Chapter Three
Systems of Linear Differential Equations

In this chapter we are going to consider systems of first order ordinary differential equations.
These are systems of the form

Xll(t) = anXl(t) + 812X2(t) + .-+ alan(t)
Xo(t) = aXa(t) + agXa(t) + ++ + AznXn(t)

Xn(t) = aniXa(t) + aXa(t) + -+ + amXn(t).

Here x1(t),...,Xn(t) are all unknown functions of t and the coefficients a;; are all constant.
We can express this system in matrix notation as

X1(t) an ain Xa(t)
&l 1
Xn(t) an1 Ann Xn(t)
or
LX) = AW

In addition, there may be an initial condition to satisfy,

X1(to) d1
Xn(to) dn
e, X(to) =d

Solving these systems will require many of the notions developed in the previous chapter.

3.1 Solution Methods for Linear Systems
Consider the initial value problem for the linear system

LX) = (RO (1.1)
X(0) = d
Suppose the n by n matrix, A, has real eigenvalues 11,...,4n With corresponding linearly
independent eigenvectors Ej,...,E,. Then the general solution to the system of equations is
given by
X(t) = C1eEy +...+CneME, (1.2)
where C4,...,C, denote arbitrary constants. We will show in a moment how this solution

was found but first, let us check that it does solve the equation. For each j, 1 <j < n, note
that, 4-(e*') = 2,4t and AE; = 4jE;. Then



%?((t) = C1eM 4By +.. . +ChetAnEn
and
[AIX(t) = A[ C1e*E; +...+Cn€MEy |
= C1eM'AE; +...+Che*"AE,
= C1€M'4E +...+Cn€ " AnEn

Clearly then, the solution (1.2) satisfies equation (1.1). We will now show how this solution
is found.

Theorem 1.1 Suppose the n by n matrix A has real eigenvalues 1,..., Ay with
corresponding linearly independent eigenvectors Ej,...,E,. Then the general solution of
(1.1) is given by (1.2)

Proof- Since the eigenvectors are linearly independent, the n by n matrix P = [El, . .,En]

whose columns are the eigenvectors, has rank equal to n. Then by theorem 2.2.3 there
exists a matrix P~ such that PP = P'P = |. In addition,

AP = [ AEy,...,AE, |
= [ME1,...,AnEn |
- PD

where D = diag[11,...,An] denotes the diagonal matrix whose diagonal entries are the
eigenvalues. Now write equation (1) as

LX) = [AIPPX().
Then
PLAdX® = PHAIPPX®).
Now P and P! are constant matrices so
—li_' _ i 19
P1EX(®) = G (PX®)
and if we let V(t) = P‘1§<(t), then our equation reduces to
%\?(t) — PHAIPY(1).
But AP = PD and so P~1[A]P = P~1PD = D and our equation reduces further to
i—) _ —
it Y(t) = DY(1).
That is,

yi(t) A1ya(t)
d : :
dt )
yn(t) Anyn(t)

This system is uncoupled since each equation in the system contains a single unknown
function. The uncoupled system is easily solved to find



y1(t) C,etMt
Y(t) = : = :
yn(t) Cnetrt
Then since Y(t) = P-IX(t),
X(t) = PY(t)
= yl(t)El +.. .+yn(t)En
= C1eME; +...+CeME,

which is what we were supposed to prove.ll

Corollary 1.1- The unique solution to the initial value problem (1) is found by choosing the
arbitrary constants C; to be the unique solution of the system of algebraic equations PC = d

where C = [C1,...,Cn]". If the eigenvectors are mutually orthogonal then the arbitrary
constants are given by

Ei-

mi

Proof- It foIIowsqfrom (3) that Y((O) = P\?(O) ~d if CiE1 +...4+CyEp = d. But recalling section
2.2.4, we see PC = C1E1 +...+CE, .

If the eigenvectors are mutually orthogonal then the arbitrary constants can be found
more easily by noting that if

C]_El +.. .+CnEn = (_'j
thenforanyil<i<n,

l

,=( 1E1+ +Cn n) E|
=CE Ei+...+CnEn-Ei
BUtE; -E; = 0ifi #j so
Clﬁl . Ei +...+CnEn . Ei = CiEi . E

Since the Ei’s are eigenvectors E - E # 0and the result is proved.l

Foreachi, 1 <i <n, e*tE; is a vector valued function of t that satisfies the system (1).
These n functions are. said to be Ilnearly dependent if there exist constants Cy,...,Cn, not all
zero, such that C;e*E; +...+Cne*'E, = O for all t. If the n functions are not Imearly
dependent, they are said to be linearly independent. Since the vectors Ey,...,Eq are linearly
independent vectors, it is clear that eMiE,, ..., eME, are linearly mdependent as functions.
Thus the system (1) has n linearly mdependent solutions.

Examples

1. To illustrate the use of theorem 1.1, we are going to consider the diffusion of a
contaminant in a 1-dimensional medium. Assume the medium is a long channel in which
the contaminant can travel from left to right or right to left but there is no diffusion in the the
transverse direction. We will think of the channel as being divided into a number of cells



with the cells being separated from one another by faces. The cells are numbered,
1 < k < n, with cell k to the right of cell k— 1 and to the left of cell k+ 1. The faces bounding
cell k are numbered as face k on the left of cell k and face k+ 1 on the right side of cell k. If
we let uk(t) denote the concentration level in cell k at time t, then conservation of
contaminant is expressed as follows,
dug(t)
dt

where flow in and flow out are the rates of mass flow through face k and face k + 1,
respectively. If we assume that Fi, the mass flow rate across face k is proportional to the
concentration gradient across face k, then we can write

Fx = Di(uk(t) — ua(t))

where Dy denotes the material dependent proportionality constant known as the coefficient
of diffusion. Then we have the following equation for the concentration in cell k

du(;[(t) = Di(Uia(t) — Uk(t)) — Disa (Uk(t) — Ukea (1))

= DiUk-1(t) — [Dk + DirJuk(t) + DirUkia(t)

If the channel is comprised of n cells then there are n ODE'’s for the n unknown
concentrations un(t). For simplicity of the example, let us suppose n = 3 and that the ends
of the channel are sealed so the contaminant can move within the channel but it can not
escape at the ends. This amounts to assuming that D1 = D4 = 0. Then the equations we
must solve are as follows

= [flowin — flow out ]

duq(t

uét( ) = —D2U1 + D2U2
duét(t) = D2U1 — [Dz + D3]U2 + D3U3
dus(t

ugt( ) = D3U2 - D3U3

If we make the additional assumption that D, = D3 = 1, then the system of equations in
matrix notation, becomes

UL (t) 11 0 U ()
% wt) [=] 1 -2 1 Ua(t)
us(t) 0O 1 -1 us(t)

Finally, let us assume that in the initial state, the concentration in cell 3 is 1 (saturated) and
the concentration in cells 1 and 2 is zero (no contaminant). Then

uz(0) 0
w© |[=| o
us(0) 1

In order to find the general solution of this system, we first find the eigenvalues and
eigenvectors for the coefficient matrix. Proceeding as we did in the previous chapter, we
find



A1=0 By = 1 |} A2=-1 E; = 0 |; A3=-3 Es = -2

Since the coefficient matrix is symmetric, the eigenvalues are all real and the eigenvectors
are mutually orthogonal. Now theorem 1.1 asserts that the general solution to this system is

ﬁ(t) = Cle’llt_E'1 + Czelztéz + C3e’13‘E3

1 -1 1
=C 1 + Coet 0 + Cge™ -2
1 1 1

We must now find values for C1,C> and Cj3 so that the initial condition is satisfied. That is,

1 -1 1 0
Ci 1 [|+Cy O +Cs3| -2 = 0
1 1 1 1

In general we would have to solve this system of algebraic equations in order to determine
the Cis but since the eigenvectors are mutually orthogonal, we have

1 1 0 1
Ci 2 [+ 2 |=| O |-] 1
1 1 1 1
or 3C1=1
Similarly, we find
2C; =1
and 6Cs;=1
Then the unique solution of the initial value problem is
1 -1 1
) = L 1t les| _
uc) = 3 1 [+ 2e 0 + 6e 2
1 1 1
-geteien
_ % _leg3

If we plot the concentrations in the three cells versus t for 0 < t < 5, we see that the

concentrations in cells 1 and 2 are nearly indistinguishable from each other and that the
concentration in cell 3 drops from 1 to 1/3 while the concentrations in the other two cells
increase to 1/3. That is, the concentration becomes the same in all three cells, which is



what we would expect to happen if the ends of the channel are sealed.
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Channel with sealed ends

If we assume Dk = 1 for all five faces and the concentration to the left of cell 1 and to the
right of cell 3 are equal to zero, this amounts to supposing that the contaminant can escape
from the channel and that both ends of the channel are contaminant free. In this case the
coefficient matrix changes to

—(D1+D2) D> 0 21 0
D2 —(Dz + D3) D3 = 1 -2 1
0 D3 —(D3 + Da) 0 1 -2
and now the eigenvalues and eigenvectors are
1
M=4y2-2 E1=| 2
1
-1
Ao = -2 Ez = 0
1
1
Aa=-J2-2 Es=| -2
1

The general solution of the system is now equal to



s - )
Ut = Cel22 2 [+Ce?| 0 |+CeelZRY _ 7
1 1 1
The unique solution to the initial value problem now becomes
1 -1 1
U(t) = %e(ﬁ_z)t 1/? + %e—z O + %e(—ﬁ—Z)t —ﬁ
1 1 1

%e(ﬁ—z)t _ %e—Zt n %e(—ﬁ—z)t
_ 1 A(V2-2)t _ 1 (-V2-2)t
| 2] retrRr - zeran]

1e(22)ty Lg2y Le(-/22)

We can see from the plot that now the concentration in all three cells tends to zero as t
tends to infinity, which means that all the contaminant eventually leaves the channel. Note
that as uz decreases, u; at first increases, followed by u;. This is because the contaminant
flowing out of cell 3 flows first into cell 2 and then from cell 2 into cell 1. Eventually, all the
contaminant flows out of the channel.
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Channel with open ends

Notice that in both of these two examples the coefficient matrices were symmetric. This was
not a coincidence. When the differential equations in the model are derived from a
conservation principle (in this case it is the conservation of contaminant) the coefficient
matrix will be symmetric. Since many of the mathematical models leading to systems of
linear ODE’s are derived from conservation laws, it is not unusual to have symmetric
coefficient matrices and correspondingly mutually orthogonal eigenvectors.

2. Let us now consider an example of an initial value problem where the coefficient matrix is
not symmetric; e.g.



us(t) [ 21 0 us(t)
& wo [=] 0o 81 || wo |
us(t) 0O 1 4 us(t)
[ W) wO) uwO | -] + % 1}
Proceeding as in the previous chapter, we find
1 -1 0
Ar=-2, E1=| 0 |; A2=-3 E»= 1 |} As=—-4, Es=| 0
0 1 1

and since the matrix is not symmetric but the eigenvalues are distinct, the eigenvectors are
linearly independent but not mutually orthogonal. The general solution to the system is

U(t) = Cle’“tﬁl + Cze’lzt_E’z + C3e’13tE3

1 -1 0
=Cie?| 0 |[+Ce¥| 1 +Cze™| 0
0 1 1

If we assume the same initial condition as in the previous examples, then in order to find the
values for C;, we have to solve the following system of algebraic equations

1-10 Ci 5
010 C: |=| 3
0 1 1 Cs 1

Then C; = C3 = % and C; = 1. The unique solution to the initial value problem is then
1 -1 0
Ut) = et i 1 a
uit) =e 0 |+ 5 e +5 e 0
0 1

1
1
—2t 1 A3t 1 ~4t
(S > e+ > (S
= ie_3t

2
1.3t 14t
ze +2e

Exercises



110 120
13 11

Let A= , A = , Az = 021 | Ay = 210
0 2 0 2

003 002

1.Solve  LX(t) = AX(t) ?((0):[ 22]

2.50lve  LX(t) = AX(D) ?((0):[ 22]

2

3.Solve LX) =AX({t) XO0)=| 1
-1

4.Solve X)) = AX(E®) XO0)=]| 1
-1

3.2 Complex Eigenvalues
In the previous section, we have considered first order systems or linear ODE’s where the
coefficient matrix had real eigenvalues. In this section we will see how to modify the
approach slightly in order to accommodate matrices with complex eigenvalues. We could
treat the case of complex eigenvalues and eigenvectors exactly as we handled the real
valued case but then the solutions to the system of ODE's would be complex valued. In
most applications, we would prefer to have real valued solutions and in order to achieve this
we will proceed as follows. If the matrix A has a complex eigenvalue 4 = « +i, with
corresponding eigenvector E=1+iv, ( E will then have complex entries), then the
conjugate of 1 will also be an eigenvalue for A and the corresponding eigenvector will be the
conjugate of E. The conjugate eigenvalue and eigenvector will be denoted by
A=a—ip, and E* =T-iv, respectively. Now e*E and eME* are two linearly independent
qutlons to the original system. However, recall that, €' = cospt +isint and hence,

eME = e@IMI[T + V]
= e™[cospt +isinBt][U + iV]
= e[ cosptU—sinptV ] +ie™[ cosptV+sinptu ]
= U@) +iV(t)

It is clear that both U(t) and \7(t) are solutions to the original system since



@B - 0o +igVw
A(e"E) = AU() +iAV(1)
so %U(t) 4 i%V(t) = AU(t) +iAV(D)

Moreover, U(t) and \7(t) are real valued and linearly independent. Thus, if we prefer to have
real valued solutions to the system of ODE'’s, we can replace the complex valued solutions
eME and eME* with the real valued solutions U(t) and V(t).

Examples

1. Consider the system

d Xl(t) _ 01 Xl(t)
dt|  x,(t) -2 2 Xa(t)

The eigenvalues for Aare A = 1+i. To find the eigenvector E correspondingto A = 1+1i, we

write
A-(1+i)l = -
| 21—

\Lvhich implies that E= [e1,€2]" with (-1—i)e1+e, =0. Thatis, e; = (1+i)e; and o
E =[1,1+i]". Note that there was no need to employ the second equation in (A— Al)E = 0,
since it must contain the same information as the first equation. Now a complex valued
solution to the system is given by

5)(('[) — e(1+i)t 1
1+i

If we prefer to have real valued solutions we note that

7<(t) = e'[cost + i sint] 1 +i 0
1 1
= e!| cost —sint +ie'( cost +sint
1 1 1 1
t|: cost :| . t|: sint :|
=@ ) + 1€ .
cost — sint cost + sint

N cost N sint
Ui(t) = € _ and Uy(t) = € _
cost — sint cost + sint

are two linearly independent real valued solutions for the system. The general real valued
solution is then given by

Hence

10



5 cost sint
X(t) = C,¢€' . + Cpet .
cost — sint cost + sint

2. Consider
X1(t) 1 30 X1(t)
% xo) |=| =310 Xa(t)
Xa(t) 004 Xa(t)

In one of the examples of the previous chapter, we found the real eigenpair
{/11 =4, E; = [0,0, 1]T} and complex eigenvalues A = 1 + 3i with complex eigenvectors
E. = [1,4,0]". Then

1
X(t) = et _j
0

is a complex valued solution for the system. A corresponding pair of real valued solutions is
found from
1 o |

X(t) = e'[cos3t +isin3t] 0 |+i| -1

0 0 /

4 1 0 4 1 0
=e'l cos3t| 0 |-sn3t| -1 +ietl sn3t] 0 |+cos3t| -1
\ 0 0 \ 0 0
B cos3t sin3t
=e€'| s&n3t +ie'l —cos3t
0 0
That is,
cos3t sin3t
Uit) =e!| sin3t |and Ua(t) = ¢! —cos3t
0 0

are two linearly independent real valued solutions for the system. The general solution is

11



0 cos3t sin3t
X(t) = Cie"| 0 |+Coel| sin3t |+Cse!l —cos3t
1 0 0

Coetcos3t + Czetsin3t
= Coelsin3t — Csetcos3t
Cle4t

Exercises

In each problem, find the real valued general solution and then find a particular solution
which satisfies the initial condition.

dow | 1 4 |o o | 3
1. Exa)_[_l 1])((0 X(O)—|:_2:|
d—) _ 4 2 - - _ —3
2 Exa)_[ e 5 :|X(t) X(O)—|: , ]
00
4
1

Xt) X0 =| o

N
o
o
-

4. 9% =1 0 2 3 Xy X0 =

ot
0 -3 2 1
2 03 -1
5 %X(t): 010 [Xt)y X0 =| o
30 2 2

3.3 Exponential of an nx n matrix A

In the first section of the first chapter, we learned that the solution of the scalar initial value
problem, X'(t) = Ax(t), x(0) = Xo, where A denotes a real number, is x(t) = e*xo for any
constant xo. We will learn in this section that this is also the solution when x(t) and X, are
vectors in R" and A is an n by n matrix. But first we must explain how to interpret e* when A
is an n by n matrix.
For any real number x, the exponential function e* can be defined as follows
1 1

e =1+x+ §x2+§x3+... (3.1)

For an n x n matrix A, we can define

12



A=lrAr LAy laz, (32

2! 3!
In the special case that A is a diagonal matrix
A1 0
A= = diag[A1,...,4n]
0 An

then (3.2) implies that

eA — = diag[et,...,eM]
0 et

We must collect a few facts about the exponential of a matrix.
e For any real numbers a and b, €2® = e?e” but for n x n matrices A and B
eMB = efeB ifandonlyif AB = BA
e For any nx n matrix A, e is invertible and the inverse is given by
@) t=er=1-A+ LA LA+ . (ie., etisinvertible for any A).

e If | denotes the n x n identity matrix, then e = €'l, and for any n x n matrix A,
e = |.

Now we can state and prove,
Theorem 3.1- For any n x n matrix A,the unique solution of the initial value problem

X'(t) = AX(t), X(0) =V

is given by X(t) = e?V.

Proof-
Ay — Vo tAV + LA+ LA 4
= 21 3l
9 (e47) = 0+ AV + A + tZ—Z!ASV ..
aTo s eas s 12 a2, 13 a3
= A[v+tAv+ TA V + jA v+...]
= A[eV]

Finally, X(0) = €™V = |V = V.l

Note the following consequences of (3.2):

13



If AV=0 then e”V=V
If A2V =0 then eV =V +tAV

— = — - - 2 —
If AV =0 then e®™W =V+tAvV+ t2—|A2v

Now suppose V is an eigenvector for A corresponding to the eigenvalue 1; i.e. (A— A1)V = Q.
Then
etAv — et(A—/ll)etMv — etlll et(A—/lI)v — e/ltet(A—/ll)v

But (A— A1)V = O and it follows that ey = V. That is
If (A— AV = 0 then €4V = eV.  (3.3)

Next, suppose V is an eigenvector for A corresponding to the eigenvalue 4, and W satisfies
(A—ADW = V. Then (A— AD)?W = (A— A1)V = 0. In that case,
etA\TV — et/llet(A—/ll)\Tv

— et/llet(A—/ll)\Tv — e/ltet(A—/ll)\Tv

= eM[W+ t(A— A)W]

= eM[W + tV]
That is,

If (A—ADW =V then e¥W = eM[W+tV] (3.4)

Finally, if v and W are as above, and U satisfies (A— A1)U = W then
(A= 2D)3% = (A— 2D)2W = (A— A1)V = 0 and in this case

Al = e gty = e’n[D’+ 4+ %V}
SO
u v/ 13 — — 2 _,
If (A—Al)U =W then el = e’“[u+tw+ %v} (3.5)

The results (3.3) to (3.5) will now be used in order to find the solution for a system of first
order linear ODE’s when the matrix A does not have a full set of eigenvectors.

3.4 Repeated Eigenvalues
The matrix

200

A=| 021

003
is immediately seen to have eigenvalues 1 = 2,2,3. We say that the eigenvalue 1 = 2 has
algebraic multiplicity 2 and A = 3 has algebraic multiplicity 1. Often, but not always, a
repeated eigenvalue like A = 2 can pose difficulties is solving the system of linear

differential equations having A as its coefficient matrix. In this example, the eigenvectors
associated with A = 2 are found as follows:

14



00O
A-21=| 001
001

This tells us that x3 = 0, while x; and x, are free so the eigenvector associated with A = 2 is
given by

X1 1
E = X2 = X1 0 + X2 1
0 0

Evidently, there are two independent eigenvectors associated with A = 2,

1 0
Elz 0 and Ezz 1
0 0

Then the geometric multiplicity of A = 2, the number of independent eigenvectors, is the
same as the algebraic multiplicity. For 2 = 3 we find

Then the general solution of the linear system X l(t) = A7<(t) is
y((t) = Cleztﬁl + Czeméz + C363tE3

Evidently, in this case that the fact that the eigenvalue A = 2 is repeated does not pose
a problem for solving the associated linear system of differential equations. On the other

hand, consider the matrix
1 1
A =

whose eigenvalues are found to be A = 2,2 but since

1 -1
A-2l =

there is only the single eigenvector
E: =
-1

we see that the algebraic multiplicity is 2 while the geometric multiplicity is just 1. In order to
solve the associated system of linear differential equations, we need another independent

15



vector. For this purpose, we look for E> satisfying
(A-2)E, = E;
Then, since E.is an eigenvector for A = 2, (A— 2I)E1 = 0and,
(A-21)%E; = (A—2)E; = 0

2
(A—2I)2=|:_1 —1] :[oo]
11 00

so any choice of E, satisfies this equation. A simple choice for E, would be,

a0

Then, according to (3.3) and (3.4), two independent solutions to X '(t) = A7((t) are given by
X1(t) = eE; = e2E,
Xo(t) = B, = e2(E, + tBy)

and the general solution to the system is

- et 1 +1t)e
X(t) = C1|: et :| + C2|: et :|

We refer to E; as a generalized eigenvector for A.

But

Additional Examples
1.Consider X /(t) = A?((t) where

110

A= 012

003
Since Ais trigngular, the eigenvalues are seen to be A1 =3 and 1, = A3 = 1. We find the
eigenvector E; = [1,2,2]" corresponding to A1 = 3and E; = [1,0,0]" corresponding to
Ao = Az = £ An additLonal independent vector is needed in order to form the general
solution to X (t) = A X(t).

If we suppose E; satisfies
(A-1Es = B,
then
(A-1)2E; = (A-)E; = 0.

Note that

16



010 002
(A-D2=] 00 2 =| 00 4
002 00 4

and it follows that (A— 1)2E3 = 0 if

for any choice of x; and x; as long as Es # E». If we choose E; = [0,1,0]" then
Xz(t) = etAEg = et(E3 + th) and

1
Xit)y=€e®| 2 |, Xot)=€'| 0 | Xst)=¢| 1
2 0

are three linearly independent solutions to X ’(t) =A ?((t).
2.Consider X /(t) = A?((t) where
1 20
A= 1 1 2
0 -11
This matrix has eigenvalue, 4 = 1 with algebraic multiplicity 3. The geometric multiplicity is 1

and the only eigenvector is El = [-2,0,1]". In order to find two more generalized
eigenvectors, we first look for E» satisfying

(A-1E;, = E;
sothat (A-1)?E; =0
Since
2 0 4
A-D*=| 0 0 O
10 -2

we see that E; = [X1,X2,X3]" must have x; + 2x3 = 0 and x; is arbitrary. The simplest choice
for B is Ep = [0,1,0]". To find another generalized eigenvector, we look for E3 satisfying

(A-1)E;3 = E»
sothat (A-1)%E; =
(A-1)2E, =

In this case, (A- I) is the zero matrix (all zeroes) so any choice for Es will work as long as
it is independent of E, and E;. The simplest choice is E, = [1,0,0]". Since we have chosen
E, and Es such that

17



(A-D%E, =0
and (A-1)%E3=0
we have three independent solutions to X '(t) = Af((t). They are
Xi(t) = eE; = e'Ey
Xo(t) = eE, = el(Ep + tBy)
Xs(t) = e*E, = e'(E3 + tBp + %tzﬁl)
and the general solution for the system is

-2 —2t 1-t2
?((t) =Cie'l 0 + Co€! 1 + C3e! t
1 t 1t2

Exercises
For each of the following matrices, find the eigenvalues and find the algebraig and
geometric multiplicity of each eigenvalue. Then find the general solution to X (t) = A X(t).

- 210 310

A = _01 _11] A= 020 As=| 030
L 00 3 00 2
311 301 301
As=| 031 As=| 030 | As=| 030
00 3 00 3 10 3

5. The Inhomogeneous Equation
The inhomogeneous version of the initial value problem (1.1) is the following

LX) = [AX® +Fo) (5.1)
X(0) = d
We already know the solution to the homogeneous equation, it is
Xu(t) = C1eMEy +...+CneME, (5.2)

where {/’Li,ﬁi t1<i< n} denote the eigenpairs for A. If we apply the method of variation

of parameters that was discussed in chapter 1, then we assume the particular solution for
(5.1) is of the form

Xp(t) = C1(t)eE; +...+Cp(t)eE, (5.3).
If we substitute (5.3) into (5.1) then we find
CL(1)EME] +...+Ch(D)EMEL = F(1).  (5.4)
This is the analogue for systems of what we encountered in chapter 1 for a single equation.

18



We can write (5.4) in matrix notation as follows
1(t)
[eMEy, - @B, || = F(v).
Ch(t)
Here [Y(t)] = [e’lltﬁl, ---,eﬂntﬁn] is the matrix whose j-th column is the j-th component of the

general homogeneous solution, 7(,- (t) = eMtE,. We refer to [Y(t)] as the fundamental matrix
for (5.1). Since the columns are independent, the fundamental matrix is invertible, hence

1(1)
| = YOI
Cn(t)
C t
and : = _[ 0[Y(s)]‘llé(s)ds
Ch (D)

Now (5.3) implies
Xo(t) = [YOIEW = YOI [ YT F@ds  (5.5)

We will illustrate with an example.

Consider the system

— 1 pd 1
The eigenpairs for this matrix are {El = |: 0 :| A =1E; = |: 1 :| Ao = 2} and
et eZt
Y(t) = 0 o2

We recall now that there is a simple formula for the inverse of a 2 by 2 matrix; i.e.,

ab d -b
it A= then Al1-_1_

where detA = ad — bc. In this case, we have
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2t 2t -t _ At
Yt e e e | e e
0 e 0 e2

and

t o t LeS_gS —tet
jo[v(s)] 1B (s)ds = jo[ . :|ds= [ 1 1en ]

5 > el e —tet
Xp(t) = [Y()]C(1) =
o = YO0 = L
_ —t+ e -2
s

This is a particular solution for the inhomogeneous system. Note that §<p(0) -0 so, if there
were initial conditions to be satisfied, these could be accommodated by choosing the
constants the homogeneous solution.

Then

It may be worth noting that it is possible to avoid dealing with the fundamental matrix
and its inverse. Consider the simpler case where the eigenvectors of A are mutually
orthogonal. Then it follows from (5.4) that for each j,

Ci(t) = me & - F(t)
where yj = <Ej . E,)_l. Then
t - -
Gi(t) = | e=(F(s)-Epds  (5.6)
0
and finally,
- - t — - - t - -
Xp(t) = p1€t By j e SE(S) « Byds+ - + pneltt Enj e S (s) « Ends
0 0

We will illustrate with an example.
Consider the system

230 | t

X®=| 320 [X)+| 0
00 2 1

This coefficient matrix has the following eigenpairs

-1 0
Ei = 1 , A1 = -1, E; = 0 |, A2=2, Es = 1 |, A3=25
0 1

Then (5.6) implies,
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t
Ci(t) = _71 IO e’sds = %et - %tet - %

t
Ca(t) = IO e25ds = % _le

2
N N - R AP S
Cit) = Ioe sds = £0 10te £5¢€
and so the particular solution is

Xo(t) = i—lt——e-t)E +(2ezt 1>E1+ ieSt——t——)Eg

2 2 50
Exercises
110 120
13 11
Let A= , A = , Az = 021 | Ay = 210
0 2 0 2
00 3 002

1. Find Xp(t) % X(t) = AIX(t) + 2 J

2. Find X,(t) % X(t) = AX(t) +

3.Find Xp(t)  4X(t) = AX®) +| 1

4. Find X,(t) % X(t) = AgX(t) +
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