Math 2930 Worksheet Week 8

Variation of Parameters March 15th, 2019
Free Vibrations

Variation of Parameters Formulas

For a second-order nonhomogeneous equation

y' +pt)y +a(t)y = g(t)
with complementary solution
Ye = C1Y1 + C2Y2

the particular solution can be written as:

Y = ujy1 + uoys

where Yag
uf (t :—¥, ub(t
1) Y1 — Y12 2(1)

_ Y19
ylylz - Z/’lyz

Question 1. Use the method of variation of parameters to find the general solution of

1
y// +4y/ + 4y — ?6_2t



Question 2. (a) Show that y; = t? and yo = % are solutions to the homogeneous equation

2y —2y=0

(b) Find the general solution of the non-homogeneous equation
2y —2y=3t2—1

using variation of parameters. (Remember, you already have the solution to the homogeneous
problem from part (a).)



Question 3. A mass of 1 kg stretches a spring 8 cm. The mass is first pushed upward, contracting
the spring a distance of 2 cm, and then set in motion with a downward velocity of 60 cm/s. Assume
that there is no damping and no external force is applied.

(To make things easier, you can assume that g = 10m/s?. Remember to watch your units!)
(a) Find the position u(t) of the mass at any time ¢.

(b) Determine the period, frequency, and the amplitude of the motion.



Question 4. The position of a certain undamped spring-mass system satisfies the initial value
problem:

u” +2u =0, u(0) =0, u'(0) =2

(a) Find the solution of this initial value problem

For the rest of this question, I would like you to use a graphing calculator (if you have one) or
an online graphing tool (I personally recommend desmos.com). Laptops/calculators are strongly
preferred, but you may use a smartphone if you have nothing else suitable.

(b) Plot u versus t and v’ versus ¢t on the same axes.
e What do the graphs of v and v’ look like?

e What can you say about how the graphs of u and u’ are related?

(c) Now plot «’ versus u. By this I mean plot u(t) and «/(t) parametrically, with ¢ as the parameter.
This plot is known as a phase plot, and the uu’ plane is called the phase plane.

(On Desmos, parametric plots should be formatted as (z(t),y(t)))

e What is the direction of motion on the phase plot as t increases?

e What does this graph tell you about the long-term behavior of w(t)?



(d) Repeat parts (a) and (c) , but now with:

" +u +2u =0, u(0) =

e How has the phase plot changed?

e How has the long-term behavior of u(t) changed?



Question 5. It’s actually possible to combine both reduction of order and variation of parameters
at once to find the general solution of a non-homogenous second-order equation with only one part
of the homogenous solution.

(a) Show that y; =t is a solution of the corresponding homogenous equation for:

t2y" — 2ty + 2y = 4t> (1)

(b) Let y(t) = v(t)y1(t) = vt, and plug this into Equation (1) to find a equation for v(t).

(c) Solve your equation from part (b) to find v(¢). Then multiply v by y; to get the general
solution of (1). You should see that this method simultaneously finds both the second part of the
homogenous solution y and a particular solution Y.



Answer to Question 1. First, we want to solve the homogeneous problem to find y;(¢) and ya(t).
The homogeneous equation is:
y' +4y' +4y =0

Now, we find the roots of the characteristic equation:

r4+4r+4=0
(r+2?%=0
r=—2
so we have a repeated root of r = —2, and our two fundamental solutions are:

yi(t) = e, ya(t) = te™

Taking derivatives,
Yit) = —2e7%,  gh(t) = e ¥ — e

From here, there are two different (but equivalent) ways of solving for u} and uj.

Method 1: Formulas for )| and u),
The first method is to use the formulas for v} and u} given at the top of the worksheet:

u(t) =" )

Y1Yh — Yiy2

_ Y19
Y1Y5 — Y112

(My apologies to the morning sections who had a typo in those formulas). These formulas both
have the same denominator, which is known as the Wronskian, and the textbook writes using the
notation:

W ly1, y2)(t) = ya(H)ya(t) — v1()2(t)

We aren’t covering the section about the Wronskian this semester, so you don’t need to know this,
but I did want to explain the W{y1,y,] notation that does pop up in the textbook section on
variation of parameters.

Anyway, we can compute the Wronskian as:

Wiy, y2](t) = y1 (02 () — 1 (t)ya(t)
= (e_Qt) (e_Zt — 2t6_2t) — (—2t6_2t) (te_2t)
= e — 2te™ 4 2te™H

ot

Now, we can compute u} using the formula:

g () (e
W e—4t
=
t

which we can integrate to get
Uy = — ln(t) +C4



Computing uf using the formula:

—2t) (1 ,—2

;g () (™)
Up = w e—4t

;1
Uy = tfz

which we can integrate to get
-1
U2 = o + Cy

Then our general solution is:
Yy = uiyr + u2y2
y=(—In(t)+C1)e 2 + <_tl + Cb) te= 2
y=Cre 2 4 Cyte™ —In(t)e 2 — 2

Since C; can be any constant, we can also simplify a little by combining the —e~?! term into the
Cre~?! term to get:

y = Cre 2 4 COyte " —In(t)e

Method 2: System of Equations

Instead of using the formulas for v} and u}, we could also find them using the system of equations:
uiy1 +uye =0
uly) +usyh =g
substituting in y1, y2 and g for our specific problem,
uhe ™ fubte ™ =0
—oule 2 4 ol (6—21: _ 2t€—2t) _ t%e—zt

Multiplying everything by e =2,

uy +ubt =0
1

—2u3+%é(1—2ﬂ::£§

The first equation gives us
uy = —ubht

substituting that into the second equation,

1
——2tu'2+u’2—2tu’2:t—2

[
Ug—t2

which we can integrate to get



Substituting back to find u, we get

Integrating both sides,

Then our general solution is:
Y = uryr + ugy2
-2t -1 —2t
y=(—In(t)+Ci)e =" + - +Cy ) te
y = Cre 2 + Cote 2 — ln(t)e_Qt —e 2

Since C can be any constant, we can also simplify a little by combining the —e~2¢ term into the
Cie? term to get:

y = Cre 2 4+ Cyte ™ —In(t)e %

Answer to Question 2. (a) First, let’s show that y; = t? is a solution of the equation. Taking
derivatives,

y1 = t*
yr =2t
Y =2
Plugging these into the differential equation,
t2y" —2y =0
t2(2) —2(t*) =0
0=0

So y; = t? is a solution.
Now to show that yo = % is a solution. Taking derivatives,

y 1
2= 5
ys = %21
Yy = t%
Plugging these into the differential equation,
t2y — 2y =0
(2)()

0=0

So yy = % is a solution.



(b) Important: The formulas I gave you are for the case when there is no coefficient in front of 3.
Because of that, we should take our equation and divide everything by ¢? to get

2 1
" .
VopvTi e
We already have from part (a) that
1
= t2, B
Y1 Y2 /
Taking derivatives,
-1
Yy = 2t, ys = ¥e)

As with Question 1, there are two different (but equivalent) ways of proceeding here:

Method 1: Formulas for )| and uj

First, we calculate the Wronskian term (i.e. the denominator):

Wiyt y2l(t) = v1ys — Y192

Then using our formula for ), we compute

== () (5)68)

1 1

/
o = =
L7 343

Integrating to get wuq,
up =n(t) + —

Integrating both sides,

Putting this together, we get that our general solution is:
Y = ury1 + ugy2

1 t 3 1 Cy, 1 t2
=(In(t) + — +Cy | 2 40y = =012+ =4+ — =+t
Y (n()+6t2+ 1) +<3 37" 2>ty Wty o

Since we can pull the —% term into the C;t? term, an equivalent general solution is

1
y:Clt2+%+§+t21n(t)
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Method 2: System of Equations

This time I want to walk through the derivation of variation of parameters again, to show what
happens with the ¢ term out in front. You don’t need to show all of this work every time.
We want to find solutions of the form

= u1y1 + u2y2

We’ll want to plug our guess for y into the differential equation, so first let’s take the derivative
r / / /
Y = ujy1 + ugy2 + Uiy + usys

Now, since we have two functions w1 and us to solve for, but only one equation, we have an extra
“degree of freedom” to work with. In order to simplify things, we will use one of those “degrees of
freedom” to set:

uyy1 + upys =0 (2)
This leaves us with
Y = u1y) + uayh

Taking a derivative again, we get
y" = uhyh + upys +uryi + usys
So plugging this into our differential equation,

12" — 2y =t (uyy) +ubys + wyl +ugys) — 2 (urys + uye) =37 — 1

Rearranging,
£ (uiy) +yoys) +ur (P9 = 251) +ua (Pys — 240) = 36° — 1

Now, since we know that y; and ys are solutions to the homogeneous equation, the u; and us terms
are multiplied by zero, so we are just left with:

12 (uly] + uhys) = 32 —1 (3)

Equations (2) and (3) now form a system of equations that we can solve for v} and uj. Plugging
in for y; and ys, this gives the system of equations:

1
t2ul + ;u; =0
23Uy — ub = 3t* — 1
Adding t times the first equation to the second, we get that

3t3uy = 3t2 — 1

SO
gl 1
7 33
Integrating to get uy,
=In(t)+ —=+C
Uq n(t) + 622 + C1
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We can now substitute into the first equation to get:

Integrating to get o,

Putting this together, we get that our general solution is:

Y = u1y1 + uay2
2

1 t 1 Cy, 1 t
= (In(t) + — +C; | S =012+ =4+ = — = +£2In(t
Y <n()+6t2+ 1) +<3 37" 2>ty Wty

Since we can pull the —% term into the C1t? term, an equivalent general solution is

C 1
y:01t2+72+§+t21n(t)

Answer to Question 3. I'm going to do this problem symbolically, and only substitute in numbers
at the very end. It’s an old habit drilled into me by my former high school physics teacher.
Personally, I much prefer doing it this way, but you don’t have to do these problems the exact same
way that I do.

(a) First, we want to calculate the spring constant k. At equilibrium, the spring is stretched a
distance L, so there is a spring force acting upward on the mass with magnitude kL. There is also
a gravitational force on the mass of mg. At equilibrium, these forces cancel each other out, so we
have

mg—kL =20
Which we can solve for k:
mg
=T

Now that we have the spring constant k, we’ll want to use this to get a differential equation. Let
u be the displacement of the mass from equilibrium. Then the spring exerts a force on the mass of
—ku (negative since the force is in the opposite direction of the displacement). So Newton’s second
law says that:

mu” = —ku

(Note that because we are measuring u as displacement from equilibrium, we don’t have to worry

about a gravity term here).

Using our value of k = "4, we can rewrite our differential equation for u as:

mu” + %u =0
or equivalently,
u’ + %u =0
The characteristic equation here is: g
r? 4+ T~ 0



which (since g and L are positive), we can solve as follows:

Which tells us that

0= Cueo ([12) - cusm [5)

Plugging in our initial position u(0) = uy,
U(O) = Cl = UQ

And plugging in our initial velocity u/(0) = vy,

So our position wu(t) is:

= (4/30) o (21

Substituting in the actual values here, I'm going to consistently do everything in meters. The
problem statement gives us that:

up = 0.02m, vy = —0.6?, g=102, L =0.08m

s2’

0.6
Plugging this in, | u(t) = 0.02 cos (5\/515) - e (5\/515)

(b) From our solution for u(t), we have that the frequency is:

g radians
w = —_— =
L second
The period is:
2 L 2
T = il 2wy — = T seconds
w 9 55

And the amplitude is:
2L —0.6)2(0.

VA% 4+ B? = [ud + B~ \/(0.02)2 + (0610(008) meters
g

13




Answer to Question 4.
(a) We want to find the solution of

U’ 4+ 2u =0, u(0) =0,

Solving for the roots of the characteristic polynomial,

The corresponding general solution is

r?+2=0
r2 = —2

r=4+v2i

u'(0) =2

u(t) = c1 cos(V2t) + co sin(v/2t)

Plugging in the initial condition u(0) = 0,

u(0) = ¢1 cos(0) + ¢2sin(0) =0

Then plugging in the initial condition u'(0) = 2,

u'(t) = —v/2¢ sin(V/2t) 4+ V2¢5 cos(V/2t)
u'(0) = —v2¢; sin(0) + v2¢5 cos(0) = 2

So the specific solution to this IVP is

01:0

\/502:2
co =2

u(t) = V2sin(V/2t)

(b) The two functions we want to graph are

u(t) = V2sin(v/2t)
u'(t) = 2 cos(V/2t)

Graphed on the same axes, with u in blue and v’ in orange

N

'
N

N
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(c) If uw and v are plotted parametrically, the result is an ellipse:

n

N

Here, u(t) and u'(t) being periodic functions in ¢ corresponds to this being a closed curve in the
phase plane.

Increasing ¢ corresponds to travelling clockwise around the ellipse.

(d) Now we want to repeat this with
' +u +2u =0, u(0) =0, v/ (0) =2

Solving for the roots of the characteristic equation,

r24+r+2=0
—1++/1-28
r=-—-—-
2
7':7I|:\/?Z

This has corresponding general solution
u(t) = cre™t? cos(VTt) + cae /2 sin(V/7t)
Plugging in u(0) = 0 gets us that ¢; = 0, so
u(t) = coe 2 sin(V7t/)
differentiating,
u(t) = _TCZe—W sin(V7t) + VTeae 2 cos(V/Tt)

Plugging in t = 0,
u'(0) = V7cy =2
2
C) = —=

V7

So the solution to this IVP is

2 _im
Wet sin(V/7t)

Then the graph of ' versus v in the phase plane is this inward spiral:

u(t) =

15



N

N

which tells us that the solution tends toward v = 0,u’ = 0 as t — oo.

Answer to Question 5. (a) Let’s check that y; = t is a solution of the homogeneous equation.
Taking derivatives,

yp =1
yp =1
Y =0

Plugging this into the homogeneous equation,

t2y" — 2ty +2y =0
t2(0) — 2t(1) +2(t) = 0

0=0
So y1 =t is a solution of the homogeneous equation.
(b) Taking derivatives,
y=uvt
y/ =vt+

y// — ’U//t + 2/1)/
Plugging this into the differential equation, we get
12 (v"t + 21)’) — 2t (v’t + v) + 2(1)15) — 442

After cancelling out terms, we are left with

3" = 442
which we can simplify to
4
o= 2
t

(c) Normally, we would also have some v’ terms, and so would have to solve a first-order equation
in v'. However, in this case those all happened to cancel out, so to solve this we just have to

16



integrate twice:

o = 4
t
' =4In(t) + Cy
v = 4(t ln(t) - t) + Cit+ Cy

And so our general solution is:
y = vt = C1t* 4+ Cot + 4t? In(t) — 4t>

And we can simplify by combining the t? terms to get:

y = C11* 4 Cyt + 4t* 1In(t)

This method conveniently gives us both the complementary solution:
Ye = Clt2 + Cst

and the particular solution:
Y = 4% In(t)
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