > 0 iff

y<0,—wQSin(x)>O<:>y<0,_77r<a:<0.

o We have 4 <0, & < 0 iff

y<0,—w2sin(x)<0<:>y<0,0<x<g.

6. Therefore, in summary, around the origin we have the sketch:

N |

Figure 4.0.4: Phase portrait sketch for
an undamped oscillating pendulum.

Indeed, the parametric solution follows the circular behaviour of the direction field in
Figure 1.4.

7. The sketch in Figure 1.4 agrees with the numerically generated phase portrait displayed
in Figure 1.5:
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dtheta(t)/dt solution

-0 8 B 4 -2 ] 2 4 ] 8 10
theta(t) solution

Figure 4.0.5: Phase portrait and solutions
for undamped oscillating pendulum.

We see that the basins of attractions are separated by ellipses along the horizontal axis
and they are separated from periodic behaviour along the vertical axis. Physically a closed
curve around critical point represents the pendulum oscillating periodically since the

velocity y = 0 oscillates periodically around that critical point. The wavy lines represent
the pendulum spinning around the pivot point.

Examples

e Consider the system

dr dy g
a  La - o
1. The critical point is just (0,0).
2. To determine the solutions we solve:
dy —8x
dx 2y’

This equation is separable and so we easily obtain:
y: = —42® +c.

3. Therefore, the solutions are ellipses y? 4+ 42% = ¢ centered at zero.

4. Next we do a nullcline analysis around the origin.

— We have 4 >0, & > 0iff 2y > 0, =8z > 0 <=y > 0, z < 0.

— We have & >0, £ < 0iff y > 0, 2 > 0.

— We have 92 < 0, &£ > 0 iff y < 0, 2 < 0.

— We have % < 0, ¥ < 0iffy <0, 2 > 0.

5. Therefore, in summary, around the origin we have the sketch depicted in Figure 1.6:
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N

N | S

Figure 4.0.6: Phase portrait sketch.

Indeed the parametric solution follows the circular behaviour of the above direction
field.

6. The above sketch agrees with the numerically generated phase portrait in Figure 1.7:

y2(t) solution

y1{t) solution

Figure 4.0.7: Phase portrait and solutions

e Consider the system (Duffing’s equation)

dx dy x3
It describes the motion of a damped oscillator with a more complex potential than in
simple harmonic motion. In physical terms, it models, for example, a spring pendulum
whose spring’s stiffness does not exactly obey Hooke’s law. The Duffing equation is an
example of a dynamical system that exhibits chaotic behavior.

1. The critical points are (0,0), (j:\/é, 0).
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2. To determine the solutions we solve:

dy_—:l:‘—i—%
dx  y

This equation is separable and so we easily obtain:

1, 1, N zt N
—y° = —=x°+ — +ec
0¥ T 79" Ty
3. Therefore, the solutions are the pairs of hyperbolas and ellipses y? + 22 — % =c

symmetric wrt to the z-axis.
4. Next we do a nullcline analysis around the origin.

— We have 92 > 0, ¢ > 0 iff

3
y >0, —JJ+%>O<:>y>0,x€[—\/6,0]u[\/6,oo).

—Wehave‘ji—f>0,%<0iff
3

y >0, —x+%<0 — y >0,z € (—oo,—V6]U[0,V6].

—Wehavefi—f<0,%>0iff

3
y <0, —:c—i—%>O<:>y>0,x€[—\/6,0]u[\/6,oo).

—Wehave?i—f<0,%<0iff

3
y <0, —x+%<0<:>y>0,x€(—oo,—\/6]u[0,\/6].

5. Therefore, in summary, around the origin we have the sketch depicted in Figure 1.8:

z=—-V6 e z=6

/ 1\
\ |/

Figure 4.0.8: Phase portrait sketch.

Indeed the parametric solution follows the circular behaviour of the above direction
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field.

6. The above sketch agrees with the numerically generated phase portrait depicted in
Figur 1.9:

10
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Figure 4.0.9: Phase portrait and solutions of duffing’s system



Chapter 5

Locally linear systems

We will study systems
x' = f(x),

where the components of f are C* functions so that we are able to Taylor expand them to first

order. A system of the form
x' = Ax + g(x)

is called locally linear around a critical point xq of f if

lg()

————— — 0 as X — Xp.
% — 0|

Example-presenting the method

We continue our study with the damped oscillating pendulum system:

d—$— %—— —wQSin(x)
dt_y’ T Y )

where 7 is called the damping constant and as in the spring problem it is responsible for removing
energy.

1. First we find the critical points. From the previous section we have:

(km,0) for any integer k.

2. Second we Taylor expand the RHS of the system F(z,y) := ( around arbitrary

critical point (g, yo):

—yy—w? sin(x) )

~ )+ oo = 0y - wl)

F(z,y) = F(zo,v0) + Jr(z0,%0) (z

_ : 1 (x‘%) +o(||(x — 20,y — y0))-

Y—Yo
—w?cos(zg) —

Here Jg (o, yo) is the Jacobian matrix at (xo,yo) which, for function F(z,y) = (E;Eig;),

131
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is defined as:
%(%; Yo) %(fo,yo)

Je(x0,Y0) =

%(%’0, Yo) dd%(l’o, Yo)

3. The linearization around (x¢,yo) = (km,0) for an even integer k is:

0 1

%@ _ ( ; ’”) + ol (x — km, )l

The eigenvalues of that matrix are:

A g — —v £ /7?2 — dw?
) - 2 .

(a) If 2 — 4w? > 0, then the eigenvalues are real, distinct, and negative. Therefore, the
critical points will be stable nodes.

YT T o e ey
R P
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=] oo
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o Ty
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T e e
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Figure 5.0.1: Stable nodes at even integer k critical points (km,0) for k = 0,2, —2.

We observe that the basins of attractions for each even-integer critical points are
well-separated.

(b) If 4% — 4w? = 0, then the eigenvalues are repeated, real, and negative. Therefore, the
critical points will be stable nodes.
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4. The linearization around (zq,yo) = (k,0) for odd integer k is:
d [z ol r—km
G0 - ) (") ottt = k- m .

The eigenvalues of that matrix are:

A —y £ /7?2 4 4w?
1, N2 — .
2

Therefore, it has one negative eigenvalue A; < 0 and one positive eigenvalue Ay > 0, and
so the critical points will be unstable saddle points.

Method formal steps

1. First we obtain the critical points for the system

dx

T _F

o - F)
i.e. points (zg,yo) where F(zo,y0) = 0.

2. We Taylor expand F in higher dimensions around an arbitrary critical point:

r — 2o

F(z, ) = F(zo,50) + Je(zo, yo>< ) +o(ll(z = 20,y — 1))

= 3utan ) (17 ) +ofle = an = wl)

Here Jg(xo, o) is the Jacobian matrix for the function F(z,y) = (g;g;z;)

JF(I’ y ) L %(l’my()) dd%('r(by())
0,90) -—
%(%7%) %(Io,yo)

3. Around each critical point we determine the eigenvalues and identify the type of qualitative
behaviour.

General result:

The system

7' =F(z,y), ¥y = G(z,y)
is locally linear around a critical point (zo, o) if F, G € C?(U) where U C R? is some
open neighbourhood around (zo, yo).

Proof. First we Taylor expand F' and G about (xg, o) to get:

F(x,y) = F(zo,y0) + Fa(xo, yo)(® — 20) + Fy(x0,%0)(y — yo) + Re(z,y),
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G(x,y) = G(z0,y0) + Gz (20, Yo) (2 — x0) + Gy (20, ¥0) (¥ — Yo) + Ra(x,y),

where by Taylor’s theorem the remainders, Rr and R, satisfy

R R
(@)= (ow0) |(T — Zo, Yy — Yo)| (@)= (zo.w0) | (T — Zo, Y — Yo)|

(5.0.1)

Because (g, yo) is a critical point we have F(xq,yo) = G(x0,y0) = 0. Therefore, we can rewrite
the system as:

F 0 I 9 R et [ ) R ()

However,

| (e \/ Reen) Relen)
o o =V )+ ()

and so by 5.0.1 this goes to 0 as (z,y) tends to (xq, yo)-

0
Examples
e We return to Duffing’s equation from the previous section
dx dy N 3
— =y, —=—T+ —.
at ~ 7 at 6
1. We found that the critical points are (0,0), (£v/6,0).
2. We obtain the linearization of the RHS of the system F(z,y) := (_ i’rza) around
%

arbitrary critical point (zg,yo):

d T — X

3 (0) = Pl = Ploow) + Inteo0) (770 + ofle = an,y - o))

0 1 r — T
_ (_1“2_2 O) (575) +olle = oy = wl

3. Next we study the stability behaviour around each of the critical points.

— At the origin we have

1

%(y): : <§)+o<r|<x,y>||>

-1 0

and so the eigenvalues are A = +i. Therefore, the stability behaviour at the
origin will be concentric circles.

— At the (£v/6,0) we have
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Y

o1 S N [ R TR

and so the eigenvalues are A\ = ++/2. Therefore, the stability behaviour at both
(v/6,0), (—/6,0) will be unstable saddle nodes.

e Consider the system

dx _
— =y + ¢esin(z),

T dy _ —x + esin(y),

dt
for small € € R. We will study the affect of the stability behaviour as ¢ — 0.

1. First we find that the only critical point is the origin (0,0). We can deduce this by
drawing the two curves (z, —esin(z)), (esin(y), y) and see that they intersect only at
the origin.

2. Next we linearize around the origin:

e 1

%@ _ (y) + ol (. m)]l).

-1 ¢
Therefore, the eigenvalues are Ay =€ +1, Ay = ¢ — i.

(a) If € < 0%, the origin becomes a sink spiral point.

Tt is generally a bad idea to use € to denote a negative number as it has become a symbol of a generic small
positive number. There are, in fact, jokes about this (see here for a discussion of this). Despite this, the authors
hope there is no confusion.


https://math.stackexchange.com/questions/510319/is-there-something-to-the-let-varepsilon-0-joke-that-im-missing
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Figure 5.0.5: For positive perturbation we get source spiral.
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(c) If e =0, the origin is a center of concentric circles.
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Figure 5.0.6: For zero perturbation we get circular behaviour.

If e = —0.1 we get an almost circular picture:
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Figure 5.0.7: For small perturbation we get almost circular behaviour.

e Consider the system

=0=

dy
= d _—
0 an I

1. First we find the critical points:
dx
dt

0= (z,y) = (0,0),(—1,1).

— 1)

Y

(

r=—yandy
2. We linearize around the origin:

and so the solution is:

(o)

_|_

(+)

=k

and 7

)

)

3. The eigenpair is (1, (

4. We linearize around the (-1,1):
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1 2y 1
(1 1 ) |(—1,1)(X < 1 ))
1 2 L (—1)
X
11 0
5. The eigenpairs are (14 /2, (‘{5)), (1—+2, (_‘1/5)) and so the solution is:

X = cle(Hﬁ)t(\/ﬁ) + 626(1\/§)t(_\/§) + <_1>.

/
X

1 1 1
e Consider the system

dx 1— g dy 3
—=1- —=r—y.
dt Yt Y

1. First we find the critical points:

dx dy
E—Oand&—()i

L= ayand ¢ = ¢ = (a,y) = (1, —1), (1, 1).

2. We linearize around the critical point (-1,-1):

(7 )l ()
1 32 =1=1) -1
11 N (2)
= X
1 3 4
3. For solutions of the form x’' = Ax + v we have

Xu = A7 (=) = (:D

4. The eigenpair is (2 + v/2, (71?/5)), (2 -2, (71;\/5)) and so the general solution is:

X = ¢,e2HV2) (_1 —il_ \/5) + 026(2_\/5)'5 <_1 B \/5) + (_1>.

1 -1

5. We linearize around the critical point (1,1):
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6. The eigenpair is (1 + /3, (72?/5)), (1—+/3, (72;\6)) and so the general solution is:

e (L s (2 ) )

5.0.1 Applied Examples
Competing species

Suppose that in some closed environment there are two similar species competing for a limited
food supply—for example, two species of fish in a pond that do not prey on each other but do
compete for the available food. Let = and y be the populations of the two species at time ¢.

As discussed in Section 2.5, we assume that the population of each of the species, in
the absence of the other, is governed by a logistic equation

dx

azﬁ(&—(ﬁx)
W e — o)
dt—y€2 02y

However, when both species are present, each will tend to diminish the available food
supply for the other. In effect, they reduce each other’s growth rates and saturation populations:

dz ( )
. =x(e — o x — 1y

— = yley — 0oy — &
T y(&2 2Y 2

The «; is a measure of the degree to which species y interferes with species x and
similarly for ay. The values of the positive constants ¢;, 0;, a; depend on the particular species
under consideration and, in general, must be determined from observation.

1. First we find the critical points

{x(el —ox—ay) =0 . (0,0), <€_1’0>’ (0’5_2>’ and (5102—52a1 €907 —510z2>.

)
y(eg — ooy — o) =0 o1 (op) 0102 — Qg 0102 — Qi1

For the last critical point to be a realistic steady state we require that both components
be positive:
Case I: Both €109 > g9y and 901 > 109

which also imply o109 > ajay. This happensife; = ey =1,01 =0 =2, and a; = ag = 1.

Case II: Both ;09 < 91 and g90; < €109

which also imply o109 < ajay. This happensife; = ey =1,01 =0, =1, and a; = ag = 2.

The unrealistic cases are:

Case III: e109 > g9y and e90; < 1019
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which also imply o109 < ajas.This happens if e =e9 =1,y =07 =1, and 09 = ag = 2.

Case IV: €109 < g9 and €901 > €109

which also imply 0109 < @y, This happensife; = ey =1,01 = a3 =2, and ap =09 = 1.

2. We linearize the system by 2D-Taylor expanding

r(er — o — al?J))
y(ea — o9y — aax)

Pl = (

around critical point (xg, yo):
7Y = B, y) = Jetmo o) (© ) + ol )
— =F(z,y) =Jr(x o(|[(x — xo,y —
at \y Y F(Zo, Yo Y — % 0¥ — Yo
€1 — 20179 — a1Yo —Q1Z v
— g
_ (522 + ol = 00 = wl

Y—"%Yo
—aYo €9 — Qo — 202Yo

3. We determine the stability behaviour around each of the critical points.

(a) At (xo,y0) = (0,0) we have

€1 0

z%@)‘ 0 G)+MW%MW

€9

Therefore, the eigenvalues are A\; = &7 > 0, Ay = €5 > 0 and so the origin (0,0) is an
unstable source node.

2 LY T T T T T T / /|
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15 b o R A
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[ A S Py
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cosbs 00 8 S Py
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8 O0ry 7 v v v ¢ o *‘ .+ fod
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y1(t) solution

Figure 5.0.8: The origin is an unstable source node



y2(t)/dt solution

(b) At (zo,y0) = (£+,0) we have

_81 —1E1

%@) _ " (x—y ) + o(]|(z — 20, ).

0 E9 — —a;fl

Therefore, the eigenvalues are Ay = —e; < 0, Ay = "1520_;10‘251 and so

e in cases [ and IV the point (£-,0) is an unstable saddle node.
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(c) At (wo,y0) = (0, ) we have
d () [e1— 0‘;—? 0 T — To
i) - L (") + ol = ol

Therefore, the eigenvalues are A\ = %, Ay = —&9 < 0 and so

1 . - A O 1 . . —r
L A A /‘/"(/‘( - - T T T e
0.8 - R 08 - e e
- A A A A i -
0.6 - - AP 0.6 - S — e ]
: (61301,0)- v v (e;lfo 0) e e e ]
04 P o4r - - e
.§ 02 ¢ R LT _§ 02 PN - s = ]
= . . L. e e e ] = . e o e e e e
5 . » N . e 5 ) Ty . e
Soaf / \ coIoog 2o 77\
N L. L L e e = =, B £ & _—
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08p < ¢ ot VoM N 08k p S ]
PR ’ ’ rot 1 L T T L . - P
A . ) I LI T W Ak L ) P AT A i
0.5 0 0.5 1 1. 0.5 0 0.5 1 1.5
y1(t) solution y1(t) solution
(a) Case I (b) Case IV
e in cases II and III the point (£*,0) is an stable sink node.
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L A /?‘j S A 5 'f é /
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R T A
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i i i i i i i i i _‘| C 1 < L =z s . Il - i = I - L - I s s
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 1.8 2
y1(t) solution y1(t) solution
(a) Case II (b) Case III
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y2(t)/dt solution

y2(t)/dt solution
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e in cases I and III the point (0, 2) is an unstable saddle node.
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y1(t) solution y1(t) solution
(a) Case I (b) Case III
e in cases II and IV the point (0, j—z) is an stable sink node.
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y1(t) solution y1(t) solution
(a) Case II (b) Case IV

(d) At (zo,y0) = (S2=20L, 22212212 ) we have

d [z o1Tyg —Q1Xg T — Xo
a _ + o([[(x — o,y — wo)|)-
dt \y —Qolg  O2Yo Y

Therefore, the eigenvalues are

—(01% + UQyo) - \/(01960 + 02y0)2 - 4(0102 - Oé1042)$0y0
2
— (o130 + 02y0) — /(0170 — 020)? + daraszoyo
2

A =

and
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0.8
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0.4

0.2

y2(t)/dt solution

y2(t)/dt solution
o o o9 2= e -
= =] =] - 38 - =] =] [~

<
ma

=

— (o120 + 02y0) + \/(01900 + 0290)? — 4(0102 — a1aa) 20y

2

2

— (o120 + 02y0) + /(0120 — 02Y0)? + daraaToyy
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e In cases I and II we have o109 — ayas > 0. Thus, we observe that the radicand
is positive and so the eigenvalues will always be real. Therefore, we get \; <0
and Ay < 0 and in turn (xg,yo) is stable sink node.
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y1(t) solution y1(t) solution
(a) Case I (b) Case II
e In cases IIT and IV the 0109 — ajas < 0 and so A < 0, A2 > 0. Thus, (z¢,yo) is
an unstable saddle node.
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y1(t) solution y1(t) solution
(a) Case III (b) Case IV

4. We also do a nullcline analysis to predict how solutions will behave based on their initial

data.
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€,/o, \

; 0>y’
0>y’ y'>0 :
0>x’ / 0}3{ 0>x

E /X
€,lo, ‘ 1
Y50 y'>0 \
S o >0 ) x>0
o -’( A >
€,la, e/a, elo,
Figure 5.0.15: Case | Figure 5.0.16: Case II

Ezfﬁz

+
| vl“':'z.l'rt']:2 E1.'"ﬂ'1

Figure 5.0.17: Case II Figure 5.0.18: Case IV

(a) For simplicity lets start from case III and IV where the lines are well separated. First

in case III we will show that all solutions tend to (Z—ll, 0) (i.e. second species dies out).
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+
| 52"'“2 61.:’0'1

Figure 5.0.19: Case III

In the region where 0 > ¢/, 0 > &’ we will have the solutions flowing towards the left
(left pointing arrow) and downwards (down pointing arrow). We similarly obtain
the other arrows as shown in the figure. Therefore, solutions will escape the region
where 3/ > 0,2’ > 0, then once in the region 0 > 'z’ > 0 they will move south and
rightwards till they hit the critical point (£+,0).

The case IV similarly gives that (0, j—i) is the equilibrium point (i.e. first species dies
out).

(b) Next we study case I. We will show that all solutions tend to the equilibrium point
(both species coexist)

€102 — €2(X1 €201 — €102 >

(20, 10) = (

0102 — 0416Y27 0102 — Qi1 (g

€/a,
Figure 5.0.20: Case |

In the region where 0 > 3/, 0 > z’ we will have the solutions flowing towards the left
(left pointing arrow) and downwards (down pointing arrow). Solutions will escape
the region where 3/ > 0, 2’ > 0, into either a) the region 0 > y’z’ > 0 in which they
will move south and rightwards till they hit the equilibrium point or into b) the
region ' > 0, 0 > 2’ in which they will move north and leftwards till they hit the
eqluilibrium point. Case II similarly gives the same equilibrium point as the stable
solution.

Price adjustment mechanism [SHS]
Consider the following system of differential equations:

P = Hi(Di(p,q) — S1(p,q)). ¢ = Ha(Da(p, q) — S22(p, q))-



148 CHAPTER 5. LOCALLY LINEAR SYSTEMS

where p, ¢ denote the prices of two different commodities with corresponding demand and supply
D;, S; for i = 1,2 and H; are functions of one variable. Assume that H;(0) = H5(0) = 0 and
that H{ > 0, H), > 0.

Walras’s law and the tatonnement mechanism

Here, we consider the question of stability of a pure exchange, competitive equilibrium with an
adjustment mechanism known as tatonnement and directly inspired by the work of Léon Walras
(1874), one of the founding fathers of mathematical economics.

The basic idea behind the tatonnement mechanism is the same assumed in the rudimentary
price adjustment mechanism models, namely that prices of commodities rise and fall in response
to discrepancies between demand and supply (the so-called "law of demand and supply’). In the
present case, demand is determined by individual economic agents maximising a utility function
subject to a budget constraint, given a certain initial distribution of stocks of commodities. The
model can be described schematically as follows.

dp Si(p
dt f2(p)
where fi, f> : R?> — R are continuous functions with all their derivatives continuous as well.

1. A price point p, is called an equilibrium if

fi(py) <0,p; > 0,and p; > Ofor some j
or fi(Py) < 0,py = 0.

The first case makes economic sense (i.e. at least one price is nonzero) and so by equilibrium
point we will mean the first case.

2. (Hypothesis H) The hypothesis that agents maximise utility is that the functions f;(p)
are homogeneous of degree zero, namely f;(Ap) = \’f;(p) = fi(p) for any A > 0.

3. (Walras’s law)Consider that the budget constraint for each individual k takes the form

2
Zpiff(P) =pufT(P) + p2fs(P) =0,
i=1

where f¥ denotes the excess demand by the kth economic agent for the ith commodity,
i.e., the difference between the agent’s demand for, and the agent’s initial endowment of,
that commodity. In general for m commodities by summing over all N economic agents

we have:

N m

DO piffe) =) i fip) = 0.
k=1 i=1 i

This law states that, in view of the budget constraints, for any set of semipositive prices p

(not necessarily equilibrium prices), the value of aggregate excess demand, evaluated at
those prices, must be zero.

4. The Jacobian matrix for f is

_ d d
Df(pO) - (df;al)o) deI()Iio)

dp1 dp2

df1(pg) dﬁ(Po))

We will need this matrix to be Metzler:



5.1

SIMULATION CODE 149

(a)

Suppose that if the price of the ith commodity increases, while all the other prices
remain constant, the excess demand for the ith commodity decreases (and vice versa).
Suppose also that the effect of changes in the price of the ith commodity on its own
excess demand is stronger than the combined effect of changes in the other prices
(where the latter can be positive or negative). This can be formalised by assuming

that 4
= fl (po) < 0
dp;
and the "strict diagonal dominance" (SDD) assumption that there exists a positive
vector d € R™ (in our case m = 2) s.t.

i

|ag;|d; > Zj 7# " ai;|d;.
qu’b
J:

Moreover, we have the "gross substitutability" (GS) assumption that if we start from
equilibrium and the price of a commodity increases (decreases) while the prices of
all other commodities remain constant, then the excess demand of all of the other
commodities increases (decreases):

dfi(po)
dpj

Qjj 1= >0,Z7é]

5. The eigenvalues for this system are:

a1 + aga I
2

_ —|ay; + ag| I

2

1
A= 5\/(a11 + a22)? — 4(a11a22 — G12a21)

1
5\/|(a11 — a92)? + 4day2a91|

5.1 Simulation code

Encoding the system If we start with the 2D system

dx dy
a - f1<x7y7t> and & - fQ(xayvt)a

we first encode it as a function as follows:

f=0(t,y) [f_{1}(y(1),y(2),t):f {2}(y(1),¥y(2),t)]; }
where y(1) = x and y(2) = y. For example, for

we write
f =@(t,y) [y(1) 2+y(2);sin(y(2))]; }

d d
d—f = 2%+ y and d_?‘i = sin(y)

Direction field The following matlab-function will generate the direction field for the above

function f:

function vectfield (func,ylval y2val, t)
if nargin==3

t=0

end

)
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ylval
y2val

nl=length )5
);
n2 nl)
)

n2=length
ypl=zeros
yp2=zeros
for i=1:nl
10 for j=1:n2
11 ypv = feval
12 ypl(j,i) =

13 yp2(j,1i)
14 end

15 end

16 quiver (ylval ,y2val ,ypl,yp2,’'r’, Autoscalefactor’, 3)% MaxHeadSize’) ;
17 axis tight;

| § N § N

© 0 N O »

(func ,t,[ylval(i);y2val(j)]);
yov (1)
yov(2)

This is an example of calling it for the above example F(z,y) = (2 + y, sin(y)):

1 =0(t,y) [y(1)"2+y(2);y(2) |;
2 vectfield (f,—1:0.1:1,—-1:0.1:1);

3

N N R N R R R e R S U

0.2

S S SO

Figure 5.1.1: Direction field for system i—f = 2%+ y and fli’ = sin(y).

Solving the ODE system Given function f and initial data (z¢,yo), the following ODE
solver outputs a two dimensional solution run up to time 7"

1 [ts,ys] = oded5(f,[0,T],[x0;y0]);

This is an example for the above function

1 x0=0.5;

2 y0=0.5;

3 T=4

CE =By 13120 (2):3(2) )

5 vectfield (f,—1:0.1:1,—-1:0.1:1);

6 hold on

s plot(x0,y0, ’0o’, MarkerFaceColor’,’b’,  MarkerSize’,20)
9

10 hold on;

11 [ts,ys] = oded5(f,[0 T/lO] [x0;50]) ;

12 plot(ys( 1) ,ys (s ,2), k’ Llnevndth', 4)
13 xlabel (’yl(t) solution’)

ylabel( y2(t)/dt solution’)

J

-
IS

that outputs:
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5.1. SIMULATION CODE

y2(t)/dt solution

=777,
%ﬁ?;//
=

777,

e

A

T

y1(t) solution

o

Figure 5.1.2: Solution curve for system ‘é—f =22+ yand ¥ =sin

dt

(y)-
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Plotting implicit solutions If we obtain the implicit solutions f(z,y) = constant then we

can plot them with

fimplicit (@(x,y) f(x,y)=k, LineWidth’,1,’Color’, k")

For example, for 72 4+ y* — sin(y) = constant the following program

for k=1:10
f=Q(x,y)x"2+y"2—sin (y)—k
fimplicit (f, LineWidth’
end

outputs

1,’Color’,’k”)

Figure 5.1.3: trajectories of implicit solutions.
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Plotting eigenvectors for linear system Consider the system

i)

First we find the eigenvalues
[V,Dl=ecig (A);

The following code will generate linear spans for the eigenvectors and plot them:

A=[1 1; 0 2]
[V7D]:eig(A);

ml=1; %% This two parameters scale the length of the line

m2=1;

xill [-mlx V(1,1), ml«V(1,1)
xi21 [-ml*V(2,1), mlxV(2,1) ]
pll = line(xill , xi21,’Color’,

xl = V(1,1)/3;

yl =V(2,1);

txtl = 7 \xi_ 1 ’;

text (x1,yl,txtl, FontSize’ ,20)
hold on

:

CHAPTER 5. LOCALLY LINEAR SYSTEMS

(

)

xi12 = [-m2% V(1,2), m2«V(1,2)];

xi22 = [-m2xV(2,2), m2xV(2,2) |

)

Y

'k’ ,’LineWidth’ ,2);

pl2 = line(xil2 ,xi22,’Color’,’k’, ’LineWidth’ ,2);

x2 = V(1,2)/3;

v2 —V(2,2) /3;

txtl = ’\xi_ 2 7;

text (x2,y2,txtl, FontSize’ ,20)

This is the full example with both the direction field and the eigenvector spans:

x0=0.5;

y0=0.5;

T=4

f=a(t,y) [y(1);2%y(2)];

vectfield (f,—1:0.1:1,—-1:0.1:1)
hold on

plot (x0,y0, 0’ ,’MarkerFaceColor’,’b’, MarkerSize’ ,20)

hold on;

)

[ts,ys] = oded5(f,[0,T/10],[x0;y0]);
plot (ys(:,1),ys(:,2),’k’, Linewidth’, 4)

hold on;

A=[1 1; 0 2]
[V,D]:eig(A);

= [-mlx V(1,1), mlxV(1,1)
xi21 = [-ml¥V(2,1), mlxV(2,1) ]|
pll = line(xill, xi21, Color’,

txtl = 7 \xi 1 ’;
text (x1,yl,txtl, FontSize’ ,20)

:

)

', ’LineWidth’ ;2) ;

)



34

35
36

37

38
39

40

42
43
44
45

5.1. SIMULATION CODE

hold on

xil2 = [-m2+ V(1,2), m2+V(1
xi22 = [-m2%V(2,2), m2xV(2,

pl2 = line (xil2,xi22, Color

2) 15
2) 1;
' ’k’, ' LineWidth ' ,2) ;

x2 = V(1,2)/3;
y2 =V(2,2)/3;
txtl = "\xi 2 7;

text (x2,y2,txtl, FontSize ’,20)

It outputs the following figure:

| /AL ZZZZ7
! SAZZZZZT]

! S A AL BRI
PP ES 1

Figure 5.1.4: Eigenvectors spans and direction field
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Chapter 6

Liapunov’s Second Method

Consider the autonomous system:

dx dx
i (z,y) and — = G(z,y)

We will obtain a criterion for concluding asymptotic stability and even determining the basin of
attraction.

6.0.1 Example-presenting the method

We return to the damping-free pendulum

Figure 6.0.1: oscillating pendulum

whose angle 6 satisfies the equation

d?0  mg .
FEn + Tsm(@) = 0.
This is a nonhomogeneous second order equation, but we can also view it as a system of equations
: — _ do.
by letting z := 60 and y := G-
dx dy g . (2)
— =y, — = —=sin(x).
a7 a L

1. Consider the total energy of the system:

E(x,y) = Potential + Kinetic
= Ulz,y) + K(z,9)
1
:=mgL(1 — cos(x)) + §mL2y2.

2. Since the system is damping-free, the energy is conserved and so we should have:
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dv
— = 0.
dt
Lets prove this:
d 1
d_‘t/ = %[mgL(l — cos(x)) + §mL2y2]
= mgLsm(:E)i—f + mL%y%

using the equations

= mgLsin(z)y + mLzy(—%sin(x))
=0.

3. Therefore, we obtain an implicit solution:

1
mgL(1 — cos(x)) + Em[ﬂ ? = constant.

4. Next we consider the case where there is damping i.e. # satisfies the equation:

d2e dé 5 .
E—I—’yg +wsin(d) =0
and so the system is:
dv &y gsm(x)
@ Pa ML '

5. By computing the time derivative of the total energy we obtain:

(ii_‘t/ = —mL*yy? = —mL*y(0)? < 0.

6. Physically this means that the energy will be decreasing over time as the damping
force keeps slowing down the pendulum. Therefore, we expect that the system will be
asymptotically stable towards the origin, where both the angle and the velocity are zero.

6.0.2 Method formal steps

For the autonomous system:

dx dx
E — F(:E7y) and E - G(:E7y)

let (z0,y0) denote a critical point. We will need the following definitions:

Definition 6.0.1. A point (zg,yo) is Lyapunov-stable if a solution that starts close to it, then it
will stay close to that critical point for all future time. Given any desired € > 0 we can find
0 > 0 s.t. if we start d—close

1%(0) = (0, y0)|| <6,

then we stay e—close:
1%() = (xo, yo)|| <&,V > 0.
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A point (g, yo) is asymptotically stable if a solution that starts close to it converges to that
critical point:
1x(t) — (w0, yo)|| — O.

1. Find the "total energy" V of the autonomous system by solving:
d t),y(t d d
vm»m»:%g+%£
= VaF(2(t),y(t) + V,G(x(t), y(1)).

2. If W = 0, then use to find the implicit solutions:

constant =V (x(t),y(t)).

3. If V satisfies the following conditions:
b V(IOJJO) - 07
e V(z,y) > 0 for all other (x,y) # (xo,yo) in a disk around (xg, yo),
e and it is nondecreasing in time ¥ < 0 for all other (z,y) # (2o, yo) in a disk around

(3307 yO)a

then ) - )
(%0, yo) is a Lyapunov-stable critical point.

4. If instead we have
g V($07y0) = 07
e V(p) > 0 for at least one point p # (¢, yo) in a disk around (¢, yo),
e and strictly decreasing energy 9 < 0 for all other (z,y) # (2o, %),

then
(x0,Y0) is an asymptotically stable critical point.

6.0.3 Finding the Lyapunov function

So clearly finding such a scalar function is the first serious obstacle. Here are some ideas and
heuristics on guessing such a function:

Physical systems For physical systems the energy /Hamiltonian is a good guess. For example,
if there is no new energy input, then the energy function will decay over time or remain constant.

Lur’e type systems Consider the system:

dx d
P hi(z) and d_z‘é = hy(x),

hy is differentiable and hy integrable. We will obtain a Lyapunov function for this type of
system.By taking t-derivative of the first equation and using the second one we obtain

d?z dx
2t —ha(z) — hll(x)a
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multiplying by Gf 4z we obtain
d?z dz dz dz
SR B
&t dt 2( )dt @) =

(5 + [ hals)ds) = =) (G

Thus, if we have A/ (z) > 0 in a neighbourhood of ¢, then the function

(50)°

V(z):= & —i—/ox ha(s)ds

(\V]

has a strictly negative derivative. Moreover, if [ ho()

Cost functions Distance and cost functions with respect to the critical point (xg, o) are
also good guesses because close to the critical point the derivatives 4, % are decaying to zero

dto dt
and so we might indeed have:

dz dy
Vo0 +V,—

dt Vdt — <0

Linear systems When the system is linear i.e. x = Ax then a candidate Lyapunov function

is
V(x) :/ |ex||dt = XT</ e(AT+A)tdt>.
0 0

This is indeed a Lyapunov function for exponentially stable systems (see more details in the
converse theorems 6.0.3)

Polynomial systems When f;, fo are polynomials of highest degree m, then there are many
algorithms for generating the corresponding Lyapunov functions of the form

m+1

ik
r,y) = E i’ y",
ik

by optimizing over the coefficients (see [gies]2015review]| for the sum-of-squares (SOS) theory).

6.0.4 General result:

Lyapunov’s second method

Theorem 6.0.2. Consider system

dx

& = iley) and 3 = fola,y),

dt

and (zo,Y0) a particular isolated equilibrium point. If we can find a continuously differen-
tiable function V : Ugy o) — R around some neighbourhood Uy, ..\ of the critical point

(x0,Y0) with the following properties:
1. V(fCoy?JO) = 0;
2. V(:E,y) >0 fO’/‘ (17; y) € U(zo,yo) \ {($0;y0)};
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Converse theorems: existence of Lyapunov function

6.0.5 Examples

e Consider the system

1. First we find that the equilibrium point is only the origin (0, 0).

2. We take the Euclidean distance function as a guess:
Loy o
V(e y) = 5@+ 7).

3. Next we check each of the properties
- V(0,0) =0,
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— V(z,y) > 0 for (z,y) # 0,

— and v
T = Veh Vo= @y + (y)(-e —y) = —y* <0

for (z,y) in a punctured disk centered at the origin.

4. Therefore, V(z,y) is a Lyapunov function and so the point (xg, o) is asymptotically
stable.

e Consider the linear harmonic oscillator

for k > 0, with V = Pot + Kin = %/{;xQ + %y2 as its candidate Lyapunov function.

1. First, we check that we indeed have a Lyapunov function.
— We indeed have V(0,0) = 3k0 + 30 = 0.
— We have V(z,y) = 2ka? + 1y? > 0 for (z,y) # (0,0).
— Finally, we have

dv
e = Vo2 + Vyy = kay — kay = 0.
2. So the origin will be an asymptotically stable point (solutions that start close, remain

close).
3. Indeed from linearization around the origin we obtain:

0 1
Jr = )

which has eigenvalues A = +iv/k and so the phase portrait will be concentric circles
centered at the origin. This agrees with our Lyapunov behaviour because solutions
that start in a circle close to the origin, stay on that circle for all future time.

e Consider the linear harmonic oscillator with damping

for k > 0, with the same V = Pot+ Kin = 1ka®+ 1y?* as its candidate Lyapunov function.

1. First, we check that we indeed have a Lyapunov function.

— The first two conditions are the same.
— Finally, we have

dV
pr Vi + V= kry — kay — ay*(1 + 2°) = —ay*(1 + 22).

2. If @« > 0 (i.e. the is positive damping removing energy from the system), then % <0
and so the origin will be an asymptotically stable point (solutions that start close,
remain close).

3. The linearization around the origin is:

0 1
Jr = )
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which again has eigenvalues A\ = +iv/k and so the phase portrait will be concentric
circles centered at the origin.

4. For v > 0 the behaviour is more complicated and we will explain it later.

e Consider the system
dx dy
- 4 d -2 = —p— 3
T T + 4y an Qi T —y°,

with V' = ax? + by? as its candidate Lyapunov function.

1. First, we check that we indeed have a Lyapunov function.

— We indeed have V(0,0) = 0 and V(x,y) > 0 for (z,y) # (0,0) if a,b > 0.
— We have

dVv . .
ap T

= 2ax(—x + 4y) + 2by(—z — ¢°)
= —2ax® + ry(8a — 2b) — 2by*,

to make this strictly negative we set a = 1,b = 4 to get
= 222 — 8yt < 0.

2. So the origin will be a stable point (solutions converge to the origin).

3. Indeed from linearization we obtain:

(1
F__107

which has repeated eigenvalue A = —1 and so the solution will converge to the origin

for any initial data.
, 1 2
x' = X,
0 2
1

for Lyapunov function V = 23;2 _ %xy + %yz'

e Consider the system:

1. At the origin we indeed have V(0,0)=0.

2. Next we prove that V' > 0. The goal is to complete the square. A quick formula for
any monomial is

2 L b

" +br+c= (x+§b) —f-C—Z.

So if we have k > 0 we are done. Indeed

2,7
C—Z—y(é——)>0.

3. Next we check the sign of V. We have
V =Vyi + Vg =2 +y>>0.

4. So it says that the system is unstable. Indeed its eigenvalues are 1,2 and so the origin
is a source (i.e. the initial data matters because for initial data it stays trapped in
the origin).
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(1 2
X = X,
01

for Lyapunov function V = 22 — zy + 332,

e Consider the system:

1. As above in order to complete the square we find the sign of

v? 5,1 1 y?
ccamrGoYET
2. Next we find the sign of V:
V= V,id+ Vy
= (z—y)(z+2y) + (2 +3y)y
=" +ay(2—1-1)+9¢° =2+ y* > 0.

3. So it says that the origin is unstable. Indeed the eigenvalues are 1,1 and so the origin
is a source (i.e. for zero initial data it gets trapped whereas for nonzero initial data
it moves to infinity and so the initial data is relevant).

e Consider the system:

dx oyt dx
—_— = —I R
dt AT
for Lyapunov function V' = %xQ +xy + %yQ.

=—y+a

1. First we check the sign of V. In completing the square we find the sign of

2. Next we check the sign of V:

. . . 3x
V= Ved+Vyj = —2* =" — (w +9)y' — (5 — )"

For (x,y) close to zero we have 2! << 22, y* << »? and so we indeed have V < 0.

3. This agrees with the linearization since the eigenvalues will be the repeated —1, which
makes the origin a source.

e Consider the system:

dx dx
— =-—z+2 =2y —2 4
T x 4+ y+y,dt Y T+ x

for Lyapunov function V = 42 — 32y + %yQ = 4(z% — %xy + 1—2?;2).
1. First we check the sign of V. In completing the square we find the sign of

2. Next we check the sign of V:

: 7
V =Vei+ Vg =2a2"+9*— (82 — 3y)y* — (—3z + §y)x4.
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For (x,y) close to zero we have 2! << 22, y* << y? and so we indeed have V > 0.

3. This agrees with the linearization since the eigenvalues will be the repeated —1, 2,
which makes the origin an unstable saddle.

6.0.6 Applied examples

Walras’s law and the ttonnement mechanism

Here, we consider the question of stability of a pure exchange, competitive equilibrium with an
adjustment mechanism known as t ~atonnement and directly inspired by the work of LonW alras
(1874), one of the founding fathers of mathematical economics.

The basic idea behind the t~atonnement mechanism is the same assumed in the rudimentary
price adjustment mechanism models, namely that prices of commodities rise and fall in response
to discrepancies between demand and supply (the so-called ’law of demand and supply’).

In the present case, demand is determined by individual economic agents maximising a utility
function subject to a budget constraint, given a certain initial distribution of stocks of com-
modities. The model can be described schematically as follows.

d
L —f(p) = <f1(p)),
dt f2(p)
where fi, fo : R? — R are continuous functions with all their derivatives continuous as well.

1. A price point p, is called an equilibrium if

fi(po) < 0,p; > 0,and p; > Ofor some j
or fz(p0> < 07p0 =0.
The first case makes economic sense (i.e. at least one price is nonzero) and so by equilibrium

point we will mean the first case.

2. (Hypothesis H)The hypothesis that agents maximise utility is that the functions f;(p) are
homogeneous of degree zero, namely f;(Ap) = \°fi(p) = f;(p) for any A > 0.

3. (Walras’s law)Consider that the budget constraint for each individual k takes the form

2
sz‘fik(P) =pufi(P) + p2f5(P) =0,
=1

where fF denotes the excess demand by the kth economic agent for the ith commodity,
i.e., the difference between the agent’s demand for, and the agent’s initial endowment of,
that commodity. In general for m commodities by summing over all N economic agents

we have: .
> i) = Yo pifip) =0.

This law states that, in view of the budget constraints, for any set of semipositive prices p
(not necessarily equilibrium prices), the value of aggregate excess demand, evaluated at
those prices, must be zero.

The Jacobian matrix for f is

_ d d
Df(p,) = (anlﬁao) df2(bo)

dp1 dp2

dfi(pe) dfi (Po))
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Chapter 7

Laplace transform

7.1 Laplace transform for 1D ODEs

The Laplace transform of continuous functions f(t) with at most exponential growth, that is
|f(®)] < ce® for a > 0 and ¢ > 0, is defined as:

C{f}s) = / et (e,

where s > a. In future, we denote continuous functions such that |f(t)] < ce® for a > 0,
¢ >0, and for all t > 0 as C([0,00),e*), where if a = 0 we understand this as the space of
bounded continuous functions on [0, 00). Note that we have dropped the constant ¢ from the
definition of C([0, 00), ™) since only a affects the region of definition of the Laplace transform.
By integrating by parts we can easily check that we have:

L{f'}(s) = sL{f} — f(0)

so for the second derivative we have, by iterating the previous observation,

L{f"H(s) = sL{f"} = f'(0) = s"L{f} = £(0) — s£(0).

Continuing with the above observation we see that
m—1
LLFY(s) = smL{f =D 5 N 0)
j=0

where ™ denotes the m'® derivative of f. Another useful property is that the Laplace transform
is linear on continuous function of exponential growth. First observe that if f, g € C([0, 00), e™)

then linear combination of f, g also belong to C([0,0),e®). Thus, the Laplace transform is
defined on f + g, for f,g € C([0,00),e™), and satisfies:

L{f +9}(s) = L{f}(s) + L{g}(s)

for s > a.

Method formal steps

1. Starting from the equation ay”(t) + by’ (t) + cy(t) = g(t) we compute the laplace transform
of both sides, assuming an exponential growth condition on y and g, to obtain:

al{y"}(s) + 0L{y'}(s) + cL{y}(s) = L{g}(s)

165
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we obtain from above:

_ L{g}(s) +ay'(0) + y(0)(as + b)
as® +bs +c

L{y}(s)

So by inverting the laplace transform (using linearity and known inversions) we can obtain
solution y(t) back. Note that inverting the laplce transform is permitted by Lerch’s
theorem (3) which says that if two functions, f; and fy, have the same laplace transform
then they are "essentially” equal.

The main computational aspect of this is splitting partial fractions to get the known
relations. But Heaviside motivated by the same problem when computing the Laplace
transform, came up with the cover-up method. In computing the coefficients below

A A,
p(s) =L 4 .+ ,
(s—ay) - (s—a,) s—a s —ay

for polynomial p(s), we see by rearranging that:
A,(s —a;)

p(s)  Ai(s—ay) '
(s—ay) - (s—ai_1)(s —aiz1) - (s —ay,)  s—a Tt At s—ay,

and by setting s = a; we obtain the ith coefficient A;:

L p(ai)
A= ) (@ —a) (@ —ar) (@ —an)

Here is a table of known Laplace transforms (see section 7.3 for proofs):
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function f(t) = L7{g}(¢)

Laplace transform g(s) = L{f}(s)

Region of definition

constant a : 0
s
a
sin(at) 52 4 a? r
s
cos(at) 52+ a? -
at 1
) s>a
s—a
. at b
sin(bt)e (s —a)+0? e
s—a
cos(bt)e™ (s —a)?+0? T
oty b 0<i<a L—e™ 0
ste 7a = S >
tep 0, t>a °
e—bs
ea(t_b)fheavy<t7 b) == e?(t=0) (1 — Jfstep(t, b)) s—a e
- n!
t = s>0
I'ip+1
t, p>-—1 % !
n at n'
t"e m e

Examples

e Consider the equation

y'(t) =y (t) = 6y(t) = 0, y(0) =1, ¥'(0) = —L.

1. By taking the Laplace transform of both sides we obtain:

L{y}(s)

for our equation we have

for our IC we have

_ £{g}(s) +ay/'(0) + y(0)(as +b)

as?+bs+c

y(0)(s — 1) +y'(0)

s2—-5—6
C(s—-1)-1
0 2—-5—6
s—2

T -3)(s+2)
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2. Next we split it into partial fractions

s—2
L{y}(s) = m
_1/5 4/5
s—3 542

So we use L{e*} = ﬁ e et — [’{ﬁ}—l

0= L
_ 1 3t 4 —2t
= 56 + 56 .

3. Indeed, using the method of characteristic equations for second order equations we

obtain

y(t) = cre® + e

Therefore, by using the IC we have

{ 1=y(0)=c+c {01:
——

—1=9(0) = 3¢; — 2¢9 Cy =

(ST

4. So for homogeneous equations it is clearly much faster and less error prone to use
the method of characteristics.

e Consider the nonhomogeneous equation

y'(t) = 2y'(t) +2y(t) =", y(0) =0, y(0)=1

1. First we take the Laplace transform of both sides to obtain:

£lu}s) = LD T /O + Y O)as 4

for our equation it becomes

7 T '(0) +y(0)(s —2)
s2—2s5+2
g+
52 —25+2
B s+ 2
(s+1)(s2—2s+2)

by partial fractions we obtain

1 n 8—s
C5(s+ 1) 5(s2—25+2)
1 8—s

TBGAD)  Be—(1=i)(s—(1+1)

repeating partial fractions for the last term we have
7. 1 7. 1

1 3”3 —3' 3

B+ 1) Bs—(1—14) Bs=(1+1)
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So by inverting the Laplace transform we have

y(t) = ﬁ_l{ﬁ} +5_1{%_1%—2'))} +£4{%}

1 TN g (‘7- 1) (1—i)t
=5 +(102 10)6 01w/

2. Let’s check this with the method of undetermined coefficients.
(a) First we solve the homogeneous problem. The method of characteristics gives:

2 () = c M 4 et

(b) We make the ansatz x,,(t) = ce™* (here s = 0 because r, = —1 is not a root).
Plugging in we have

cet+2ce T+ 2t = = c+2c+2c=1 = c=1/5,

which is the same nonhomogeneous solution as in the Laplace transform.
(c) Next we evaluate the coefficients.

{029(0)201+C2+% {clz%i—%o
—

1

1=y'(0)=1+id)cr + (1 —i)cs — 5

e Consider the equation
1, 0<t<nm

"(t) + dy(t) =
o+ ={ 2T
with initial data y(0) = 1, ¢/(0) = 0.

1. The Laplace transform of the above step function® is

1—¢e778

S

2. We take the Laplace transform of both sides:

for our equation the above becomes

L{g}(s) + ay/'(0) + y(0)(as +b) == +y'(0) + sy(0)
as® +bs+c s2+4
1 —e™™ 4 g2
s(s? +4)
s 1 e

32—1—4+s(32+4) Cs(s2 4+ 4)

S n ( 1 1 1 >(1 _m)
— - _ — —e ™).
s2+4 4s  8(s+2i) 8(s— 2i)

—T7Ss

!Technically we have defined the Laplace transform only for continuous functions of controlled growth.
However, the Laplace transform is extendable to Riemann integrable functions of controlled growth. In particular,
for this example, one computes the Laplace transform by splitting the function into the two regions where it is
understood. For more information see this exercises at the end of this section.
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We will use the following Laplace transforms:

L{cos(2t)}(s) = &2 i 4
cfto- L
1 o 1
ﬁ{ge }<S) "~ 8(s + 20)
[,{éem}(s) = 8(s i 2i)
E{e_“}(s) = e 1—%) TS i T
ﬁ{ —a(t=b (1 — fep(t b))} Se:’;

So we have

y(t) = {2+4} { }*5 { aﬁ%ﬁ}+£4{_8@imﬁ

O e R Bt == L R B v Hh
1 1

— ot _ —2it 21t
= cos( )—|—4 3¢ T g°

1 1 1,
(1= faon(tm) + €21 = Loyt 1)) + H D1 = f(t,7))

7.2 Laplace transform for systems

Consider the Laplace transform of vectors £{x}(s) defined componentwise?

L{z1}(s)
L{x}(s) :=
L{zn}(s)

Therefore, as with the usual Laplace transform we obtain, by repeatedly using the scalar version

of this identity, that:
L{x'}(s) = sL{x}(s) — x(0).

7.2.1 Method formal steps

Consider the nonhomogeneous system

x'(t) = Ax(t) + g(t).

2Recall that integration extends to vectors by integration componentwise. Since this transform is defined by
integration it too extends to vectors by acting componentwise.
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1. Taking the Laplace transform of each term in the above equation we have:
sL{x}(s) —x(0) = AL{x}(s) + L{g}(s).

2. For simplicity we assume that x(0) = 0,,x;.

3. We then obtain the system:
(sL, — A)L{x}(s) = L{g}(s).
4. By inverting the matrix, assuming s is not an eigenvalue of A, we obtain:
L{x}(s) = (sI, — A) " L{g}(s).

5. Then we do inverse Laplace transform of each component using known Laplace transform
relations.

6. The main computational aspect of this is splitting partial fractions to get the known
relations. But Heaviside motivated by the same problem when computing the Laplace
transform, came up with the cover-up method. In computing the coefficients below

p(s) A A,
(s—al)---(s—an)_s—al—i_m—i_s—an7

for polynomial p(s), we see by rearranging that:

p(s) _ Ai(s — a;) An(s — a;)
(s—ay) - (s—ai—1)(s—ajt1) (s —ay) s —a 5 — ay,

and by setting s = a; we obtain the ith coefficient A;:

A, p(a;)

(ai - Cl1) te (ai - ai—l)(ai - ai—H) T (ai - an)'

7.2.2 Examples

e Consider the system

dx 2 1 N 2et
_— = X .
dt ] 3t

0

1. We take Laplace transform of both sides

2. We simplify
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eoemn| ()

2 _ 3
_ <(s+1)(52) (sl)(s2)52)
3 .

(s—1)s2

By partial fractions we get

2 2 3 3 91 3 1
- <3(5—2) 3(s+1) <2$2 s—1 + 4s + 45—2))
o -3 3 3
s s + s—1
—1 2 __ 3 4 3 _ 91
_ <12(s2) 3(s+1 252 s—1 4 3)
o -3 _ 3 3
52 s + s—1

-1 —1 2 3
L {12(5_2) T 3(s+1) 282 +
x(t) = )

For the first component we have

For the second component we have

() = —35—1{8%}(75) - 35—1{3@) + 35—1{5 i 1}@)
= —3t — 3+ 3¢’

Therefore, together give

et —2e7t = 34 3¢t — %)

xut) = (=7

—3t — 3+ et

- (#)-3()-0)0)

4. Therefore, the general solution is

wo-s (e () () 30) =) o) ()

e Consider the second order equation
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(URSTURS
v =0 1

with zero initial data. By setting x = w, y = w’ we obtain 2’ =y, ¥ + & = fep(t) or in

system form
i (N [ R ey
dt y y fstep(t)

-1 0

1. We take Laplace transform of both sides

s —1

0
(5L, = A)L{x}(s) = Lix}(s) =
. (cthpion)

2. The Laplace transform of the RHS is

oo 1 _
_ _ 1—¢e°
[’{fStep}(S) :/ € Stfstep<t)dt:/ e stdt = S .
0 0
3. We simplify
-1
s —1 0
L{x}(s) = (o)
1 s s
1 S 1 O
T 211 <1—6s)
-1 s 5
1—e—*
[ s(s2+1)
B l—e—s
s2+1
—11—e"® i 1—e”® l—e—S
— (? s+ - 5 s—1 + S )
—j1l—e—s i 1—e—s )
2 st + 2 s—i

4. We use known Laplace transform relations to invert

For the first component we have
S

x1(t):£_1{1_e S}l 1{_71_6 zl—e S}l(t>

S s+1 S —1

SSREVE R AT
e o ey

= fstep(ta 1) + _7@ [eiit - eii(ti(i (1 - fstep(ta 1)):|

+ % [e“ I 1))} .
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For the second component we have

—il—e il—e"y-!
tzﬁ—l{— — } t
72(t) > 51 Tasoig W

Fle o o) ey e (S
_ _7@ [eﬂ't — e D)1 = f(t, 1))} I % [eit _ (L p 1))]

Therefore, together we obtain

th(t) :fstep(t7 1) (é) + (1) _77/ [e_it - e_i(t_(_l))fstep(ta 1)i| + (_11) % [eit - ei(t—’—l)fstep(ty 1)} .

s

. The general solution will be:

x(t) = crct (D +ere <‘12>
+ Ffotep(t, 1) (é) + G) _72 [e—“ — e EDN(T = fon(t, 1))]
# (L) 5l - 0 - fute 1)

. For comparison we also compute the solution of the second order equation:

1, 0<t<1

Y

w(t) +w(t) =
0, t>1

. By taking the Laplace transform of both sides we obtain

SQc{w} — sw(0) — w'(0) + L{w} - c{fstep(-, 1)}(3)

using that w(0) = w’(0) = 0 we obtain

£{ Faepl: 1) ()
E{w} - s2+1
1—e7%
s(s2+1)
1—e°
s(s2+1)
l—e® —11—e* 11—¢e"°
s * 2 s+i 2 s—i
Therefore, by inverting we obtain

W(t) = fuep(t, 1) + %‘ e~ — eI — f (¢, 1))] n % [eit — (1 — f 1))].

8. This is indeed the solution we obtained for the first component ;1 (t) := w(t).
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e Consider the system

0 1

o= (i fstep<t,1>>>'

1. First we take the Laplace transform forcing term:

£{ <e(t1)(1 ’ Futent, 1>>>} - <i)

2. Therefore,

£f{x} = (s1- A)—l(ei)

s+1

B 1 s—2 1 0 e s
(s —1)2 1)s+1

1 -1\ e*
- (5—1)2( s )s—i—l'
Using the cover-up method we compute the partial fraction for the first component:
s 1 1 1
et T o) T

and for the second component

s 1 1 1
B TP R Ty R Ty

Next we invert the first component:

1 s 1 1 1
v=L {_e (2(5—1)2_4(5—1)+4(s+1))}

et71(t — 1) el—1 el—t

== _Tfheavy(ta 1) + Tfheavy(ta 1) - Tfhea'uy(ty 1)

and the second component

6t71(t — 1) el—1 el—t

y=—- 9 fhe(wy(ta 1) - Tfheavy(tv 1) + Tfheavy(ta 1)

3. So in vector notation we have the general solution:

Xgen =C1€~" G’) + ch‘t(tG’) + ((1)))

()

t—1 1-t 1
+ |:€Tfheavy<t7 1) - eTfheavy(ta 1)] (_1) .
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7.3 Properties of Laplace Transform

We begin by demonstrating the following commonly used identities for the Laplace transform:

Proposition 1. The Laplace transform satisfies the following identities:

1.

2.

9.

10.

If f.g € C([0,00),e") then for b,c € R L{bf + cg}(s) = bL{f}(s) + c}(s) for s > a.

If f e C([0,00),e") and b > —a then ebt - f € C([0,00),e a+b)t) and E{ebtf}( ) =
L{f}s —b) for s >a+b.

Suppose f € C([0,00),e™) for a # 0 and define F : [0,00) — R by F(t fo . Then
F e C([0,00),e") and for s > a we have L{F}(s) = 1L{f}(s).

Suppose F' : [0,00) — R is defined by F(t fo s)ds for f € C(|0,00),e™) and we
assume that F € C([0,00), e™) then for s > a we have L{F}(s) = 1L{[}(s).

For a € R we have L{a}(s) = ¢ for s > 0.

For a € R we have L{sin(at)}(s) = =iz for s > 0.
For a € R we have L{cos(at)}(s) = =iz for s > 0.
For a € R we have L{e™}(s) = = for s > a.

For a,b € R we have L{sin(at)e" }(s) = =tzaz for s > b.

b7+

For a,b € R we have L{cos(at)e’}(s) = (s—i)ﬁ for s >b.

Proof.

1.

Suppose f,g € C([0,00),e™) and b, c € R. Observe that
bf(t) + cg®)] < [b] - [£E)] + Iel - [9()] < [b] - Cre™ + |c| Cge™ = (|b|C + |c|Cy)e™
for t > 0 where Cf and C, are non-negative constants. We conclude that bf + cg €

C([0,00),e™). Thus, the Laplace transform of bf + cg, f, and g are all defined for s > a.
Computing gives, for s > a, that:

L{bf +cgh(s) = /Owe_St(bf(S) + cg(s))ds
= b/ooestf(s)ds + C/westg(s)ds
= bﬁ?f} + cL{g}. ’
Suppose f € C([0,00),e™) and b > —a. Then for t > 0 we have:
|f(t)e"| = €| f(t)] < Cpelt - et = CpelotP),

Thus, e f € C([0,00), e®*") which means the Laplace transform of e” f is defined for
5 > a+b Observe that, for s > a +b

£l = [ e = [ e e = £(f) s - b
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3. Suppose f € C([0,00),e) and F(t) = fotf(s)ds for t > 0. Then for t > 0 we have, if

a+#0
/Otf(s)ds

Thus, for a # 0 the Laplace transform is defined for f for s > a. In particular, by
integrating by parts, which is permitted since f is continuous, we get:

at
e’ _1<ﬁ'€at

[F ()] =

t t
< [Ienas <y [ eas=cy
0 0

a T a

L{F}(s) = /0 Teppar =~ O /0 et (D= L) (s).

4. By assumption the Laplace transform of both f and F' is defined for s > a. Thus, for
s > a we have, by integrating by parts.

SO Tetrwa= ety

s o sJy

L{F}(s) = / e S F(t)dt =
0
5. Suppose a € R. Then the constant function defined by f(¢) = a for ¢ > 0 is bounded and

hence f € C([0,00),e""). Thus, the Laplace transform is defined for s > 0. Computing
this we obtain, for s > 0:

L{a}(s) = / e adt = a/ e~stdt = 2
0 0

S

6. For a € R we have sin(at) € C(]0,00),e%?) since this function is bounded. Thus, the
Laplace transform is defined for s > 0. Computing the transform we get, for s > 0:

e *sin(at) ‘00 a

+—/ e cos(at)dt
0

0 S

L{sin(at)}(s) = /Oooe_St sin(at)dt = —

ae* cos(at) ‘00 a?

——/ e " sin(at)dt
0

S

52 o 2
2
a a .
= 3_2 — S—QE{Sln(CLt)}(S).

Thus, we obtain, for s > 0

(52 + a2)£{sin(at)}(3) = 5_2

52

and so
a

E{Sln(at)}(S) = m
7. Observe that, for a # 0, cos(at) =1 — afot sin(as)ds and that cos(at), sin(at), and the
constant function —1 are all bounded functions. In particular, we see that

t J——
/ sin(as)ds = 1= cos(at)
0

a

is bounded for t > 0. Thus, the Laplace transform of all functions involved is defined for
s > 0. Applying properties 1, 4, and 6 we obtain for s > 0

a a 1 s24a%—ad? S

Cleos(at)}(s) = 2. 1. _

s s s2+a? s 52 4+ a? 52+ a?’
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8. By properties 2 and 5 we have

1
L at —
et = —
for s > a since 1 is bounded.
9. By properties 2 and 6 we have
. bty _ @
E{Sln(at)e } = m
for s > b since sin(at) is bounded.
10. By properties 2 and 7 we have
bt _ 8 - b
£{COS(CLt)€ } = m
for s > b since sin(at) is bounded. O

The spaces C([0, 00), €*) for a > 0, while large enough to deal with simple functions we
encounter in the wild, are not large enough to deal with some of the obstacles we may run into. In
particular, these spaces are not suited to dealing with "modestly” growing functions like x + x™
for n € N which grows slower at infinity then any function of the form e for a > 0 but is not
bounded. To get around this obstacle we define the spaces LF((0, 00), e~*) consisting of functions,
f, such that [e™|f(¢)[Pdt < co for @ > 0 and 1 < p < co. Observe that such functions have

laplace transform defined for s > a and if a = 0 then L?((0,00),e™*) = LP((0,00)). We will,
in particular, consider the case p = 1 as this allows an immediate extension to the Laplace
transform. With this new definition we will demonstrate some properties of the extended Laplace
transform. We will also show that the properties demonstrated in proposition 1 remain true for
the extended Laplace transform.

Proposition 2. The generalized Laplace transform satisfies the following identities:

1. Suppose f € C(|0,00),e"). Then f € L'((0,00),e~ ) and so the laplace transform is
defined, by the same formula, for s > a.

2. If p > 0 then f(s) = s? is an element of L'((0,00)) and satisfies L{f}(s) = Fiﬁﬂ) for
s> 0.

Proof. 1. Observe that for s > a we have
O

Theorem 3. (Lerch’s theorem) Suppose fi, fo € LP((0,00),e) and L{f1}(s) = L{f2}(s) for
all s > a. Then fi1 = fo almost everywhere on (0, 00).
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Appendix

8.1 Inverse of a matrix

Given a 2 x 2 matrix A we will sometimes have to compute its inverse. To do this efficiently we
provide an algorithm which gives the formula for the inverse of A. We recall that if v = (Z;)

then vt = ( i ) is its perpendicular vector.
—v1

8.1.1 Formal steps

1. We are given a 2 x 2 matrix A which takes the form

e
where & and 7 are vectors in R?2. We compute £+ and nt.

2. Next we compute & - pt.

3. Finally, we form the inverse matrix

(mH)"
1
Al =
§-nt
—(€H)7"
8.1.2 Example of the method
1. Consider the matrix
3 5
A=
2 =7

for which £ = (g) and n = (_57) We compute that £+ = (_23) and nt = (:g)
2. & -t =-31.

179
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3. Finally we obtain that

We can check that this is correct by multipling A~ and A to obtain I,.

8.1.3 Reasoning behind the method

This algorithm comes from the following reasoning. If we have a matrix A and we want to find
its inverse A~ then we require that

10 al a-€& a-n

— A 1A = (E "7>:
01 a7 B-& B-n

Comparing both sides we see that we must have ac - ) = 0 as well as 3 - & = 0. The easiest way

to achieve this is to choose o« = 7 and 3 = £7. This, however, ignores that we need o - € = 1

and B -n = 1. Fortunately, with the choices & = n* and B = &+ we have
a'fz"f'f:fﬂh—&?h

as well as N

B-n=& -n==E&&mn—&n
which differ by a factor of —1. If we now choose 3 = —&* (essentially multiplying both sides of
the last computation by —1) then we have a - & = 3 - . Thus, the matrix B defined by

satisfies

BA = =¢-nt
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Dividing both sides by &€ - nt we get that

10

0 1

which gives us the inverse matrix.

8.2 Exponential of matrix

8.2.1 Identities and formulas
Proposition 8.2.1. We let e'® denote the unique' matriz which solves
X'(t) = AX(t), X(0)=1,.

I claim that, in this case, e satisfies:

1. 2 =1,

2. The unique solution to the problem X'(t) = AX(t), X(0) = X is e"AX,.
3. Ae!h = eAA

4. The exponential of matriz is invertible and we have that (e!A)~1 = 714

5. If AB = BA then e!(A+B) = otAtB

6. (eA)T = ¢tA"

7. If T is an invertible matriz then /T AT = T~ 1e!AT,

8. If A*= A then e!* =1, + (e! — 1)A.

9. Formulas of e for n = 2:

(a) If the eigenvalues are distinct then

1 1
A — \I,) — M
)\1_)\2( ola) e A — Ao

exp{tA} = eM! (A —\Iy).

(b) If X\ = \1 = Ag then
exp{tA} == My + Mt(A — \).
(c) If \ = a+ib,\y = a — ib then
at
exp{tA)} := %{bcos(bt)lg +sin(bt)(A — al,)}.
10. Suppose A is invertible. Then

/etAdt =A"'eA +C

1This is due to the uniqueness theorem for linear matrix ODEs.
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Proof.

1. By definition we have

2. Let Y (t) = ¢"AX,. Then,
Y'(t) = (X)) = A X, = AY (t)

and
Y(O) = BOXQ = InXQ = X().

By uniqueness of solutions of linear matrix IVPs we have that Y is the only solution to
this matrix IVP.

3. Let Y(t) = Ae*®. Observe that
Y'(t) = A(e™) = A(Ae™) = AY (1)
and

By 2 we must have

for all ¢.
4. Let F(t) = eAe7'A for t € R. Observe that

_F’(t) = (etA)’eftA + etA<€—tA)/ — AptAptA _ A A A A TA TA A tA —tA _ g
where I have used 3. Thus, F is constant. In particular, we have, by evaluating at ¢t = 0

F(0) =e%° =11, = L,.

tA

By reversing the roles of e'* and e™** we obtain the desired conclusion.

5. For this proof we let X(t) = e, Y(t) = ¢B, and Z(t) = "A+B). Define G(t) =
Z(t) — X(t)Y (t). Differentiating we obtain

g'(t) =7'(t) - X'OY(t) - X®)Y'(t)
= (A +B)Z(t) — AX()Y (t) — X()BY(¢).

Note that if we can show that X(¢)B = BX(¢) then we get
= (A+B)Z(t) — AX()Y(t) — X(t)BY ()
= (A+B)Z(t) - AX()Y(t) — BX(t)Y(t)
(A+B)Z(t) - (A+B)X(t)Y(¢)
= (A+B)(Z(1) - X(1)Y (1))
= (A +B)g(1)

We also have
G0)=72(0)-X(0)Y(0)=1,-1I1,=1,-1,=0.

By 2 we have
G(t) = !A+Bg = 0.

Thus,
elAFB) _ otAtB — 7(1) — X(1)Y(t) = 0
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as we wanted. Now we show that X(¢)B = BX(t). Observe that
(BX(t)) = BX'(t) = BAX(t) = ABX(¢) = A(BX(t))
and

By 2 we must have

for all t € R.

Observe that by 3 we have
(etA)l — AetA — €tAA.

By transposing the previous equation we have
((etA) T)/ _ AT(etA) T'
Observe also that (e4)” =IT =1,,. Hence, by definition we have

etAT — (GtA) T'

. Observe that

(T '™T) = T ()T = T AT = (T 'AT)(T 2T
and T 'eAT = T7'I,T = T'T =I,,. Thus, by definition we have

71 _
etT AT —T 1€tAT.

. We have that

(etA)/ — AetA

and so
(AetA)/ _ A(etA)/ — A2€tA — AGtA.

Also Ae®® = A so by 2 we have
Aer = ctA.

Observe that
(In—A)A:A—Azzo.

This means that
(I, — A)e"®) = (L, — A) (") = (I, - A)Ac'* = 0.
We conclude that (I,, — A)et? is constant and equal to I, — A at ¢ = 0. Thus,

e = A + (I, - A=A+ (I, —A) =1, + (¢! — 1)A.

10. Let F(t) = A 'e!A. Observe that

F'(t) = A At = ¢,
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Thus,
/etAdt =F(t)+ C.

]

We observe that identity 7 allows for easier computation of the matrix exponential
when the matrix A is diagonalizable. To see this, observe that in this case we can find an

invertible matrix T and a diagonal matrix D such that T~'AT = D. Identity 7 gives

. -1 —
etD — 61ET AT _ T 1etAT

which means A I
et = TePT 1,

Note that solving the vector ODE x’ = Dx is much simpler since D is a diagonal matrix.

8.2.2 Local lipschitz constant of exponential matrix*

We will demonstrate some results about the operator norm and Frobenius norm of the exponential
matrix as well as the local lipschitz constant of the exponential matrix function. Before we
begin we recall that if A is an n X n matrix then the operator norm of A, denoted by ||A]|op, is

defined as A
Al = s {151,

x7#0nx1 X

We also define the Frobenius inner product of matrices A, B € M,,«,(R) defined by
(A,B), = tr(A"B)

as well as its associated norm, denoted by || - || #. Finally, recall the following result, which is a
guided exercise in the section on first order equations, known as Gronwall’s inequality:

Gronwall’s inequality

Suppose = : [a,b] — R is continuous on [a,b], differentiable on (a,b), and satisfies
2'(t) < c(t)x(t) + b(t) on (a,b) where ¢,b: [a,b] — R are continuous. Then

t
z(t) < z(a)el-®d efac(s)ds/ e[_ Jie(s)as) b(s)ds

a

for t € [a, b].

. In particular, we observe that if ¢ is a constant function with value D then the inequality
gives

t
z(t) < z(a)ePt= 4 LU0 / eP=9p(s5)ds.
WIth these reminders in place we now prove the following

Proposition 8.2.2. Let A,B € M, y,(R). Then we have:

1. if t €[0,00) then ||,y < elAlor and, in particular, ||e®|,, < ellAller.

e(lA+Bllop—IlAllop)t _1

2. Ift €[0,1] then [P — A, < ||Blloy - eflAor (Srgi—raT

euA+Buop—HAuop,1)
[A+B|lop—||Allop /-

) and, in

particular, [|[eAFB) — et |, < [|B]|y, - elAller
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IAllop —elIBllos
3. le* = P llop < (A= 1A = Blloy < [[A = Bllgy - emox (14lnBl-r)

Proof.

1. Let xg € R™ be non-zero and Z : R — R be defined by
Z(t) = [le"*xo*.
Observe that by Cauchy-Schwarz as well as the definition of the operator norm we have
Z'(t) = 2(e"™x0) - (Aex0) < 2/l xo]|[| A (e x0) | < 2/|Alloplle*x0]1* = 2]|Allop Z(2)
for t € R. Hence,
(e—2tIIAHopZ(t)>’ <0

~2tAller 7 (¢) is non-increasing and hence w(t) < w(0) for ¢t > 0.

for t € R. Thus, w(t) =e
t > 0 we have

This shows that for
e 2Alr |6 x> < ol

and hence
le" x| < [|xol[e"14llor

From this we conclude that A
[[e"Axq|

[1%oll

for all t > 0. Since x(, was arbitrary we obtain

< otIAlop

||etA||op < etllAllop

for t > 0. Choosing t = 1 gives the second part of the statement.

2. Let xg € R™ be non-zero and define Z(t) = || (e!*+B) — e4)x|| for ¢t € R. Observe that
by Cauchy-Schwarz and the definition of the operator norm we have, for ¢ € (0,1)

Z/(t) _ 2[( t(A+B) t )XO] [A+B t(A+B) X0 —AGtAXO}
_ 2[( HA+B) _ ,tA )Xo] [ ( (A+B) tA) } X 2[(€t(A+B) _ etA)XO} _ [Bet(AJrB)XO}
< 2| Alfopl[ (") — € )x0) |7 + 2| (¢"ATP) — et ) x| Be! A )y |

= 2| AllopZ(t) + 2/ Z(1)| Be' AT B)x|.

We can rewrite this as, assuming for now, to be removed later, that Z(t) # 0 for t € (0, 1),

< 2| Allop/Z(t) + 2| B Bl |

2(v2(1) = j%

(VZ(1)" < [ AllapVZ(2) + [Be x|
By 1 we can further estimate the last inequality as, for ¢ > 0,

[AllopV/Z(t) + [Bllop A+ B)xo |
<[ Allopv/Z(#) + [1Bllop €A op 1ol
<[1Allopv/Z(t) + [ Bllope AP low o .

and so we get
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Altogether we conclude that

(VZ(1)) < | AllopV/Z(t) + || Blope 1A Bllor x|

for for t € (0,1). By applying Gronwall’s inequality we conclude that, for ¢ € [0, 1],

t
\/Z(t) < \/Z(O)etllAllop + ||x0||||B||0petA”°P/ e~ S Allop sl A+Bllop ¢
0

Note that Z(0) = ||%xn — %= |2 = ||0]|> = 0. Thus, the inequality reduces to

t
AV Z(t) S ||XO||||B||Op€tHA”Op / 65(”A+B”0p_”A”op)dS

0
et(HA'i‘B”op_”AHop) _ 1)

|A + Bllop = [|Alop

= || HBHopetA“w(

We deduce that, for ¢ € [0, 1],

et A+Bllop—llAllop) _
(" A+ — etA)x|| < ||xO||uB||opetA'°"( )

||A + B“Op - ||A||op

Dividing by ||xo|| and noticing that xo was an arbitrary non-zero vector gives

t([[A+Bllop—[|Allop) _
”et(A—i—B) . 6tAHop S HB”op . 675||AHOp (6 op op 1).

A+ Bllop = [[Allop
for t € [0,1]. Taking ¢ = 1 gives the second part of the statement. Notice that the above
was only derived for assuming Z(t) # 0 for ¢ € (0,1). If this is not the case we consider
W(t) = Z(t) + e Then W/(t) = Z'(t) and W(t) > 0 for t € (0,1). Thus, the previous
analysis applied to W gives
W'(t) < 2[|Allop v/ Z(t) + 2[[Bllop o] ope” 4B r /Z (1)

< 2| Allop[v/Z(2) + €] + 2[|Bllopl[x0 lope AT r \/[Z(2) + ]

= 2|[Allop W (£) + 2[[Bllop |0 lope A= lr /W (2)
and hence

(VW) < [AIVW(E) + [Bllope M4 +Bler||xq .

Applying Gronwall’s ineqality we get
t
VZ(@)+e=/W(t) < VeellAlor 1 HX0||HBHop€tHAH°" / e~ Sl Allop o5l A+Bllop 4 5
0
Letting € > 0 tend to 0 we get the same inequality as before. Thus, we can repeat the
same analysis to get the desired conclusion.

Notice that A and B were arbitrary in 2 and so we placing A + B with X and A with Y
the inequality becomes, for t =1,

IXlop—=lYllop — 1 IXllop — Y lop

& (& (&

1% = oy < X — Yllop - e”‘“’"( ) =X =Yl ( )
v i 1Xor = T¥Ton P\ 1 XTlon = [Tl

which demonstrates one of the desired inequalities. Notice that since A and B can vary
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over all matrices and

meaning that the linear map transforming A and B to X and Y is invertible then X and
Y vary over all matrices. Now, consider the function g : R — R defined by ¢g(s) = e°.
Observe that for any s,¢ € R we have, for some r € (0, 1),

9(t) —g(s) = g'(1 =r)s +rt)(t — s)

SO L
e —e _ 6(1_7«)3+rt < emax st
t—s
where I have used that the exponential is an increasing function. From this we conclude
that
1Xllop — llYllop
e e
6% = ¥y < X = Yo ) < ens il ¥l Y],
[ Xlop = 1Y [lop
which proves the desired inequality. O

It is worth remarking that the inequalities shown in 3 are in fact sharp in the sense
that there is no constant 0 < ¢ < 1 such that either

IXllop — Y lop
[ e
w*wHMSﬂx—W@< )

1Xop = [[Y][op
or
||€X _ eYHop < CemaX{HX”op»HY”op}”X _ YHop

or
I Xlop _ ol ¥llop

IIX =Y, ( ) < cem@UXlop ¥ llor}| X — Y|,
PN op = 1Y llop ’

can hold. To see this, consider the sequence X,,, = mI, and Y, = (m—=)I,. Then ||X,,[|lop = m,

1Y mllop =m — L, eXm =™, and e¥™ = em=w1,. Thus, |eXm —e¥Ym|,p, = e™(1 — 6_%)

m?

and [|X,, = Yyullop = +. From this we conclude that

1
[ = ¥ lop e
and X e
e mllop _ o m||op 1
X, —Y ~ —e™
1 Mh(W&Mw—HYMM) m
and

1

m

emax{||xm||op,Hlelop}HXm —Youllop = —e™.
m

In fact, if we set A = al,, and B = bl,,, for a > b > 0, then we obtain ||A|., = a, ||B|lop =,
|A — Bllop = a — b, and [[e® — €B||op = e — e’. Hence,

le® — €®lop =" — €’
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e”A”op — eHB”OP e — eb
A—B op — _b — o0 _ b‘
(||Al|op— ||Buop)” lop = (G )la =) =" —c

Thus, we actually have that strict equality is attained in the first inequality. Now we demonstrate
a similar result for the Frobenius norm. The proof is fairly similar to the operator norm case so
we will proceed quickly.

Proposition 8.2.3. Let A,B € M, ,(R). Then we have:
1. et ||p < Al fort >0 and, in particular, for t =1, ||e®||p < ellAlle,

2. Jle* = Bl < ||A - Bl (Ga=fae ) < emxUAIIBIe | A — B]lr.

3. | Allop < l|AllF-

Proof. 1. Observe that if X (t) = tr((e'A)Te!A) defined on R we have, by Cauchy-Schwarz,
X'(t) = 2tr((e")T Ae™™) = 2tr((e)Te™A)
< 2[l(e"™) e lplAlle =< 2]l [E|Allp.
Hence, by Gronwall’s inequality we have, for t > 0,
X(t) < X(0)62t\\AIIF — p2tAlr

and hence
||etA||F < ctIAlE

for t > 0, as we wanted.
2. Define, similar to the previous proof, X : [0,1] — R by X(t) = |l — B2 and
differentiate for ¢ € (0,1) to get
X'(t) = 2<etA — B Ae!A — Beﬂ3>F
— 2<etA o etB,A(etA . etB)>F 4 2<€tA o 6tB, (A . B)etB>F
<2 — eBllp - [A(e —eP)[[p + 2l — ePlr]|[(A — B)e™P g
<2||A|[p X () + 2/ X ()| A — BJ|e!lBlr,
If X(t) # 0 for all t € (0,1), and maneuvering as in the proof of 2 if this is not the case,

we obtain /
(VX)) <2|Allp/X(t) + A — Bl|pe'lBlr
which gives, by Gronwall’s inequality and noting that X (0) = 0,

HBle _ tlAlr

e = elle = VX(0) < 1A = Blle pmr—a7—

3. Note that for each non-zero xy € R™ we have
|Axo||> = (Ax0)" (Axo) = xt ATAxg = tr(xt ATAxg) = tr(xex) ATA)
</ tr(xoxg xoxg) [AT Alle < [lxol[y/ tr(xoxg) [ Al

= o[/ tr (3x§ o) [ AE = [lxol*[| Alf-
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We conclude that for all non-zero x, that

[ Ao
< [lAllr
[1%oll

and so
[Allop < [[A]lr-

8.2.3 Liouville’s Formula*

Proposition 8.2.4. Suppose A : R — M, »,(R) is a matriz-valued function. Then

d Z
dt (det(A Zdet (A¥(
where
Aji(t) Aia(t) -+ A(t)
A2’1<t) A272(t) v Agyn(t)
Al(t) =
Aiq(t)  Aia(t) A ()
Apa(t) Anal(t) Apn(t)
fori=1,....n

Proof. 'We proceed by induction. For n = 1, since A(t) will be a 1 x 1 matrix then det(A(t)) =
A 1(t) and so

d
37 (det(A(1) = A7, (1) Zdet (At

where the last equality follows from the fact that there is only one row to take the derivative of
and

det(A'(t)) = det(A} (1)) = A14(1).
Now we presume this formula holds for n — 1, n > 2 and we show it holds for n. Observe that

n

det(A(t)) = (—1)"Ay;(t) det(Ay (1))

=1

where A, ;(t) denotes the matrix, of size (n — 1) x (n — 1) obtained from A(t) which has row 1
and column ¢ removed. Differentiating and using the induction hypothesis we obtain

n

%(det(A(t))):Z(—l)lﬂA’U()det A1) Z YA (¢ ;(det(AM(t)))

i=1
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— det(Al(t Z 1) Ay (1) Zdet(A{,.@))
j=1
n—1 n

= det(A () + DY (—1)H AL (t) det (A7 (1))

7j=1 =1

n—1 )
Z 1) A7, (t) det(Aq1(t) z DAL (1)) det(A] (1))
j=1

n—1

= det(A'(t)) + ) _ det(AT*H(1))

7=1

= det(AL(t)) + Zdet (AY(t

= Z det(A7(t)) O

Proposition 8.2.5. Let X(t) denote the matriz of fundamental solutions to the problem

x'(t) = Ax(¢)

where x(t) is an n-vector. Then
det(X(t)) = det(X(0))e 4,

As a consequence we have
det(e!®) = ettr(A),

Proof. We first notice that by proposition 2.2 we have

= Z det(X'(t))
Observe that
Xia(t) Xap(t) -+ Xia(t)
X0 = | X, XL(1) - X0

Xna(t) Xno(t) -+ Xpun(t)
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X11(t) Xi2(t) . Xin(t)
= X A X)) D0 A X)L A Xa(t)
Xna(t) Xno(t) e Xon(t)

Recall that subtracting multiples of one row from another does not change the value of the
determinant. So subtracting A, ; times row 1 of X(¢) from row ¢ and then subtracting A, ; times
row 2 of X(¢) from row i and so on does not change the value of the determinant but leads us to

X171 (t) X172(t) R len(t)
det(X'(t)) =det | A, X, 1(t) AiiXia(t) - AuXin(t) | = Aiidet(X(1)).
Xna(t) Xna(t) - Xoa()
The above conclusions are true for each ¢ = 1,...,n. We conclude that

%(det(X(t))) - Z Ay det(X (1)) = tr(A) det(X(t)).

We conclude that
det(X(t)) = Cet™ ™),

Evaluating at t = 0 gives
C' = det(X(0)).

To obtain the second identity notice that the first identity can be written as
det (X (£)(X(0))7") = e
and notice that X(¢)(X(0))~! solves

X/(t) = AX(t), X(0) =1I,.

8.2.4 Remarks

The construction of the matrix exponential given in section 8.2 is not the standard development.
Generally, one defines this matrix through the use of infinite series of matrices. It is then a
theorem that the matrix exponential solves the matrix ODE X' = AX with X(0) = I,,. The
construction given in section 8.2 is probably not new though the authors of these notes have no
citations for this technique. It is, perhaps, worth noting that many of the standard identities
involving the exponential matrix can be obtained from 8.2.1 and 8.2.3 by simply setting ¢t = 1.
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