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MATH 219
Spring 2025

Lecture 9
Lecture notes by Ozgiir Kisisel

Content: Basic theory of systems of first order linear equations. Homogeneous linear
systems with constant coefficients.

Suggested Problems: (Boyce, Di Prima, 10th edition)

o §7.4: 3,7
e §7.5: 9,10, 14, 17, 31
After a quick discussion of linear independence, which is a linear algebra concept, in

this lecture we will begin our investigation of systems of first order linear differential
equations.

1 Linear independence

Definition 1.1 Suppose that vy, ..., v, are vectors. A vector of the form
C1V1 + CovUg + ... + CcpU,

where ¢, ..., ¢, are constants, is called a linear combination of vy, ..., v,.

Definition 1.2 A set of vectors {vy,...,v,} is said to be linearly independent if
V1 + g+ ... +c, =0 =— cg=c=..=c¢, =0
A set of vectors which is not linearly independent is called linearly dependent.
There is an alternative formulation of linear independence. Suppose that the set is linearly

dependent. Then there exist constants ¢;..., ¢,,, at least one of which is nonzero, such that
101 + CoUg + ... + cu, = 0. Suppose that ¢; # 0. Then

CiVy = —C1V1 — .. — Ci—1Vi—1 — Ci41Vi41 — ... — CpUp
! Ci—1 Cit+1 Cn

Vi=—=——U1 — ... — Vi—1 — Vit1 — -« — —Up
Ci Ci Ci G



Therefore, a set of vectors is linearly independent if and only if none of the vectors in the
set can be expressed as a linear combination of the remaining vectors.

Example: Determine whether the set of vectors {vy, va, v3} below is linearly independent
or not:

1 3 5
V1 = 3 s Vg = 4 N V3 = 0
6 5 -9

Solution: Suppose that civ1 + covg + c3v3 = 0. Then

Cl+362+503:0
3C1+4C2:0
661+502—903:0

This is a linear system. Convert to matrix form and row reduce:

13 5 |0 1 3 5 |0

34 0 | of BatE2 iy 5 15 | 0

6 5 —9 | o] Mt g 13 —39 | 0
—R2/5—R L3 510 13Ry+R3—R 1350
=201 3 o =2EEETE 001 03] 0
0 —13 =39 | 0 000710

Hence c3 is free. In particular there are solutions of the equation other than ¢; = ¢y =
c3 = 0. This means that {vy, v, v3} is linearly dependent.

We can make a similar definition for a set of functions:

Definition 1.3 We say that a set of functions {fi(¢), ..., f.(t)} is linearly independent if
the equation ¢ f1(t) + ... + ¢, fn(t) = 0 for all ¢ implies ¢; = ¢y = ... = ¢, = 0.

Example: Show that {ef,e™* 1} is a linearly independent set of functions.

Solution: Suppose that cie! + cye™ +c3 -1 = 0 for all £. Choose some specific values of
t in order to get a 3 X 3 linear system:

=0 = ci+c+c3=0

Ca
=1 = e+ —+c3=0
e
(&1
t=—1 = —+me+c3=0
e

Now let us write these equations in matrix form and row reduce.

1 1 110 11 1 |0
e l/e 1 | o] =222 g 1/e—e 1—¢ | 0
1)e e 1 | 0| Vemri=Rs dg o1/ 1—-1/e | 0

11 1 | 0

fetofs 1) 1)e—e  1—e | O

0 0 2—e—1/e | 0



We can row reduce this system further but it is clear at this point that we will eventually
get a leading 1 in each column. Therefore there are no free variables, and the only solution
is ¢y = co = c3 = 0. Hence the given set is linearly independent.

There is another elegant way to test a set of functions for independence if the functions
have derivatives upto a certain order. Suppose that fi, ..., f,, are functions of ¢ which are
differentiable n — 1 times. In order to test them for linear independence, we start from
the equation

lel(t) + Cgfg(t) + ...+ Cnfn(t) =0
which is assumed to hold for all t. We differentiate this equation with respect to ¢, n — 1

times in order to get a linear system:

afit+cfot .. +enfn=0
afitceafs+..+ef,=0

R cnffb”_l) =0

C1f1(n_1) + Cafo

We can write this linear system in matrix form

fi f2 o fa 1 0

noh o | el o

fl(n'—l) f2(ﬁ—1) f,(l’;_l) C;z 0
If the n x n matrix above is invertible then the only solution is ¢y = ¢; = ... = ¢, = 0.
Invertibility of this matrix can be tested by looking at its determinant. Therefore let us

define

fi fo o

i i

W(f17f27‘”7fn>: : : :

fl(n—l) f2(n—1) T(Ln—l)

This determinant is called the Wronskian of f1, fa, ..., f, (as an ordered n-tuple). Notice
that the Wronskian is a function of ¢ itself. The discussion above implies:

Theorem 1.1 If the Wronskian of a set of functions is not zero even for one value of t,
then the set of functions is linearly independent.

Example: Show that {e™! €™ ™'} is independent if 71, r9, r3 are distinct.



Solution:

€T1t e’r’gt eTgt
W(e”t, 67’2157 ergt) — rlerlt T2€T2t 7,367’375
r2ert pler2t p2erst
1 1 1
rit rot rst
=ete?e3 ry 1y T3
2 2 2
o Ty T3
1 0 0
= 6(T1+T2+r3)t T To—T1 T3 —T

2 2 2 2 2

1 0 0
= e(r1+r2+r3)t(r2 — 7’1)(7’3 — 7"1) T 1 1
r? rodry T3ty
= At () ) (rg — 1) L 0 0 (Note: step simplified in source
7“% To+7T1 T3 —7T9
1 0 0
= (A2t () Y (rg — 1) (rg — 19) |71 1 0
r? re+r 1
_ €(r1+r2+r3)t(r2 _ 7’1)<7”3 . T1>(T3 . 7“2).

Since ry, 19, T3 are distinct, the Wronskian is not (actually never) zero. Therefore
{et e ™'} is linearly independent.

Exercise: By suitably generalizing the method of the previous example, show that
{em?, ...,e™'} is linearly independent if 71, ro, ..., 7, are distinct real or complex numbers.

2 Basic theory of first order linear systems

Let us first consider homogenous systems of first order linear ODE’s, namely, systems of
the form:

dx

— = A(t)x. 1
L )
Theorem 2.1 (Principle of superposition) Suppose that 2™, z® .. 2™ are solu-

tions of (1). Then any linear combination 1z + cox® + L+ e,2™ is also a solution
where ¢q, ¢s, ..., ¢, are constants.

Proof: Put c;z™ + ... + ¢, 2™ in (1) and see if it works:

Cp—
dt dt

= At)xW + 4, Az
= A(t)(c12™W + ... + cpz™)

d
%(Clw(l) + ..+ cna:(”)) =0

Therefore c;z™ + ... + ¢,z™ is a solution of (1).

4



We now want to construct a set of solutions of (1) so that any other solution is a linear
combination of them. The solutions in this set will in a sense be basic building blocks for
the space of all solutions. We want to do this in a way that we have just the necessary
number of building blocks and no redundant ones. In order to construct these solutions we
appeal to the existence-uniqueness theorem; since at this point the system is very general,
it is impossible to write down an explicit solution, so we really need this theoretical tool.
Let to be any point in the intersections of the domains of continuity of the entries of A(t).

Consider the initial value problem:

0

where the only 1 in the vector above is at the ¢-th position. By the existence-uniqueness
theorem, this initial value problem has a unique solution z(®.

2)

Theorem 2.2 The set of vector functions {2 ... 2} is linearly independent.

Solution: Suppose that c;z(M) 4+ coz® + ... + ¢, 2™ = 0. Evaluate both sides at t,. This
immediately gives us

1

&)

=0.
Cn

So each ¢; is 0 and therefore, by definition, {z("),z® .. 2} is linearly independent. II

Theorem 2.3 Every solution of the system (1) can be written as a linear combination
of M, 2@ . 2™ (in a unique way).

Proof: Suppose that x is an arbitrary solution of (1). Say
k1
z(to) = |
Ky,
Then kiz® + kozx® + ... + k,z" and z have the same value at ¢, and they are both
solutions of (1). Therefore, by the existence-uniqueness theorem

x(t) = (klx(l) + kox® + .+ knl‘(n))(t)

for all £. The uniqueness of this representation follows from the linear independence of
{2M 2@ 2M}: Indeed, suppose that x can be written as a linear combination in two
ways

r=kizW + kox® + .+ k:nx(”) = l,zM + lgx(2) + ...+ lnx(").

Subtracting the two expressions on the right from one another, we get

(ky — 1)zW + (ky — 1)@ + .+ (k, — 1,)z™ = 0.

bt



Since {zM, 2@ .. 2} is linearly independent, this relation implies that k; — I; = 0
for each i, therefore k; = [;. Hence these coefficients are uniquely determined. (An
alternative way for this last step would be to look at the initial values at t, once again.)

Definition 2.1 A linearly independent set B of solutions of (1) such that every solution
of (1) is expressible as a linear combination of elements of B is said to be a basis (or
fundamental set) for the space of solutions.

The results above say that {z(!), 2 .. 2™} constructed in the way above is a basis for
the space of solutions. This basis is not unique; solutions constructed in totally different
ways could satisfy the conditions of being a fundamental set. We can use the following
results from linear algebra to test whether or not a given set of solutions is a basis:

Theorem 2.4 (1) Any two bases for the same solution space have the same number of
elements. In particular, if A is an n X n matrix, then any basis for for the solution space
has n elements. (2) Any linearly independent set containing n solutions is a basis.

These facts imply that for an n x n linear, homogenous system, it suffices to find n
linearly independent solutions. Then every other solution is a linear combination of
these. In linear algebra jargon, one would summarize the results found above by saying
that the solution set of an n x n first order linear homogeneous system of differential
equations is a vector space of dimension n.

3 Constant coefficient systems

Consider the system 2’ = Ax where A is a constant matrix. Let us look for solutions of
this system of the form z(t) = ve* where v is a constant vector. In order for this vector
function to be a solution of the system, we must have

de  d(ve™)
dt  dt
= \ve

On the other hand 2’ = Az = AveM. So, equivalent ways of writing the condition for x
to be a solution are

AveM = \veM

Av =M

This last equation holds if and only if v is an eigenvector of A with eigenvalue A. This is
good news, because we now have a mechanism for producing some solutions of z’ = Ax:
Compute eigenvalues and eigenvectors of A. For each eigenvector-eigenvalue pair (v, \)
we have a solution z(t) = ve*. But please beware that this analysis definitely doesn’t
tell us that all solutions of the system are of this form. Instead, we will try to use the
basic theory discussed in the last section in order to find all solutions of the system, by
using these special solutions as building blocks.



Example: Solve the system

) =21 + 19

xh = x1 + 219

Solution: First, write the system in matrix form

{3 - oo

We start by finding the eigenvalues and eigenvectors of A:

det(A—)J):FI)‘ 2iA'
=(2-X?%-1
— (3-2)(1 -

Therefore the eigenvalues are \; = 3 and Ay = 1. Eigenvectors for A\; = 3 are solutions
of the system

-1 1 | O Rer, |1 =1 | O] Ri4RenRr, |1 —1 | 0O
-1 1 | 0 "o 0 | o0

1
1

The eigenvectors for \; = 3 are then v = k with k& # 0. For this pair, we can write

the solution x(M(t) = [1] et

Next, let us look at eigenvectors for Ay = 1:

110 1o 0 | of

e For this pair, we can write the

Therefore the eigenvectors for Ao = 1 are v = k {

solution #®(t) = [_11} et.

Is the set {z™), 2®} linearly independent? We can look at the Wronskian of these two

functions:
o3t et
t

W(x(l), x(Q)) —
(&

=2e* £ 0.

€3t

Therefore the set is linearly independent. Now, by the basic theory discussed in the
previous section, the system must have a fundamental set consisting of two linearly inde-
pendent solutions. And we have already found two linearly independent solutions. This
implies that all solutions of the system are

et N —et
xr =c c
1 e3t 2 et

with ¢1,c9 € R.



Example: Solve the system

1
=10
—1

—_ N =
W NN
8

—

Solution: The eigenvalues and eigenvectors of the coefficient matrix were computed in

Lecture 7. They were,

0 1 2
M=LlLv=k|=-2|; M=2,v=k|1|; X=3v=Fk|2
1 0 1

We can write three solutions associated to this data, by choosing one specific eigenvector
for each of these three eigenvalues:

1 2
W= |-2 e, @ = |1 e, 20 = [2]*
0 1
Let us check the independence of these solutions:

O €2t 2€3t
W(zW, 2@ 20)) = | —2¢t 2 2¢3

e 0 et
0 1 2
=cleMed | -2 1 2
1 01
=2e% £ 0

Since we have a set of 3 linearly independent solutions for a 3 x 3 system, they must form
a basis, again by the basic theory. Therefore all solutions of the system are

0 et 2e3t
r=c |—2e'| + ¢y |2 +c5 |2
et 0 et

where cq, ¢y, c3 € R.

Let us now consider the most general constant coefficient homogenous system 2z’ = Az,
where A is a constant n X n matrix, and analyze the possibilities that could occur in the
process above. First, suppose that the matrix A has n linearly independent eigenvectors
{oM 0@ 0™} corresponding to eigenvalues Ay, ..., A, (the \; need not be distinct). If

we set () = v®erit ag usual, then
W(x(l),x(2), ...,x(")) = |U(1)6)‘1t p@erat U(”)e)‘"t|
= €(>‘1+"'+)‘”)t rU(l) ,U(Z) v(n)’
#0

since {vM v® .. v™} is a linearly independent set. This implies that all solutions of
the system are
z = cpoWeMt + 020(2)6’\2t + ...+ cnv(”)e’\"t



Remark 3.1 Not all n x n matrices have n linearly independent eigenvectors. As a

2 11. Then

simple example, let A = [0 5

det(A— M) = (2 — M2

Therefore A has only one eigenvalue, A = 2. In order to find the corresponding eigenvec-

tors, we solve
0110
0010

The coefficient matrix is already in row echelon form. The variable vy is free and v, = 0.

Therefore, all eigenvectors are of the form v = k [é] It is clear that we can choose at

most one linearly independent eigenvector from this set. Any second eigenvector that
is chosen would be a multiple of the first one. So, it is impossible to solve the system
2’ = Ax for this matrix A, or for other matrices lacking n independent eigenvectors, by
using only the ideas above. In order to complete the story for such systems, we will need
some new ideas to be developed in the forthcoming lectures.

The following result gives us a sufficient condition for the existence of n linearly indepen-
dent eigenvectors of an n X n matrix A.

Theorem 3.1 If an n X n matrix A has n distinct eigenvalues Ay, ..., \,, then the corre-
sponding eigenvectors vV, ..., v(™ are linearly independent.

Proof: We will prove the statement by contradiction. Contrary to the claim, suppose
that {’U(l), e v(”)} is not linearly independent. Suppose that ¢ is the least number such
that v is expressible as a linear combination of the previous elements of the set. Then
we have a relation of the form

v® = o™ 4 @ 4 L4 otY
We obtain two equations from this one: First by applying A to both sides (and using
AvU) = )\ 0)) second by multiplying it by ;.

)\l'l)(l) = Cl)\l?](l) + 02)\2v(2) + ...+ Cifl)\ifl'l}(i_l)
)\ﬂ)(z) = Cl)\ﬂ)(l) + CQ)\Z"U(Z) 4+ ...+ Cl‘,l)\i’l}(iil)

Subtracting the second equation from the first one, we get
0= Cl<>\1 — )\Z)’U(l) + 02()\2 — )\1)’1)(2) + ...+ Ci—l()\i—l — )\i)U(i_l).

The set of vectors {v),v® .. v0=Y} is linearly independent since we assumed that i
was the minimal number for which there is a linear dependence. Therefore ¢;(A; —\;) =0
for all j € {1,2,...,4 — 1}. Since A\; # \;, we get ¢; = 0 for each j < ¢ — 1. This implies
v = 0 which is a contradiction. II

Remark 3.2 The sufficient condition above is by no means necessary. In other words,
it is possible that some of the eigenvalues are equal, yet there are n linearly independent
eigenvectors. A trivial example is when A = kI for some k, where [ is the identity matrix.
Then all eigenvalues are k, but any nonzero vector is an eigenvector. Hence there are n
independent eigenvectors in this case.



