Chapter

Higher-order equations, first-order system

Second-order differential equation

The general form of a second-order differential equation is:

F(t,y,y',y") =0

or in the normal form: Y" = F(t,y,v').

The general solution "Y" usually depends on two parameters, A and p.

2.1.1 Second-order linear differential equations

Consider the second-order differential equation:

Y +a(t)Y +b(t)Y = c(t) (2.1)

(a) If ¢(t) = 0, equation (2.1) is a homogeneous differential equation.

(b It

we obtain Y” + aY’ + bY = ¢(t), which is a linear equation with constant

coefficients.

Theorem 2.1.1.

The general solution of a second-order differential equation is given by:

43
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Sqg = Su + Sp

Sy: Solution of the homogeneous equation.

Sp: A particular solution.

Definition 2.1.

Two solutions y; and ys of equation (2.1) are independent on an interval I if there is

no real number k& such that:

forallt € I: ys(t) = kyi(t).

Remark 2.1.1.

The two functions y; and s are independent, i.e., they are linearly independent in the

sense of vector spaces.

Definition 2.2.

Let two functions be differentiable on the interval I.

Y1, Y2 are linearly independent if and only if the determinant

yi(t) va(t)
n(t) ys(t)

is not identically zero.

Example 2.1.1.

The functions sint and cost are independent:

sint  cost . 9 . )
= —sin“t — cos“t = —(sin“t + cos“t) = =1 #0 Vi.
cost —sint

2.1.2 Second-order homogeneous linear equations

Case Where Two Independent Particular Solutions Are Known

If 41, yo are two independent solutions of the equation:

' +a(t)y’ +b(t)y =0
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the general solution is given by:

Y = \y1 + [y,

where A, o are constants.

Case Where One Particular Solution Is Known

If a particular solution y; is known, we set the change of variable y(t) = Yi(¢)v(¢).
y’(t) _ Y{U + "U/Yl, Y”(t) _ Yl//v + U/Ylf + U//Yl + Yl/ r_ Ylﬁ?} + 2Y1/U/ + U”Yl.
Substituting Y, Y’ Y” into the homogeneous equation, we obtain a second-order

differential equation for the unknown v:

y1v" + (24 +a(t)y)v' =0

We make the second change of variable "w = 0", giving:

Hence:

The general solution of the equation:

y' +a(t)y’ +b(t)y =0
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is therefore:

y(t) =y (t)v(t)
</w dt+u =y (t)/w(t)dt—{—uyl(t), p € R.

Consider the equation:

t+1)y" —2t—1)y +{t—-2y=0

We can verify that y;(t) = e’ is a particular solution.

Let us seek the general solution in the form y(t) = e'v(t):

Y (t) =ev+'e

y'(t) = v +v'el +0"e" + el = elv+ 20'e" + el
Substituting ¥, 4, y” into the homogeneous equation, we get:

(1+t)[e"(v+ 20" +0")] + (2t — D)[e’ (v + )] + (t — 2)e'v =0
et + Do+ 21+ + (1 4+t — (2t — v — (2t — 1) + (t —2)v] =0
ef(t+ 1" + V' 2(t+1) = (2t = 1)) +of(t —1) — (2t = 1)+ (t = 2)]] = 0

et +1)v" +30" +0-v] =0,
Since €' # 0 for all ¢t € R:

" / v’ -3
(t+1)v +SU:0:>U:— t# —1.

Let , we find:

w o =3 /dw / "
w 1+t 1+¢

1+1)+c

5
=
® I
o
w
=3
—_
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Hence:

A )

+ p, ApeR

Second-order non-homogeneous differential equation
with non-constant coefficients
Consider the equation:
Y+ at)y + by = e(t),  c(t) £0,
As for first-order linear equations.

Theorem 2.2.1.

The general solution of the non-homogeneous equation:

y' +alt)y’ + b(t)y = c(t)

is equal to the sum of the general solution of the homogeneous equation and a particular

solution of the non-homogeneous equation:
Sa=Su+Sp

Sa: The general solution.
Sy: Solution of the homogeneous equation.

Sp: A particular solution.
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2.2.1 Method of Variation of Parameters

The principle of this method is to consider A\ and p as functions of the variable ¢:

Suppose we seek the solution in the form:

Yp(t) = Ay (t) + pu(t)ya(t).

Explanation:

Substituting this function into the non-homogeneous equation, after simplification,

we get:
by = Ay1 + (o)
= (Nyr + YA+ 'y + yop)a
Y = Ny + N+ YA+ XYL+ 1y o+ v+ 1
= XNy + N (2y1) + My + 1"y + 1 (205) + pys .-
Thus:

N'yp + N (2yy) + Myf + 1"ya + 1 (us) + pyhy + aXyr + ayi A + ap'ya + ays + byi A + byapu
= Ny + 1"y + N (29, + ayr) + 1/ (295 + aya) + My + ay) + byr) + u(ys + ayy + bys) = c(t)

Ny + w2 + N (291 + ayn) + 1 (2y, + aye) = c(t).

Using the method of variation of constants such that:
Nyp+ply2 =0, Nyy + p'yy = c(t).

Solving this system, we obtain:

\ —c(t)ya(t) = +c(t)y
y1()ys(t) — yi (L)y(t)’ yi1()ys(t) —y

(t)ya(t)
Hence, the particular solution is given by:
Y
= dt —dt
—ult /Y1 m el [ 5 v,

Consider the equation:

"—Zy=te', y=t* a€R, tec]0,+o0f
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We first seek solutions for the homogeneous equation:
n_2 = 0 in the form y(t) =t*, «a€R
to - y - ) .
We have:

2
y=t*"—= t_2y = 2150"2,

y/ — atafl’

y' = ofa — 1),
Summing these terms, we find:

2
y”—t—2y:t lafa—1) -2l =0=ala—1)—-2=0
—a’—a—-2=0
Discriminant: A =1—4(—2) =9, thus: a; = -1, o =2.
1

o For oy = -1 =y (t) = T

o For ay = 2 = 1y(t) = t2.

Hence, the general solution of the homogeneous equation is:
9 1
yu(t) = A\y1 + py2 = X - t T ApeR.

Assume the particular solution is given by:

At ANy +p'y2 =0
yp(t) = ¥ + u(t)t?,  with derivatives N,y satisfying:

Nyp + pyy = tet

Substituting y; = 1/t, yo = %

Using Cramer’s rule (since det # 0):
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1/t
=340
—1/t* 2t
0 ¢
tet 2t 13t 1
N == = — \(t) = —€e'(—t* + 3t* — 6t + 6),
3 3 3
1/t 0
—1/t* tet t 1
= = = — = put) = =€
u 3 5 = ult) = ge
Hence:
S(t)——1 ld@¢3+3ﬂ—wﬁ+6)<+ﬂ Lo
(1) =
t\3 3
1
:gap¢?+&—6+6ﬁ+ﬁ)
1
:§é@t—6+6ﬁ)

=e'(t—2+2/t)

Thus, the general solution is:

Sa(t) =X+ (1/t) + -2 +e'(t — 2+ 2/t).

Second-order linear equation with constant coeffi-

cients

A second-order linear differential equation with constant coefficients (2nd-order LDE

with constant coefficients) is an equation of the form:

y' 4+ ay + by = c(t)

where a, b are real constants, and ¢ — ¢(t) is a given continuous function on an

interval I C R.
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We start by solving the associated homogeneous equation:

y'+ay +by=0

We look for solutions of the form:

y=ce", reR.

Substituting into the homogeneous equation (2.2), we get:
(r? 4+ ar +b)e™ =0, since e #0,Vt € R.
For a solution to exist, we must have:
r2+ar+b=0.

This equation is called the characteristic equation associated with the
homogeneous equation (2.2).

We have three cases:

(2.2)

(a) If a®> — 4b > 0, we find two distinct real roots 71 and ry. The general solution of

the homogeneous equation is then:
yg = Ae"t + pe?t, A€ R

(b) If a®* — 4b = 0, we find a double real root ry. The general solution of the

homogeneous equation is:
yn = (At +ple™, A peR
(c) If a* — 4b < 0, we find two distinct complex conjugate roots of the form:

r=a—1if3
, a, B eR.
ro =+ 13

The general solution of the homogeneous equation is:

yr = e* (A cos(Bt) + psin(ft)), a, B, 1€ R.
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Example 2.3.1.

Consider the following equation:

y'+4y +3y=0

The characteristic equation (C.E.) is:  r? +4r +3 = 0.

We have: r; = —3 and r, = —1, so the general solution is:

y=Xe '+ pe !, A p e R

2.3.1 Search for a Particular Solution for Specific Second-Order

Differential Equations

Ny n

If ¢(t) = p(t) where p(t) is a polynomial of degree "n".

e Look for a solution ¢(t) that is a polynomial of degree:

(a) If b # 0 = q(t) of degree "n".
=0, a = ¢(t) of degree "n + 1".
(b) Ifb=0 #0 (t) of d "n+1"

(c) If b=0and a = 0 = ¢(t) of degree "n + 2".
Example 2.3.2.

Consider the equation:

y'—y — 2y =27,

The characteristic equation (C.E.) is:  r* —r — 2 = 0 which admits two real roots:

ri=—1and ry =2

Hence, the general solution is:

Sa = et + pe*, A€ R
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We look for a particular solution in the form of a 2nd-degree polynomial:

yo(t) = at® + Bt +
y,(t) = 2at + 3

y;' (t) =2«
The equation becomes:

Yo =y — 2yp = 28* <= 20 — (20t + B) — 2(at® + Bt +7) = 2

= (2a — B —27) + t(—2a — 2B) + t*(—2a) = 2t*

By identification, we have:

(

20— —2y=0 v = = ——

—20-28=0 +=>{p8=1

—2a0 =2 a=-—1

\ \

Hence, the general solution is:

3
yG:)\e_t+u62t+(—t2+t—§), A\ e R

Summary of the Possible Cases
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Summarize the possible cases in the following table:

Second term c¢(t)

Particular solution y,(t)

nn

c(t) = pu(t) is a polynomial of degree "n

4
oyp(t) = qn(t), if bF#0.
§ ®Up(t) = quia(t), if b=0 and a#0.

oy, (t) = qnia(t), if b=0 and a=0.
\

c(t) = ke™ with 72 +ar + b # 0

ey,(t) = ae™; 1 is not a root.

c(t) = ke with r* +ar +b =0

(
oy, = ate™; 1 simple root.

ey, = at?e™; r double root.
\

=pu(t)et, 1 +ar+b#0

rt

oyy(t) = qn(t)e™; deg(q) =n.

W(B)e™, r?+ar+b=0

I
=

n(t)e™;  r= =% and deg(p) =n

I
=

q)=n+1.
q) =n+2.

2
t) = dcos(rt) + esin(rt)

(
oy, (t) = qnia(t)e™; deg(
cos(rt) + Bsin(rt).

[}
S
~
I
Q
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Example 2.4.1.

Consider the equation:

y" — vy — 2y = sin(2t).
The general solution is:
Sag=Xet+pe*, \peR.

The particular solution is:
Y, = aecos(2t) + Psin(2t),

with a = % and 8 = —23—0. Hence, the general solution is:

1 3
Ve = 55 cos(2t) — 20 sin(2t) + e + pe*, A\ peR.

Example 2.4.2.

Consider the equation:
' —y —2y=te' = yg = e "+ pe*, A\ pcR (2.3)

Since 1 is not a root of the characteristic equation, we look for a particular solution of

the form:

yp, = (at + B)e’.

We have:
y, = (at + o+ B)e,

Yy = (ot +2a + B)e’.

Replacing into equation (2.3), we find:

Thus, the general solution is:

1
yG = —Z(2t + ].>€t + )\e_t + M€2t7 A? lu € R
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Example 2.4.3.

Consider the equation:

y' —y — 2y = sin(2t)

The general solution of the homogeneous equation is:
yg = e b+ pe, A\ pueR.
We look for a particular solution of the form:
Yy, = accos(2t) + [sin(2t).

We have:
yz’) = —2asin(2t) + 25 cos(2t),

y, = —4ocos(2t) — 45 sin(2t).

Replacing in the equation, we get:
—2(3a + B) cos(2t) + (2a0 — 6/3) sin(2t) = sin(2t)

so that
Ja+ =0 1 3

20— 60 =1

Thus, the general solution is:

1 3
Ve =55 cos(2t) — 20 sin(2t) + Ae™' + pe*, A peR.

Homogeneous linear equation with analytic coeffi-

cients

Consider the second-order homogeneous differential equation:

Y +a(t)y + b(t)y = 0. (2.4)
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Suppose that a(t) and b(t) are given by power series (i.e., series in non-negative

integer powers of t):

+00 400
a(t) =Y axt®,  b(t) =) bit".
k=0 k=0
We look for a solution of equation (2.4) in the form of a power series:
+o00
y(t) = chtk =co+ot+cot’ + ...
k=0

Example 2.5.1.

Consider the second-order equation:
y' —ty — 2y =0. (2.5)

We seek a solution as a power series:

+oo

yi(t) = Z itk

k=0

then N N
Vi) = ket () =) k(k — 1)ept"
k=1 k=2

Substituting v, y1, and y; into equation (2.5) gives:

+o00 +o0 +oo
Z k(k —1)epth2 — tz ket =t — 2 Z ittt =0
k=2 k=1 k=0

+o0 +o0 +oo
— Z k’(k’ — 1)thk_2 — Z kcktk —2 chtk =0.
k=2 k=1 k=0

By changing the index in the first sum (p = k — 2 = k = p + 2), we obtain:

+00 +oo
20+ ) [(P+2)(p+ 1epaa — (p+2)e)t? =200 =2 ept? =0
p=1 p=1

—+o00
— 2¢,— 2c0+ Y [(p+ 2)(p+ 1)epia — (p+ 3)e )7 = 0.
p=1

Setting the coefficients of all powers of ¢ to zero allows us to recursively determine
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Cp,C1ye v

With initial conditions y;(0) = 1 and %}(0) = 0, we find ¢y = 1 and ¢; = 0. Then we

recursively obtain:

1 1 1
CQ—O, 63——61—0, C4—_CQ—§,.
Thus:
1
yl(t):1+t2+§t4+...
Similarly, taking a second solution of the form y(t) = Zj) at* with initial conditions

y2(0) =0, 35(0) =1,

we get ap = 0,y = 1, and by substitution in (2.5):

1
Ao = — O, ]{?:071,2,...
k1

1

= a9, =0, Qopp1 = LIk

Hence:

+o0 1 - +00 1 2 k 22
_ +1 __ _
va(t) =D ot 42@(5) =te" "
k=0

k=0

The general solution of (2.5) is:

y(t) = )‘yl(t) + :qu(t)a >‘7 e R.

Equation of Order n and Differential Systems

Recall that an n-th order differential equation involves an unknown function y(t), its

derivatives up to order n, and the variable ¢, in the form:

y™ = F(t,y,y,...,.y" V).
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2.6.1 First-Order Differential System

Definition 2.3 (Canonical System).
A system of ordinary differential equations:

(k1) (k2)
1

Fe(t,yi, Uty U1 Y2, Yoy -+ 5 Yo ,...,yn,y;,...,ygk"))zo, k=1,2,...,n, (2.6)

is called a canonical system.

The order of the system (2.6) is the number
p=kit+ke+t--+k

Integrating this system means determining the functions w1, s, ..., v, that satisfy the

equations of the system (2.6).

Definition 2.4 (Normal System).

Let y1,vs,...,y, be n differentiable functions of the variable ¢.

A first-order differential system is any system of differential equations of the form:

((dy:
—= = Fi(t e Un
élt 1<7y17 ay>

Yo
—= = F5(t e Un
dt 2<7y17 ay>

dy,
:Fnta o Yn
W Y155 Yn)

Such a system can be written in vector form as:

yi=Fi(ty), i=1...n<=y=Flty, y=|:|, y=|:1]|, F=

Yn Y, F,
where F' is continuous on a domain D C R x R™.

Theorem 2.6.1 (Existence and Uniqueness).

Let the system y' = F(t,y), where F' is continuous on a domain D C R x R"™ and has

continuous partial derivatives with respect to y;, ¢ =1,...,n, on D.
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Then, for any (ty,yo) € D, there exists a unique maximal solution u(t) satisfying the
initial condition
u(to) = yo-

2.6.2 The solution of a system of n first-order equations

A solution of the system () is a set of real differentiable functions y;(¢),. .., yn (%)

defined on the same interval I C R and satisfying for all ¢t € I:

Vo= Etan(®),0(t), . a(t). i=1,....n.
Example 2.6.1.

Let a and b be real numbers.

The functions

y1(t) = acost + bsint

, teR
y2(t) = —asint + bcost
are solutions of the system:
Y1 = Yo
Ys =
since it is easy to verify that:
y) = —asint + bcost =y
Yy = —acost — bsint = —y,

2.6.3 The Relationship Between an n-th Order Differential Equa-

tion and an n-th Order System

Let an n-th order differential equation be:

y" = F(ty,y .y ).

(n—1)

By considering the successive derivatives y,v/, ...,y as new unknown functions,

we can rewrite it as a differential system:
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y(t) = y(t) () =y'(t) = va(t)
ya(t) = v/ (1) ya(t) = y"(t) = ys(t)
.
| Ua(t) =y "V (t) (v (t) =y () = F(t.y. g ... .y Y)

Example 2.6.2.

Consider the third-order equation:

y//l — 3yl/ _ y/ + y
It can be rewritten as the differential system:
y1(t) y(t) (1) y'(t)
v =) | =|vO) | =V =nt)| =]y
ys(t) "(t) ys(t) y"(t)
Ya(t) 0 1 0
y'(t) = ys(t) =0 0 1|y
3ys(t) — y2(t) + vi(t) I =13

2.6.4 Solved Exercises

Solve the following differential equations:

(a) ¥ —4y'+3y = 2z + 1)e™®

Solution: The associated homogeneous equation is:
Y — 4y +3yn =0
with characteristic equation:

r?—4r+3=0 = r=1,3

SO

yn = Che® + Cye®®.
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