Topic 3: Differential Equations

1. INTRODUCTION. DEFINITIONS AND CLASSIFICATIONS OF ODES

Most often decision agents take optimal actions sequentially and economic variables evolve
along time. Thus it is important to understand the tools of analysis and modeling of dy-
namical systems. We are looking at functions x : R — R or vector functions x : R — R"
described by equations of the form

Salt) = f(t,0(t)),

possibly with an initial condition x(ty) = xo.

Objectives:

(1) To find z(t) in closed form or, if this is not possible,
(2) to study qualitative properties of z(t) (e.g. stability).
(3) To apply the above to economic modeling.

Notation:

e 1 is the independent or unknown variable and ¢ the dependent variable; most often
the variable t is omitted;

d d
o G0 = Gt 0, 50, 200, 40
e Higher order derivatives ﬁm(t) = (). Special case k = 2, 2", &, (2.

d
e Other variables are possible, e.g. %y(x), y'(z).

Definition 1.1. A one dimensional ordinary differential equation (ODE) of order £ is a
relation of the form

(1.1) 2Bt = f(t,2(t), 5O(), ..., a® D (8)).
Note that k is the highest derivative appearing in the equation.

Definition 1.2. A first order system of ordinary differential equations is a relation of the
form

(1.2) x(t) = £(¢,x(t)),
where x = (xq,...,2,)0, £ = (f1i,..., fu)', 2 : R— R, fi :R"™™ — R i=1,...,n.

It is always possible to transform a kth order ODE into a first order system. Let us see
how. Suppose we have the kth order ODE

2 () = f(t2(2), ftl(”(t), 2t TD()
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and consider new functions defined by setting z; = x, 20 = 2',...,2, = 2¥7'. Then the
ODE appears as the following first order system of differential equations:

i'l = T,
l'.Q = I3,
i'k = f(t,l’l,l'g,...,l'k).
Note that in this case f(t,x) = (29, z3,...,xk, f(t,X)). As an example, consider the second

order ODE
¥ = i? — 21 — cost.

Let the new variable y = @, Then the first order system equivalent to the original scalar
equation is

T =y,
y=1y* — 22 — cost.

Definition 1.3. A solution of the first order system (1.2) on an interval I C R is a differ-
entiable function x : I — R” such that x(¢) € D for all t € I and %(t) = f(¢,x(¢)) for all
tel.

Definition 1.4. An initial value problem or Cauchy problem for a first order system consists
of (1.2) together with a condition x(¢y) = xo, where (to,X¢) € D.

Definition 1.5. An initial value problem or Cauchy problem for a kth order ODE consists
of (1.1) together with the conditions

x(ty) = zo, 2'(to) = z1,..., 2" V(ty) = zp_1,
where (to, zg, 1, ...,25) € D.
Thus,
Tt =tsinz, z(0)=mx
is a Cauchy problem, as well as
i=e" —tr, x(1)=2, i(l)=—1.
Under suitable conditions, a Cauchy admits a unique solution.

Definition 1.6.

e The ODE (1.2) is linear if for fixed ¢, the map x — f(¢,x) is linear.
e The ODE (1.2) is autonomous if f is independent of ¢.

Throughout these lecture notes it is assumed the continuity of the functions f and f.



2. ELEMENTARY INTEGRATION METHODS OF FIRST ORDER ODES
Let us look at some particular cases where the scalar first order ODE
(2.1) (t) = f(t,x(t)), tel CR, Ian interval finite or infinite,

can be explicitly solved.

The simplest case is when f is independent of the solution itself, x. That is
z(t) = f(t), tel=1Ja,b] CR.

Finding x leads to the integration problem.
The Fundamental Theorem of Calculus establishes that

2(t) = C + /t F(t) dt,

with C' a constant. If we want the solution passing through (a, x), then C' = . Note that
even in this simple case the solution found can have little practical value, and the study of
the qualitative behavior can be more illuminating. Resorting to numerical approximations
of the solution is another interesting possibility.

2.1. Separable equations.
Definition 2.1. A first order ODE is separable if f(t,x) = g(t)h(z), that is
#(t) = g(t)h(x(t)).

Method of solution: Denoting H(x) and G(t) some antiderivatives of 1/h(x) and g(t) respec-
tively, observe the following steps (notice that H' = 1/h and G’ = g):

(i) Separation of variables: %x) = g(t),
(ii) Chain Rule: iH( (1) = iG(t)
ii) Chain Rule: () = - :

(iii) Integration with respect to t: H(x(t)) = G(t) + C.

The expression obtained defines = implicitly. It is possible to prove that if h(zq) # 0,
then the solution defined by the implicit expression satisfying z(ty) = o is unique in a
neighborhood of xy. The constant C' can be determined if an initial condition is fixed.

Example 2.2. To find the solution of the separable ODE i = tz?, we start with

%:t:»d—f:tdt:»/d—f:/tdt.
X X X

Integrating, we find

Solving for = we get
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Suppose that we want the solution passing through (0,1); then

1
1=2(0)=——= C=-1
z(0) C:> ,
thus
1

.T(t) - T

2
The solution exists only in the interval (—\/5, \/5)

2.2. Exact equations. Integrating factors. Suppose we have a first order ODE of the
form in the form

P(t,x(t
(2.2) () = _P(®)
Q(t, x(t))
for some functions P, @, such that Q(¢,z) # 0 for every point (¢,z) in some set D.
d
This is equivalent to Q(t,x)t = —P(t,z), and interpreting d—f as a quotient (this has no

sense, of course, but it is useful and it works in this case) we can rewrite the ODE as
(2.3) P(t,z)dt + Q(t,x) dx = 0.

Consider now a function V' of variables (¢, z), of class C* (the second order partial deriva-
tives exist and are continuous). The differential of V' is

oy av
av =2 g+ % g
Vo= grdt+ gy de

Suppose that it is possible to find a function V' such that
oV
ot
ov

i

(2.4) ~P

(2.5) Q.

Then, the differential of V'

dea—th+a—de:Pdt+de:O
ot ox

along the solutions of the ODE. This means that V' is constant. Thus we get that the
solutions of the ODE are given by the implicit equation:

Vit,z(t)) = C.
This important observation motivates the following definition.

Definition 2.3. The first order ODE (2.2) (or (2.3)) is ezact in a neighborhood D of the
point (tg, o) if Q(t, o) # 0 and there exists a function V of class C? on D satisfying (2.4)
and (2.5).
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When is there a function V' satisfying (2.4) and (2.5)? It both conditions were true, then

0*vV  OP
(26) oxot  Or
o’V 0
27) otor a_?‘
Since the order of derivation does not matter for a C? function,
oV 82_\/
oxot  otox’
we get the necessary (and sufficient) condition
oP oQ

%(t,x) = E(t,x).

Theorem 2.4. Assume that P and Q are C' in a neighborhood D of the point (tg, xo). The
necessary and sufficient condition for (2.2) (or (2.3)) to be exact in D is

oP  0Q
2.8 - %
(28) ox ot
m D.
Example 2.5. The equation (2t — 2?) dt + 2tz dz = 0 is not exact, since
opP 0Q
S - o Ao = 2
e T T,

However, the equation

(2t — 2*) dt — 2tz dv =0
is exact. Let us solve. Once we determine function V', the problem is finished. To find V,
we begin with (2.4)

ov
Integrating with respect to ¢ we get
(2.9) Vit z) = /(2t _ o) dt = £ — t2® + P(a),

where 1 is a function of x that we must determine using the other condition (2.5), that is,
ov
Deriving in (2.9) with respect to = we get
ov
Ox

and equating both expressions above

= =2tz +9'(x)

/() = 0.
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We choose 1) = 0. Hence, V(t,z) = t* — tz? and since the solution satisfies V (¢, z(t)) = C,
we have
t?—ta?(t) = C = z(t) = £/t — % (t #0).

P(t,z)dt + Q(t,z)dx =0
is not already exact, we could multiply the equation by a non null function u(t, z) such that
the equation

If the equation

p(t,z)P(t,x)dt + p(t,z)Q(t,x)dr =0
be exact. Then p is called an integrating factor. Unfortunately, to find integrating factors is
difficult, except in the two following cases:
(1) The quotient

op _ 9Q
a(t) _ Ox ot

Q
15 independent of x. Then

M(t) _ efa(t) dt
is an integrating factor.

(2) The quotient
8Q _ ap

b(m) _ ot 5 ox

is independent of t. Then
,LL(:E) _ efb(:t:) dx
is an integrating factor.
Example 2.6. The equation
(2.10) (t* + 2%) dt — 2twr dx =0

is not exact, since OP/0x = 2x # —2x = 0Q)/0t. To find an integrating factor we consider
the two quotients:

0Q 5 _ —z

o P t24a?

oP _ 9Q

9P _ 99y 2

bz 0 ot — ;t =7 independent of z.
—2tx

Hence
M(t) _ 6—[2/t — o2t _ elnt*2 — 2

is an integrating factor. We multiply equation (2.10) by pu, transforming the ODE in an

equivalent one
2 + 22 2z
dt —— | dx =0,
e (F)




which is exact, since

oP 2x  0Q
oxr 2 ot
Now we compute V using (2.4)
ov t* + 2
ot Z e

hence
V(t,x) = /(1 + 2% dt =t — 2*t 4+ ().

Deriving with respect to x we have

v -1 !

On the other hand, by (2.5)
W _ 5o 5%
or Tt

We obtain that ¢ = 0, and the solution is given by
t—az)t 1t =C.
2.3. Linear equations.
Definition 2.7. The first order ODE
z(t) + a(t)x(t) = b(t)

is called linear. Here, a(t) and b(t) are given functions.

To solve the linear equation we proceed as follows. Let u(t) = eJ o®dt and multiply the
equation by pu(t) so that

(& +a(t)z)u(t) = b(t)u(t).
Notice that i(t) = a(t)u(t) thus,

(@(t) + a(t)x(t)u(t) = 2@)pt) + x(t)a(t)u(t) = (O)pt) +=()at) = — (2(@)u(d))-

Hence integrating

[ Geonend= [sonwd = swuo = [voud.

Solving for z(t) we find

1
(2.11) o) = - / b()u(t) dt.

Recall that the integral symbol means a primitive plus an arbitrary constant. Since for any
constant £

[ somts)as

to
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is a primitive of b(¢)u(t), we can write

() = % (/totb(s)u(s) ds + C) ,

from which we can identify the constant C' if we look for the solution satisfying x(ty) = xo:

1
_ = _ t
Ty = (to)c = (C = ZL’()/L( 0),

(219 o10) = i ([ (o) s+ mott))

/’L(t) to
Hence we have proved the following result.

Theorem 2.8. The unique solution of &(t)+a(t)x(t) = b(t) passing through (ty,xo) is given
by (2.12).

Of course, it is not needed to remember the formula. We only need to understand the
method used to find it.

Example 2.9. Solve the Cauchy problem #2% +tx =1, ¢t > 0, 2(1) = 2.

SoLuTION: First divide by the coefficient of & to have the standard form of the ODE
A |
We identify here a(t) = —1/t and b(t) = 1/¢*. Since [ a(t)dt = Int, we have pu(t) =t. Using
(2.11) we get
1 1 1

1 1

This is the general solution. The individual solution passing through (1,2) gives 2 = C,
hence z(t) = 1(Int + 2).

Example 2.10. Solve the linear equation & + ax = b with initial value x(ty) = o, where
a # 0 and b are constants.

SOLUTION: Here ju(t) = e/ ¢% = ¢ and from (2.11)

(2.13) z(t) =e / be™ dt = e~ (ée“t + C’) = <é + C’e‘“t> :
a a

Imposing z(ty) = x¢ it is possible to determine the constant C' as follows

b b
Ty = (— + C’e_“t°> = (= (350 — —) e™o
a a

and plugging this value of C' into the (2.13)

(
b b
x(t) = — <x0 — 5) emalt=t0),



For instance, the solution of the equation & + 2z = 10 with x(0) = —1 is
x(t) =5 — 6e .

2.4. Phase diagrams for first order scalar equations. The phase diagram of the au-
tonomous equation & = f(z) consists in a drawing of the graph of function f in the plane
(x,2). The zeroes of f correspond to steady states, stationary points or equilibrium points
of the equation, that is, constant solutions of the autonomous ODE.

Definition 2.11 (Stationary points). A stationary point of the autonomous ODE & = f(z)
is any constant z° satisfying f(2°) = 0.

Stationary points are important in the study of the behavior of the dynamics. Analyzing
the graph of f, one obtains information on whether the solutions are increasing or decreasing.
If f > 0 in an interval, then z(¢) increases in this interval, which can be indicated by an
arrow of motion pointing to the right. Similarly, if f < 0, then z(¢) decreases in this interval
and the arrow that describes the motion of z points to the left.

For scalar ODEs, the sign of the f near a stationary point (if any) gives important infor-
mation on the behavior of the solution near that point. For systems the situation is more
complicated, and will be explored in next sections.

For now, we center on the scalar case, f : D — R.

As remarked above, a stationary point is a solution of the ODE, hence if we know that
some uniqueness of solutions criterium holds, then no solution can cross through z°. In the
scalar case we have the following, where we are assuming that the stationary point 2° is
isolated:

e f>0on (a,z2° and f > 0 on (2°,0). The solution = converges to z° from initial
conditions a < zy < x° and diverges of z° from b > xy > z° (unstable solution);

e f>0on (a,2° and f < 0 on (z°b). The solution z converges to z° from every
initial condition a < zy < b (stable solution);

e f<0Oon (a,z°) and f > 0 on (2° ). The solution = diverges of 2° from every initial
condition a < xy < b (unstable solution);

e f < 0on (a2° and f < 0 on (z°0b). The solution = diverges of z° from initial
conditions a < zy < 2° and converges to x° from b > zy > z° (unstable solution).

We can resume the above in the following: a stationary state z is locally asymptotically
stable if and only if there exists 6 > 0 such that for all z € (z° — §,2° + §), z # 2° we have

(x — 29 f(z) <0
and it is unstable in the other case:

(x —2°) f(z) < 0.
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Example 2.12. The ODE & = f(z) = 2® — 222 — 5z + 6 has three equilibrium points
f(x) =0: 2) = =2, 23 = 1 and 23 = 3. The function in negative in (—oo, —2), positive in
(—2,1), negative in (1, 3) and positive in (3,00). Hence,

r7; = —2 is unstable;

o =O

x5 = 1 is locally asymptotically stable;

x5 = 3 is unstable.

3. APPLICATIONS

Example 3.1 (Walras adjustment mechanism). Economic models often analyze rates of
change of economic variables. In equilibrium analysis the rate of change of the market price
for commodity x depends on excess demand E (demand quantity minus the supply quantity,
E=D-25)

(3.1) p(t) = E(p(1)),

where p is the price. This is a first order differential equation, called the Walrasian price
adjustment mechanism. Note that E(p) > 0 implies that p rises, and E(p) < 0 that p falls.
Suppose that D(p) = b — ap and S(p) =  + ap, with a,b, a, f > 0, with b > f3; then

p=b—p—(a+a)p.
This is a linear ODE with constant coefficients. The solution is

B

b _
1) = 0 —(ata)t 1 — —(ata)t
p(t) = p(0)e 4 P2 ey

a+ « a—+a

The solution tends to the equilibrium solution p® = Z;Jfl > 0.

Example 3.2 (An asset pricing model). Let p(t) denote the price of an equity that pays
dividend D(t) dt, and let r denote the yield on a risk free bond. Consider an interval of time
[t, 7]. The total cash flow of the asset in interval [t, 7] is [,” D(s)ds, and the capital gain in p
is p(7) — p(t). By a non—arbitrage condition, the cash flow plus capital gains must be equal

to earnings of keeping the asset in the bank account, hence

[ " D(s)ds + p(r) — plt) = p(t)™ — p().



11

Dividing by (7 — t), taking limits as 7 — ¢, assuming D is (right) continuous and applying
L’Hospital rule, we have

"D(s)d D
lim w 9 lim (7) = D(t), (L’Hospital rule).
Tt T —1 0 =t 1
—plt
lim p(r) = p(t) = p(t), (Definition of derivative).
Tt T—1
r(r—t) _ 1 r(t—t)
lim &~ = o_ lim —* =r, (L’Hospital rule).
Tt T—1 0 Tt 1
Then we get the linear ODE
(3.2) D(t) +p(t) =rp(t) = p(t) —rp(t) = —D(1),

which is the fundamental pricing equation.
Given dividends D(t), the price of the asset is driven by ODE (3.2). It is a linear equation
that can be solved using (2.12) with u(t) = e~ /7% = e~ to give

(/ _D(s _“ds—l—p(O))

Here, p(0) is the current price of the asset, and solving for it we find

p(0) = e "'p(t) + /Ot D(s)e™ " ds.

Notice that we find that the price of the equity at time 0 equals the present value of future
dividends only if

lim e "*p(t) = 0.

t—o0

Supposing that this holds (the non—bubble condition), then price of the asset today is

= / D(s)e " ds,
0

that is, the fundamental value of the equity equals the discounted sum of all future dividends
from ¢t = 0 onwards.
Some examples: Which is the price of an asset that pays the constant amount of 1 dt euros

perpetually? It is

OO 1 1
p(0) = / e ds =~ lim(l —e ") =~
0

T t—00 T

Which is the price of an asset that pays 1 dt euro up to ¢ < 10 and then 2 dt euros forever
if the risk—free rate is r = 0.0257 It is

10 [e's)
p(O) — / 6—0.0255 ds + 2/ 6—0.0255 ds
0 1

0
= 40(1 — e7%%%) + 80 lim (67020 — 0025y
— 00

=40(1 — e %*) +80e " = 40(1 + e %) = 71.152  euros.
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Example 3.3 (Malthus’ model). The British economist Thomas Malthus (1766-1834) ob-
served that many biological populations increase at a rate proportional to the population,
P, that is,

(3.3) P(t) = rP(t),

where the constant of proportionality r is called the rate of growth (r > 0) or decline (r < 0).
The mathematical model with r» > 0 predicts that the population will grow exponentially
for all time. Malthus was led to this formulation by inspecting the census records of the
United States, which showed a doubling of population every 50 years. Since the means of
subsistence were found to increase in arithmetic progression, he argued that the earth could
not feed the human population. This point of view had a major impact on social philosophy
in the 19th Century. It is immediate to see that the solution is
P(t) = P(0)e™,

which is unique given the initial condition P(0). The solution shows exponential growth
r > 0.

As an example, consider the population of the United States in 1800, that was recorded as
5.3 million. Taking r = 0.03 (which is a good approximation of the true rate of growth for
years around 1800) we get P(t) = 5.3¢%% million for the population in year 1800+¢. For 1850
it predicts P(50) = 23.75 million, whereas the actual population was 23.19. However, for
1900 it gives P(100) = 106.45, but the actual population was 76.21. The model approximate
the data for years near the initial one, but the accuracy of the approximation diminishes
over time because the increase in population is not proportional to the population.

Example 3.4 (Verhulst’” model). The Belgian mathematician P.F. Verhulst (1804-1849)
observed that limitations on space, food supply or other resources will reduce the growth
rate, precluding exponential growth. He modified Eq. (3.3) replacing the constant r by a
function r(P) '

P(t) = r(P(t))P(t).
Verhulst supposed that r(P) = r — mP, where r and m are constants. Then, the ODE is
(3.4) P(t) = rP(t) — mP*(t),
that is also known as the logistic equation. It can be rewritten as

P(t)=r (1 — %) P(t),

with K = r/m. The constant r is called the intrinsic growth rate, and K is the saturation
level or environmental carrying capacity.
The logistic equation is separable and can be integrated explicitly from the identity

/P(f—f%:/mt.

Noticing that
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gives A =1 and B = 1/K we have

(3.5) In

=rt .
K—P‘ rt +C

Imposing that P(0) = P, is the initial population, the constant C' is given by

Py

=1
C nK—Po

Plugging this value of C' into (3.5) and taking the exponential on both sides we get
P _ 1t PO
K—-P K — P,

It is possible to show that if Py < K, then P(t) < K and that if P, > K, then P(t) > K for
all ¢, hence eliminating the absolute value on both sides and solving for P(t) we get

K Py
P(O) + (K — P(])@_rt.

P(t) =

Notice that lim; ., P(t) = K if r > 0.

Turning back to the example above about United States population, suppose that K = 300
(this is close to the actual population of year 2009, and thus a very modest level for the
carrying capacity) and r = 0.03 (a good estimation of the intrinsic growth rate around 1800,
but far away from the actual intrinsic growth rate in year 2009). Recall that the initial data
from year 1800 was 5.3. Using this we find P(50) = 22.38 and P(100) = 79.61, whereas the
actual population in 1900 was 76.21.

In Figure 1 it is represented P/K for a population model driven by the logistic equation
with 7 = 0.71 (for illustrative purposes), for several initial conditions. The thicker line is the
solution with P(0) = 0.25K.

Example 3.5 (Population with a threshold). Suppose now that when the population of
a species falls below a certain level, the species cannot sustain itself, but otherwise, the
population follows logistic growth. To describe this situation, we can consider the differential
equation (we omit t)

(3.6) P=—r (1 - %) (1 _ g) P,

where 0 < A < B. The constant A is called the threshold of the population (we will see why
afterwards) and B is now the carrying capacity. There are three stationary points, P = 0,
P = A and P = B, corresponding to the equilibrium solutions Pi(t) = 0, P»(t) = A and
P5(t) = B, respectively. From Figure 2, it is clear that P’ > 0 for A < P < B. The reverse
is true for y < A or y > B. Consequently, the equilibrium solution P;(t) and Ps(t) are
asymptotically stable, and the solution P»(t) is unstable. Notice that the population goes to
extinction when P(0) < A, so we call A the threshold of the population.
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1.75¢
1.50
1.25

X
T 1.00

0.75

0.50

0.25

FIGURE 1. P/K versus t for the logistic equation with r» = 0.71.

In Figure 3 we graph several solutions to P = —0.25P(1—P)(1—P/3) using different values
for the initial population Py.When 0 < P(0) < 1, lim; o, P(t) = 0, and if 1 < P(0) < 3 or
P(0) > 3, then lim; ,, P(t) = 3.

f(p)

(@] A \E P

FIGURE 2. Phase space in the population model with threshold.

Example 3.6 (The Solow model). The dynamic economic model of Solow (1956) marked
the beginning of modern growth theory. It is based on the following assumptions.
(1) Labour, L, growths at a constant rate n, i.e. L/L = n; ‘
(2) All saving S = sY are invested in capital formation, I = K + JK, where Y denotes
income, K capital and 6, s € (0,1] (¢ is capital depreciation):

sY = K + 0K.
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FIGURE 3. Several solutions in the population model with threshold.

(3) The production function F(L,K) depends on labor L and capital K, and shows
constant returns, F(AL,\K) = AF(K,L). A typical example is the Coob—Douglas
production function F(K, L) = AL*K'~ « € [0,1]. Observe that taking A = L

Y =F(K,L)=F (L% L) = LF <% 1> = Lf(k),

where k = £ and f(k) = F (£,1).

The fundamental dynamic equation of this growth model is obtained as follows:

“datL  L?» L LL
_ sLf(k) — 0K
N L

Thus, we have obtained that the per—capita capital moves according to the ODE

i_dK_KL-KL K KL

kn=sf(k)— (6 +n)k.

k=sf(k)— (6 4+ n)k.

Common assumptions are that the function f is increasing and strictly concave and that
there exists a maximal productive stock of capital, k,,, that is, f(k) < k for k > k,, and
f(k) <k for k < kp,.

There are two steady states k = 0, k = 0 and k = k, satisfying sf(k.) = (0 +n)k.. The
steady state 0 is unstable and k. is stable. This can be seen in the figure below (A = § +n).
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FIGURE 4. Phase diagram in the model of Solow.

4. SECOND ORDER LINEAR ODES
Definition 4.1. A second order linear ODEs is of the form
(4.1) T4 a1 (t)x + ao(t)z = b(t),

where ay, ag and b are given functions. In the case that a; and ag are constant, then the
ODE is called of constant coefficients (even if b is not constant). In the case b = 0, the ODE
is called homogeneous.

Definition 4.2. The general solution of (4.1) is the set of all its solutions; a particular
solution is any element of this set.

The space of solutions of the homogeneous ODE has the structure of a vector subspace.

Proposition 4.3. If vy and x5 are solutions of the homogeneous ODFE, then for any constants
Cy, Oy, z(t) = Crx1(t) + Coxa(t) is also a solution.

Theorem 4.4. The general solution of the complete ODE (4.1) is the sum of the general
solution of the homogeneous equation, xy, and a particular solution, x,:

z(t) = zp(t) + z,(1).

Next, we give a result that shows how to find the general solution x; for the equation with
constant coefficients

(4.2) T+ a1 + apxr =0, aj,ap constant.
Definition 4.5. The characteristic equation of (4.2) is
r2+a17‘+a0 =0.

Theorem 4.6. Let 1, mo be the solutions (real or complex) of the characteristic equation.
Then, the general solution of the homogeneous equation is of one of the following forms:

(1) r1 and ry are both real and distinct,
zp(t) = Cre™t 4 Che™".
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(2) ri =1y =1 is real and of multiplicity two,
xp(t) = Cre™ + Cote™.
(3) r1, ro are complex conjugates, 19 = a %+ ib,
zp(t) = e™(C cos bt + Cysin bt).

Example 4.7. Find the general solution of the following homogeneous equations.

(1) & —x = 0; since r* — 1 = 0 is the characteristic equation,
zp(t) = Cre’ + Coe™.

(2) & — 4i + 4z = 0; since r? — 4r — 4 = (r — 2)*> = 0 is the characteristic equation,
1y(t) = Cre* 4 Cote*.

(3) &+ x = 0; since 72 + 1 = 0 is the characteristic equation, that has roots 4i (a = 0,
b=1),
zp(t) = Cycost + Cysint.

Now, to obtain the general solution of the complete equation, we need to give methods
to obtain particular solutions. This is possible only in some limited cases that are described
next. Hence, consider the equation with constant coefficients

I+ a1@ + apx = b(t),
where b(t) is:
-2 A polynomial P(t) = bt"™ + - - byt + by of degree n =0,1,.. ;
-: An exponential be;

-: Trigonometric by cos at + by sin at;
-: Product and sums of the above (e.g. (t* —t+ 1)e™! + 2sint).

Then, a particular solution of the complete equation is of the following corresponding form

-t 2,(t) = t3(But" +- - - Byt + By), where s = 2 if 0 is a double root of the characteristic
equation, s = 1 if it is simple, and s = 0 if it is not a root;

-1 x,(t) = Bt*e™, where s = 2 if a is a double root of the characteristic equation, s = 1
if it is simple, and s = 0 if it is not a root;

-t xp(t) = t°(By cosat + Bysinat), where s = 1 if ai is a (complex) root of the char-
acteristic equation and s = 0 if it is not (note that ai cannot be a double root of a
polynomial of order two and real coefficients);

-: Product and sums of the above (e.g. t5(Byt®+ Byt + By)e ™t +t* (D sint + D cost)),
where s and s’ are determined by the same rules as above.

For instance, the equation # — 4x = e?(t + 1) has characteristic roots 2 and —2. The
particular solution is thus of the form x,(t) = te* (Bt + By). However, for the equation
with the same independent term & — 4& + 4z = €* (¢t + 1), the particular solution of the form
z,(t) = t2e*(Byt 4+ By), since 2 is a double root.
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The procedure to find z, is to substitute the guessed form for z,, (depending of the structure
of b(t)) on the equation, and then to match coefficients to obtain a linear systems for the
unknown constants By, ... B,.

Example 4.8. Find particular solutions of the following equations.

(1)

i —x =2e? +e7t?. We guess
zpy(t) = Biel’? + Bye /2

and put into the equation (after obtaining &, and &,) to have

%6”2 + %em — Bye'’? — ByeH? = 26t% 4 72,

Then, B; = —8/3 and By = —4/3.
i —4i + 4r = t2 — t. We guess
x,(t) = Bot® + Byt + By.
We find @, = 2Byt + By and &, = 2B, and substituting into the equation we obtain
2By — 8Byt — 4B, + AByt* + 4Byt + 4By = t* — t.

Hence, it must be
4B, =1
-8By +4B; = -1

2By — 4By + 4By =0
Solving, we get By = 1/8, By = 1/4 and By = 1/4.
I+x=te ! —2 We guess

l'p(t) = (Blt + B(])eit + C.
We find &, = Bie " — (Bt + By)e " and &, = —Bie~" + (Bit + By)e " — Bye™" and
substituting into the equation we get

—QBle*t —+ Boeit + Blteft + Blteit + B(]eit + C= te*t — 2.

Hence,
C =-2
2B, =1
—231 + 230 — 0

implies C' = —2, B; = 1/2 and By = 1/2.
i+ & = te”! — 2. The characteristic equation 72 + r = 0 has solutions r = 0 and
r = —1. The general solution of the homogeneous ODE is C; + Cye'. Guess that a
particular solution is of the form

,(t) = t°(Byt + By)e ™t + 17 C,

with s = 1 and s’ = 1, since 0 is root of multiplicity 1 to the characteristic equation,
and in the independent term, te~! — 2, both ¢ and —2 are polynomials. Thus,

z,(t) = (Byt? + Byt)e ' + Ct.
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We have
i, = (2Bt + By)e ' — (Bit* + Byot)e ' + C
and
i, = 2Bje”" — (2B1t + By)e " — (2Bt + By)e " + (Bit* + Bot)e "
Grouping terms
Bp+dp = (—2Bit + (2By — By))e "+ C

t

and equating to te™" — 2, we find the values

C =-2
B, =-1
By =1

Definition 4.9. The Cauchy problem of the equation (4.1) consists in finding a solution
satisfying the initial conditions

ZL’(tg) = Xy, l‘(to) = XT1.
Example 4.10. Solve the Cauchy problem
F—di+4dr=t*—t,  xz(0)=1, (0)=0.

As we know from examples above, the general solution of the complete equation is

1 1,1
t) = Che® + Cote® + —t* + —t + —.
:L’() 16+2€+4 +4+8
We need to compute the derivative to use the condition imposed in @(0).
t 1
i(t) = 2e*(Cy + Cyt) + Cye® + 5t
Then
2(0)=1 =Cy + 1
#(0)=0 =20, +Co+ 1 [~
This linear system can be solved to obtain C} = 7/8 and Cy = —2. The solution of the

Cauchy problem is thus

7 1, 1, 1
t)=<—2t)e*+-t>+-t+-.
x(t) (8 )e +4 +4 +8

5. SYSTEMS OF FIRST ORDER ODES

5.1. Linear systems. Consider the n—dimensional linear system of constant coefficients

X(t) = AX(t) + B,
where

ZL‘l(t) aijy ... Qip b1

X, (t) Api .. Qpp by,
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The unknowns are the functions x1(t),...,z,(t). We are interested only in studying the
stability properties of the equilibrium points.

Definition 5.1. A constant vector X is an equilibrium point iff AX? + B = 0.

To assure that only one equilibrium exists, we will impose in the following the condition
4] #0.

Then the equilibrium is given by

X'=-A""B.
Most often, it is better finding X° by solving directly the algebraic system than using the
inverse matrix.

Remark 5.2. It can be proved that the solution X(t) of X(t) = AX(t) + B is stable
(asymptotically stable) if and only if the null solution X}, (¢) = 0 of the homogeneous system
X(t) = AX(t) is stable (asymptotically stable). In other words, all solutions of the system
X(t) = AX(t) + B the same stability properties. Therefore, for studying stability it suffcies
to study the homogeneous system,

We center on the two dimensional case n = 2, that is, in systems with two variables of the
form

(5.1) {$ = anx + apy + by,
Yy = a1 + a2y + bg.
where
ailr aig
0.
ag1 A22 7&

Let A1, A2 be the roots (real or complex) of the characteristic polynomial of A, that is, of
the equation

pA()\) = |A - )\IQ| = 0.
We have the following cases (the general solution is that of the homogeneous system):
(1) A\; # Ag arereal (A is diagonalizable). Let vi € S(A;) and vy € S(\y) be eigenvectors.
Then, the general solution is

X(t) = CreMtvy + Cher?tvy,.

(2) =X =\
(a) A is diagonalizable. Let vq, vy € S(A) two independent eigenvectors. Then, the
general solution is

X(t) = €At(01V1 + CQVQ).
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(b) A is not diagonalizable. Let v € S(\) the only independent eigenvector corre-
sponding to A, and let w another vector satisfying

(A—AL)w =v.
Then, the general solution is
X(t) = 6/\t<01V + CQW + CQtV).

(3) M1 = a+1if8, Ay = a — i, with  # 0. Then, there are non trivial vectors v and w
such that the general solution is'

X (t) = e™Cy(wcos Bt — vsin Bt) + e**Cy(w sin Bt + v cos Bt).

Using this we can deduce the asymptotic behavior of the solutions.

(1) Ay # g are real.

(a) A1, A2 < 0. The equilibrium is globally asymptotically stable. It is called an
stable node.

(b) A1 < 0 < Ag. The equilibrium is unstable, but solutions for which Cy = 0 con-
verges to X°. We say that X is a saddle point. Initial conditions Xy = (g, yo)
from which the corresponding solution converges form the stable manifold, and
it is given by the eigenspace S(A;).

(¢) A1, A2 > 0. The equilibrium is unstable. It is called an unstable node.

(2) A1 = A2 = A. The equilibrium is g.a.s. iff A < 0. In this case it is called an improper
stable node. In the case A > 0 the system is unstable. In the case A = 0, the system
is in fact the trivial system & = 0, y = 0, which is not interesting.

(3) M = a+if, Ay = a—if, with  # 0. Notice that the two functions w cos t — v sin 5t
and w sin St + v cos 5t are periodic functions with period 27/

(a) The real part o = 0. The solution oscillates around X° with constant amplitude.
It is said that X° is a center. It is stable, but not g.a.s.

(b) The real part v < 0. The solution oscillates with a decreasing amplitude towards
X9 hence it is g.a.s. and it is called an spiral point.

Figure 5 illustrate some of the most important cases. The draws are the phase space of

some particular linear systems that show different stability patterns. Continuous lines are

solutions (z(t), y(t)) of the system, but represented in the xy plane, once the time variable ¢

is eliminated ¢. Grey small arrows indicate the direction field as determined by the system
and point into the direction of displacement of the solutions. The vectors are tangent to the
solutions curves in the xy plane.

IThe vectors can be obtained as solutions to the (complex) linear system (A — (a + i8)I2)(v + iw) = 0.

We are not interested in how to find these vectors, but it can be proved that they satisfy

(2A—abL)*+ B°L)v=0, w= %(QA —aly)v.
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(c) Center (d) Stable spiral

FIGURE 5. Phase diagram

In the following theorem, note that the assumption |A| # 0 implies that 0 is not an
eigenvalue of A. On the other hand, since the dimension of A is 2, if A has complex
eigenvalues, then they have the same real part, as they are conjugate numbers.

Theorem 5.3. The equilibrium point of the system (5.1) is

(1) Asymptotically stable, if the eigenvalues of A have negative real part;
(2) Stable, but not asymptotically stable, if the eigenvalues of A have null real part;
(3) Unstable. if some of the eigenvalues has positive real part.

Example 5.4. Determine the behavior of solutions near the origin for the system

T = 3xr — 2y,
Y =2z — 2y.

Find the general solution.
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SOLUTION: The coefficient matrix
3 =2
a=(5 )

3—A -2
2 —2—-A
and therefore the eigenvalues are —1 and 2. Therefore the origin is an unstable saddle point.

To find the solution, we need the eigenvectors associated to the eigenvalues, and they are
found by solving the homogeneous system

(%0 20 ()=(5)

4U1 — 2U2 = 0, 2’01 — Uy = 0.

has characteristic equation

=M -2

For A = —1

and an eigenvector associated to Ay = —1is v; = (1,2). When A =2
V1 — 21}2 = 0, 2U1 - 4U2 = 0,

which gives vo = (2,1). The general solution to the system is

(o) e (3 ) e (T)

Example 5.5. Determine the behavior of solutions near the origin for the system

X(t) = ( 0 >X(t).

SOLUTION: The characteristic equation is
N —4X+(3-1b)=0.

The solutions are
Al =2+V1+0, A =2—+v1+0.

Note that b < —1 implies that A, Ay are both complex, with real part a = 2 > 0, and that
b > —1 gives Ay > 0 for all b, hence the origin is unstable for all b. However, Ay < 0 for
b > 3, hence for these values of b the origin is an unstable saddle point.

Example 5.6. Determine the behavior of solutions near the origin for the system

—a —1

X(t) = ( L >X(t).

SOLUTION: The characteristic equation is
N +2a\+a*+1=0,
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with solutions
1
Mo = 5(—2(1 +V4da? —4a? —4) = —a=+1.

The real part is &« = —a, thus the origin is a g.a.s. spiral for a > 0, a center for a = 0 and it
is an unstable spiral for a > 0.

5.2. Nonlinear systems. Consider the two dimensional nonlinear system
& = P(z,y),
y=Q(z,y).

We want to study the stability properties of the equilibrium points of the system. We
will use for this a technique that consists in substituting the non—linear system for another
that is linear, and that constitutes a local approximation near the equilibrium point of the
original system. Then, we will apply, if possible, Theorem 5.3.

The linearization of the non-linear system around the equilibrium point (z° 3°) is the
linear system

(5.2)

_op

0
y 0,0 0,0
u_ax<x7y)u+ay(x7y>va
(5:3) o0Q oQ
_ %0 .0 Z%.0 0
U_ax(‘r’y)u—i_ay(xay)q}

We call the matrix

the Jacobian matriz of the system (5.2).
Example 5.7. The system

T=Y -,
. 5a?
y=-v+ 4+ 22
has three equilibrium points, that is, there are three solutions of the equations
0=y —ux,
2

(0,0), (1,1) and (4,4). The linearization of the system about the different equilibrium points
can be computed as follows. The partial derivatives are
Px(xay>:_17 Py(xay) :17

40
Qx@ay)=~G5:%55, Qy(r,y) = —1.
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Hence, the Jacobian matrices are

A(O,O):(—Ol _11), A(l,l):(_gl _11), A(4,4>=(21 _11)7

5
and the associated linear systems are

: U= —1u U= —1u

4= —u—+v +v +v
. ) . 8 ) . 2 ’
v=u—v V=—-uU—"U0 U=—-uU—"10

5 5
respectively. Hence, the linearization depends on the equilibrium point.

Theorem 5.8. Let (2°,9y°) be an isolated equilibrium point for the nonlinear system (5.2)
and let A = A(2°,4°) be the Jacobian matriz for linearization (5.3), with |A] # 0. Then
(2°,4°) is an equilibrium point of the same type as the origin (0,0) for the linearization in
the following cases.

(1) The eigenvalues of A are real, either equal or distinct, and have the same sign (node).
(2) The eigenvalues of A are real and have opposite signs (saddle).
(3) The eigenvalues of A are complex, but not purely imaginary (spiral)

Therefore, the exceptional case is when the linearization has a center. The structure for
the nonlinear system near the equilibrium points mirrors of the linearization in the non—
exceptional cases.

Example 5.9. The nonlinear system

. 3 .
T==-Yy—x, Y=,

0 -1
=V )
at the origin (0,0), which has imaginary eigenvalues +i, and hence (0,0) is a center for the
linearization. This is the exceptional case in the theorem, thus we cannot assure that the

nonlinear system had a center at (0,0) based in the associated linear system. Actually, it is
possible to show that (0,0) is an asymptotically stable spiral for the non-linear system.

has Jacobian matrix

Theorem 5.10. If (0,0) is a globally asymptotically stable equilibrium point for (5.3), then
it 1s locally asymptotically stable for (5.2).

Example 5.11. Consider the nonlinear system
t=-20+3y+ay, §=-—x+y— 2y’

which has an isolated critical point at (0,0). The Jacobian matrix at the origin is

as (2

and it has eigenvalues —% + (\/75)@ Thus the linearization has an asymptotically stable spiral
at (0,0), and thus the nonlinear system has an asymptotically stable spiral at (0,0).
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Example 5.12. The system

¥ =y(p2 — Kay)
models two populations governed by the logistic equation that does not interact to each
other. Here p; is the growth rate and p;/k; is the saturation level. When both species
are present, they compete for a limited amount of available food. To capture the effect of
competition, we modify the growth rate factor by —a;y and —asx respectively, where «; is
a measure of the effect of one of the species on the other. The system modifies to

{;fc =z(p — K1)

& =z(p1 — K1z — oY)
Y = y(p2 — Koy — o)

Suppose that p; = 1, po = 0.75, k1 = ke = 1, @y = 1 and ay = 0.5. There are four
equilibrium points: (0,0) (extinction of both species), (0,0.75) (extinction of population z),
(1,0) (extinction of population y), and (0.5,0.5) (long-term survival of both species).

Let us study the stability properties of the equilibrium points. The Jacobian matrix of

the system is
- ( 2z-—y —T
A—me—(_ﬂ@ 0%—%)'

We analyze the qualitative behavior of the system around the equilibrium points. Recall
that o(A) denotes the set of eigenvalues of A.

e (0,0). o(A) = {1,0.75}, thus the origin is an unstable node of both the linear and
the nonlinear system.

e (1,0). o(A) = {—1,0.25} and it is a saddle point. The stable manifold is the line
trough (1,0) in the direction v = (1,0) and the unstable manifold is generated by
vy = (4,—5). Every solution with the initial condition not in the stable manifold
depart from (1,0).

e (0,0.75). o(A) = {0.25,—0.75}, hence again it is a saddle point. The stable manifold
is generated by v; = (0,1) and the unstable manifold by vy = (8, —3).

¢ (0.5,0.5). o(A) = {—0.5 £ v/2/4}, the eigenvalues have negative real part, thus
this is a stable node. All trajectories near (0.5,0.5) converge asymptotically to the
equilibrium point of the linear and the nonlinear system.

It is possible to show that for every initial condition with positive population for both species,
the dynamical process converges to the coexistence equilibrium.
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FIGURE 6. Phase portrait, y against x.
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