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Introduction

So far, we have studied first order linear equations
Y +p(a)y = q(z)
and second order linear equations
y' +p@)y +a(@)y = f(2).

Here we will continue with higher order linear differential equations.
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Introduction

So far, we have studied first order linear equations
Y +p(a)y = q(z)
and second order linear equations
y' +p@)y +a(@)y = f(2).
Here we will continue with higher order linear differential equations.

An n'"-order linear differential equation is an equation which can be
written in the form

Y™ 4 pua @)y 4 4 pr(@)y + pola)y = f(=) (N)
where pg, p1,-.., Prn_1, and f are continuous functions on some interval
I. Once again, the functions pg, p1,..., pn_1, are called the coefficients

and f is the forcing function or the nonhomogeneous term.
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Introduction

Definitions
Equation (N) is homogeneous if the function f on the right side is 0 for
all x € I. In this case, (N) becomes

y(n) _|_pn_1($)y(n—1) +- 4+ ($)y/ +p0(I)y -0 (H)

When f is not the zero function on I, we say that equation (N) is
nonhomogeneous.
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Introduction

Definitions

Equation (N) is homogeneous if the function f on the right side is 0 for
all x € I. In this case, (N) becomes

y(n) _|_pn_1($)y(n—1) +- 4+ (I)y’ +p0($)y -0 (H)

When f is not the zero function on I, we say that equation (N) is
nonhomogeneous.

Remark: Linearity

Our intuitive understanding is that an n'’-order differential equation is
linear when y and its derivatives appear in the equation with
exponent 1 only, and there are no “cross-product” terms such as yy/.
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Introduction

Just as in the second order case, it is often convenient to emphasize
that the left hand side of (N) can be viewed as a linear differential
operator. This is the explanation for the name linear differential
equation.
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Introduction

Just as in the second order case, it is often convenient to emphasize
that the left hand side of (N) can be viewed as a linear differential
operator. This is the explanation for the name linear differential
equation.
Letting

Lly) = y™ + po-1(2)y" ™) + - + pr(@)y + po()y,

we can write (N) as

and (H) becomes
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Introduction

Theorem 1: Existence and Uniqueness Theorem

Given the n''-order linear equation (N). Let a be any point on the
interval I, and let ag, a1, ..., a,—1 be any n real numbers. Then the
initial-value problem

y™ 4 o1 (@)y Y + -+ pr(2)y + pole)y = f(2);

y(a) = aop, y/(a) =ai,..., y(n—l) (a) = an—1

has a unique solution.

As stated when we introduced second order linear differential
equations, there is no general method for solving second or higher order
linear differential equations. However, there are methods for certain
cases which we will discuss in this lecture.
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Homogeneous Equations

Terminology

As in the second order case, we emphasize that (H)

y™ +pp_1(@)y™ Y 4 - 4 pr(x)y + po(x)y =0

is solved by the zero function y = 0. We call the zero function the
trivial solution. Our interest will be in finding nontrivial solutions.
Unless otherwise stated, when we use the term solution we will assume
this means nontrivial solution.
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Homogeneous Equations

Given any solution y = y(z) for (H) and C' a real number, then
u(z) = Cy(x) is also a solution for (H).
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Homogeneous Equations

Theorem 2

Given any solution y = y(z) for (H) and C' a real number, then
u(z) = Cy(x) is also a solution for (H).

Theorem 3

Given any two solutions y = y1(x) and y = yo(x) for (H), then
u(z) = y1(x) 4+ y2(x) is also a solution for (H).

A\,
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Homogeneous Equations

Theorem 2

Given any solution y = y(z) for (H) and C' a real number, then
u(z) = Cy(x) is also a solution for (H).

Theorem 3

Given any two solutions y = y1(x) and y = yo(x) for (H), then
u(z) = y1(x) 4+ y2(x) is also a solution for (H).

If y=vy1(x), y =y2(x),..., y = yr(x) are solutions of (H) and
Cq, Cs, ..., Cy real numbers, then

y(x) = Cry1(x) + Coya(x) + - - - + Cryr(z)

is also a solution for (H).
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Homogeneous Equations

When k = n above, we get
y(@) = Ciyi(x) + Coya(a) + - - - + Cryn ()

which has the form of the general solution for (H).
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Homogeneous Equations

When k = n above, we get
y(z) = Cryi(z) + Caya(z) + - + Cryn(z) (1)
which has the form of the general solution for (H).

We are interested in knowing when (1) will be the general solution for
As in the second order case, this will depend on the relationship
between the solutions y1, y2,..., Yn.
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Homogeneous Equations

Definition

Let y = y1(x), y = y2(x), ..., y = yn(z) be solutions for (H). Then
y1(x) ya() Yn(7)
v (x) Ya(x) Yn ()
W(z)=| (@) Ya () Yn (@)
n—1 n—'l n—1
W' @) @) @)
is the Wronskian of the solutions y1, ya, ..., Un.
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Homogeneous Equations

Theorem 5

Let y = y1(x), y = y2(x), ..., y = yn(z) be solutions of (H), and let
W (z) be their Wronskian. Exactly one of the following holds:

(i) W(z) =0 for all x € I and y1, y2, ..., yn are linearly dependent.
(ii) W(z) # 0 for all = € I which implies y1, y2, ..., y, are linearly

independent and y(z) = Ciy1(z) + Coya(z) + - - - + Cryn(z) is the
general solution of (H).
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Homogeneous Equations

Theorem 5

Let y = y1(x), y = y2(x), ..., y = yn(z) be solutions of (H), and let
W (z) be their Wronskian. Exactly one of the following holds:

(i) W(z) =0 for all x € I and y1, y2, ..., yn are linearly dependent.

(ii) W(z) # 0 for all = € I which implies y1, y2, ..., y, are linearly
independent and y(z) = Ciy1(z) + Coya(z) + - - - + Cryn(z) is the
general solution of (H).

Definition

A set {y =vy1(z), y = y2(2), ..., y = yn(x)} of n linearly independent
solutions of (H) is called a fundamental set of solutions.

A set of solutions {y1, y2,..., yn} of (H) is a fundamental set if and
only if
Wly1,y2, -, yn)(xz) #0 for all z € I.
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Homogeneous Equations with Constant Coefficients

Definition

An n'h-order linear homogeneous differential equation with constant
coefficients is an equation which can be written in the form

y™ 4 a1y D 4t agy” + ary + agy =0, (2)

where ag, a1, ..., ap_1 are real numbers.
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Homogeneous Equations with Constant Coefficients

Definition

An n'h-order linear homogeneous differential equation with constant
coefficients is an equation which can be written in the form

y™ 4 a1y D 4t agy” + ary + agy =0, (2)

where ag, a1, ..., ap_1 are real numbers.

Definitions

Given the differential equation (2), the corresponding polynomial
equation

p(r) =r"+an_ 17"+ 4+ ar+ag=0 (3)
is called the characteristic equation of (2). The n''-degree polynomial

p(r) is the characteristic polynomial. Finally, the roots of the
equation/polynomial are known as the characteristic roots.
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Homogeneous Equations with Constant Coefficients

Linearly Independent Solutions for (2)

Building off of our prior work with second order equations, we have the
following cases for linearly independent solutions:
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Homogeneous Equations with Constant Coefficients

Linearly Independent Solutions for (2)

Building off of our prior work with second order equations, we have the
following cases for linearly independent solutions:

(1) If r1, ro,..., r} are distinct numbers (real or complex), then the
distinct exponential functions y; = e"*

7y2:er2m7”'7 yk:erkm
are linearly independent.
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Homogeneous Equations with Constant Coefficients

Linearly Independent Solutions for (2)

Building off of our prior work with second order equations, we have the
following cases for linearly independent solutions:

(1) If r1, ro,..., r} are distinct numbers (real or complex), then the
distinct exponential functions y; = €%, yo = ™% ..., yp = e"**
are linearly independent.

(2) For any real number 7, the functions y; = €%, yo = ze'®, ...,
yr = x¥1e™ are linearly independent.
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Homogeneous Equations with Constant Coefficients

Linearly Independent Solutions for (2)

Building off of our prior work with second order equations, we have the

following cases for linearly independent solutions:

(1) If r1, ro,..., r} are distinct numbers (real or complex), then the
distinct exponential functions y; = €%, yo = ™% ..., yp = e"**
are linearly independent.

(2) For any real number 7, the functions y; = €%, yo = ze'®, ...,
yr = 2%~ 1e" are linearly independent.

(3) For any real numbers a and /3, the functions y;(x) = e** cos(fx),
ya2(z) = e* sin(fBx), ys3(z) = xe™* cos(fx),
ya(z) = xe*®sin(fzx), . .. are linearly independent.

Moreover, the functions in one of the groups are independent of the
functions in the other groups.

University of Houston Math 3321 Lecture 11 13 /25



Homogeneous Equations with Constant Coefficients

Examples:

1. Find the general solution of ¢ +3y” — 6y —8y =0if r =2 is a
root of the characteristic polynomial.
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Homogeneous Equations with Constant Coefficients

Examples:

1. Find the general solution of ¢ +3y” — 6y —8y =0if r =2 is a
root of the characteristic polynomial.

We write the characteristic polynomaial

p(r) =73 +3r —6r —8
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Homogeneous Equations with Constant Coefficients

Examples:

1. Find the general solution of ¢ +3y” — 6y —8y =0if r =2 is a
root of the characteristic polynomial.

We write the characteristic polynomaial

p(r) =73 +3r% —6r -8
we factor out the term (r — 2)
p(r) =13 +3r2 —6r —8 = (r — 2)(r* + 5r + 4)
Hence the roots are r = 2,r =

—1,7 = —4 and the general solution is

Yy = 01(3743r + Che ™™ + 036230
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Homogeneous Equations with Constant Coefficients

2. Find the general solution of y(4) + 29" + 9y — 2y — 10y = 0 if
r = —1 4 3i is a root of the characteristic polynomial.
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Homogeneous Equations with Constant Coefficients

2. Find the general solution of y(4) +2y" +9y" — 2y — 10y = 0 if
r = —1 4 3i is a root of the characteristic polynomial.

We write the characteristic polynomial

p(r) = 423 4912 — 2r — 10
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Homogeneous Equations with Constant Coefficients

2. Find the general solution of y(4) +2y" +9y" — 2y — 10y = 0 if
r = —1 4 3i is a root of the characteristic polynomial.

We write the characteristic polynomial
p(r) = 423 4912 — 2r — 10

Since r = —1 + 3i is a root, then r = —1 — 3i is also a root, hence
(r+1—3i)(r +1+43i) =72+ 2r + 10 is a factor of the characteristic

polynomaial.
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Homogeneous Equations with Constant Coefficients

2. Find the general solution of y(4) +2y" +9y" — 2y — 10y = 0 if
r = —1 4 3i is a root of the characteristic polynomial.

We write the characteristic polynomial
p(r) = 423 4912 — 2r — 10

Since r = —1 + 3i is a root, then r = —1 — 3i is also a root, hence
(r+1—3i)(r +1+43i) =72+ 2r + 10 is a factor of the characteristic
polynomial. Thus we have

p(r) = (r? +2r +10)(r* — 1)

and the roots of the characteristic polynomial are
r=—14+3i,r=1,r=—1. The general solution is

y = Cre “cos(3z) + Coe” “sin(3x) + Cye* + Cye”
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Homogeneous Equations with Constant Coefficients

3. Find the general solution of y(4) —y" =1y + 13y — 6y =0 if
r =1 is a root of the characteristic polynomial with multiplicity 2.
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Homogeneous Equations with Constant Coefficients

3. Find the general solution of y(4) —y" =1y + 13y — 6y =0 if
r =1 is a root of the characteristic polynomial with multiplicity 2.

We write the characteristic polynomial

p(r)=rt—r3 - 7?4+ 13r -6
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Homogeneous Equations with Constant Coefficients

3. Find the general solution of y(4) —y" =1y + 13y — 6y =0 if
r =1 is a root of the characteristic polynomial with multiplicity 2.

We write the characteristic polynomial
p(r)=rt—r3 - 7?4+ 13r -6
we factor out the term (r —1)?
p(r) = (r— 1)@ +r —6)

Hence the roots are r = 1,r = 1,r = =3,r = 2 and the general solution

18
y = C1e® 4 Coxe® 4 C3e*® + Che ™"
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze*® — 3e™2* + 4 cos(2z) + 10 is a
solution.
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze*® — 3e™2* + 4 cos(2z) + 10 is a
solution.

Since 2xe® is a solution, r = 2 must be a repeated root
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze*® — 3e™2* + 4 cos(2z) + 10 is a
solution.

Since 2xe® is a solution, r = 2 must be a repeated root
Since 3e7%* is a solution, r = —2 must be a root
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze** — 3¢™2* 4 4 cos(2x) + 10 is a
solution.

Since 2xe® is a solution, r = 2 must be a repeated root
Since 3e7%* is a solution, r = —2 must be a root
Since 4 cos(2x) is a solution, r = £2i must be complex conjugate roots
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze*® — 3e™2* + 4 cos(2z) + 10 is a
solution.

Since 2xe® is a solution, r = 2 must be a repeated root

Since 3e7%* is a solution, r = —2 must be a root

Since 4 cos(2x) is a solution, r = £2i must be complex conjugate roots
Since 10 = 10e°* is a solution, r = 0 must be a root
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze*® — 3e™2* + 4 cos(2z) + 10 is a
solution.

Since 2xe® is a solution, r = 2 must be a repeated root

Since 3e7%* is a solution, r = —2 must be a root

Since 4 cos(2x) is a solution, r = £2i must be complex conjugate roots
Since 10 = 10e°* is a solution, r = 0 must be a root

Hence we write the characteristic polynomial

p(r) = (r —2)%(r +2)(r* + 4)r = 15 — 2r° — 161> 4 32r
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Homogeneous Equations with Constant Coefficients

4. Find the homogeneous linear ODE with constant coefficients of
least order for which y = 2ze*® — 3e™2* + 4 cos(2z) + 10 is a
solution.

Since 2xe® is a solution, r = 2 must be a repeated root

Since 3e7%* is a solution, r = —2 must be a root

Since 4 cos(2x) is a solution, r = +2i must be complex conjugate roots
Since 10 = 10e°* is a solution, r = 0 must be a root

Hence we write the characteristic polynomial

p(r) = (r —2)%(r +2)(r* + 4)r =5 — 2r° — 16r% 4 32r
Hence we have the homogeneous differential equation

y© — 2y — 16y + 32y =0
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Nonhomogeneous Equations

Theorem 6

Given any two solutions z = z;(z) and z = 2z(z) for (N),

y(x) = z1(2) — z2(x)

is a solution of the reduced equation (H).
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Nonhomogeneous Equations

Let {y = yi(x), y = y2(x),..., y = yn(z)} be a fundamental set of
solutions of the reduced equation (H) and let z = z(x) be a particular
solution of (N). If u = u(x) is any solution of (N), then there exist
constants Cy, Co, ..., C, such that

u(z) = C1y1(z) + Caya(x) + - - - + Cryn(z) + 2(2).

Theorem 7 tells us that when we have

y=uy1(z), y =y2(x),..., y = yn(z) are linearly independent solutions
for (H) and z = z(z) is a particular solution of (N), then all solutions
of (N) can be expressed as

y = Cryi(x) + Caya(z) + -+ 4 Coyn(z) + 2(2). (4)
That is, (4) is the general solution of equation (N).
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Nonhomogeneous Equations

The superposition principle also holds in the n**-order equation setting.

Theorem &

Suppose z = zf(x) and z = z4(x) are particular solutions of

y™ 4 pp_1 @)y + -+ pr(2)y + po()y = f(x)
and
Y™ + 1 (@)y™ Y + - 4 1 (@)Y + po()y = g(x),

respectively, then z = z¢(x) + z4(x) is a particular solution of

y™ 4 po1(@)y Y - 4 pi (@)Y + po(2)y = fz) + ().
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Finding a Particular Solution

The method of variation of parameters can be extended to n'"-order
linear differential equations.

However, the calculations become quite difficult.
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Finding a Particular Solution

The method of variation of parameters can be extended to n'"-order
linear differential equations.

However, the calculations become quite difficult.

We will instead focus on cases where we can use the method of
undetermined coefficients. That is, we will restrict our focus to
equations of the form

n—1)

y(n) + anfly( + -+ ay” + a1y + agy = f(x)

where ag, a1,..., ap_1 are real numbers and the nonhomogeneous term
f is a polynomial, an exponential function, a sine, a cosine, or a
suitable combination of such functions.
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Finding a Particular Solution

Updating the basic table from our study of undetermined coeflicients in
the second order case we find the following for an n'’-order ODE.

A particular solution of y(”) + an,ly(”ﬂ) +tary +agy = f(x)

If fz)= try z(z) =*
CCTI A’quI
c cos Bz +d sin Bz z(z) = A cos Bz + B sin Sz

ce™ cos Ar + de®* sin Sz z(x) = Ae™ cos Pz + Be™* sin Sz

*Note: If z satisfies the reduced equation, then ¥z, where k is the least integer such that

2%z does not satisty the reduced equation, will give a particular solution
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Finding a Particular Solution

Examples:

1. Give the form of a particular solution of

y W 4+ 49" +13y" + 36y + 36y = 522e>® + 2 sin(3z) + 6.
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Finding a Particular Solution

Examples:
1. Give the form of a particular solution of

y @ 4y +13y" + 36y + 36y = 5x2e® + xsin(3z) + 6.

We first examine the homogeneous equation. The characteristic
polynomzial can be factored as

p(r) = 4 4r® + 1302 + 36r + 36 = (r+ 2)2(72 +9)

This implies that the functions Are™2%, Asxe™*, Bj cos(3z),
By sin(3x) are fundamental solutions of the homogeneous equation and,
thus, cannot be particular solutions.
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Finding a Particular Solution

Examples:
1. Give the form of a particular solution of

y @ 4y +13y" + 36y + 36y = 5x2e® + xsin(3z) + 6.

We first examine the homogeneous equation. The characteristic
polynomzial can be factored as

p(r) = 4 4r® + 1302 + 36r + 36 = (r+ 2)2(72 +9)

This implies that the functions Are™2%, Asxe™*, Bj cos(3z),
By sin(3x) are fundamental solutions of the homogeneous equation and,
thus, cannot be particular solutions.

1t follows that the particular solution has the form

2= (Co + Crx + Cox?)e®® + Dy cos(3x) + Doz sin(3z) + E
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Finding a Particular Solution

2. Find the general solution of

y”’+3y”+3y'+y=3621.
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Finding a Particular Solution

2. Find the general solution of
y/// + 33/” + 3y/ +y= 3621.
We first examine the homogeneous equation.
By substitution we see that r = —1 is a root of the characteristic
polynomaial which can be factored as

p(r)y=r®+3r +3r+1=(r+1)>»

This implies that the homogeneous equation has general solution

yn = Ae ® + Bxe ® 4 Cale™®

Lecture 11 24 /25
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Finding a Particular Solution

We look for a particular solution has the form z = De**. We have
2 =2De*, 2" = 4De*®, 2" = 8De?®
By substitution into the differential equation we obtain
8De*® 4+ 12De*® + 6De*® 4+ De* = 3e%®

which simplifies to
271D=3 = D=1/9
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Finding a Particular Solution

We look for a particular solution has the form z = De**. We have
2 =2De*, 2" = 4De*®, 2" = 8De?®
By substitution into the differential equation we obtain
8De*® 4+ 12De*® + 6De*® 4+ De* = 3e%®

which simplifies to
271D=3 = D=1/9

Thus the general solution is

y=yp+z=Ae" + Bre "+ Cxle " + e
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