Problem Set 9 due November 18, at 10 AM, on Gradescope (via Stellar)

Please list all of your sources: collaborators, written materials (other than our textbook and
lecture notes) and online materials (other than Gilbert Strang’s videos on OCW).

Give complete solutions, providing justifications for every step of the argument. Points will
be deducted for insufficient explanation or answers that come out of the blue

Problem 1: For any angle «a, consider the complex number:
z=cosa+tsina

(1) Compute the product of z with the complex number 2z’ = sin« + i cos . Simplify as much as
possible! Draw z, 2’ and 2z’ on a picture of the complex plane. (10 points)

(2) Compute the product of z with the complex number w = cos 8 + isin § for any angle 3, using
the polar form of z and w. Simplify as much as possible! (5 points)

(3) Use your result from part (2) to obtain formulas for:

cos(a+ ) = ...
sin(a + ) = ...
(5 points)
Solution: We can multiply the two complex numbers distributing and using that i2 = —1:

!/

z-z = (cosa+isina)(sina +icosa)

(

= (cosasina) 4 i(sin® a + cos® a) + i* sin arcos a
(cosasina — cos asin @) + i(sin? o 4 cos? )
1

where in the last step we have used the identity cos? a + sin? &« = 1. Therefore, if 2/ = re’?, we
have:

27 = reil@th) —
hence r = |i| =1 and a + 3 = arg i = 5. We conclude that:

Z/ = ei(%_a)

In the complex plane, we see that the line bisecting the angle between z and 2’ is at exactly 45
degrees. We can plot the three points as below:



Grading rubric: 5 points for correct product, 5 points for correct drawing.

Solution: Here we can use the polar form z = ¢*® and w = ¢**. Then

aw = el

eilatB)

= cos(a+ B) + isin(a + B).

Grading rubric: 5 points for correct product with partial credit of 2.5 if computational errors.

Solution: Notice that if two complex numbers are equal then both their real and imaginary parts
are equal. Then we can write, on one hand

cos(a + B) + isin(a + ) = '@+
while on the other hand,

eleth) — ¢ioei® = (cosa + isina)(cos(B) + isin )

= (cosacos 3 —sinasin 3) + i(sin o cos B + sin B cos a)
By the “notice” above, we have equality of both the real and imaginary parts:

cos(a + ) = cosacos —sinasinf

sin(a+ ) = sinacosf + sin 3 cosa

Grading rubric: 5 points for correct formulas, 2.5 partial credit for sign/computational errors.



Problem 2: The damped harmonic oscillator (a.k.a. mass on a spring, moving in a straight line
in the presence of friction) obeys the following linear differential equation:

i / _
1 2"(t)+ 2 x'(t) + 2 xz(t) =0
mass friction coefficient spring constant

(this is math, so no need to assign units to the numbers above). The initial position is z(0) = 0
and the initial velocity is 2/(0) = 1. Find the complete solution z(t) to the second order differential
equation above by converting it into a system of two first order differential equations. Write your
answer both in terms of complex exponentials and sines and cosines, by converting from one to the
other using formula (223) of the lecture notes. (20 points)

Solution: We can convert the single second order differential equation to a system of first order
equations by defining y(¢) = 2(t). The equation is then given by

e | R
L2
The solution is then given by (see (205) in the Lecture notes):

fL‘(t)] At [0]

=e . 1
[y(t) 1 M
Next, we calculate the matrix exponential by diagonalizing. The eigenvalues of A are given by

-A 1

det(A — AId) = det [_2 9

]:)\2+2)\+2

so (solving via the quadratic formula)
A=1=q.

Then the eigenvectors are given by

1—1 1 -1—3 1+ 1 -1+
R Y R

and so the diagonalized form (calculating the inverse) is

~1+i —1—-i][-1-43 0 —i 31
A= BRI N T
2 2 0 144 | & 12
Hence since eSP57™" = §eP 51
R e et=1-9) 0 1[-5 1-1%
2 2 0 N
ot —14+¢ —1—14| |cost—tisint 0 —é i—%
2 2 0 cost +isint| | 35 %—i
_ e tcost + e tsint e tsint
a —2e tsint e tcost —etsint



Therefore by (1) above, we have in terms of sines and cosines and complex exponentials respectively:

z(t)| e lsint
y(t)| — |e“tcost—etsint
Pt N
i 1 i _ .
(151) 170 4 () et
Notice, of course, that the second entry is the derivative of first, as it should be, since y = x’.

The solution to the original second order equation is therefore

H-1-) _ L p(—1ti)

z(t) = e tsint = Te
2 2

Grading rubric: 5 points for correct system of linear equations, 5 for correct diagonalization, 5
for correct matrix exponential, 5 for correct answer (2.5 for each of the two forms).

Problem 3: Write the symmetric matrix:

S =

o Q@ O O
O OO
O O O
o O o O

explicitly as QAQT, where @Q is orthogonal and A is diagonal. Explain all of your steps (Hint:
the characteristic polynomial of a 4 X 4 matriz is a degree 4 polynomial, and therefore difficult in
general to solve; however, in the case at hand, it will be easily possible to find its roots) (20 points)

Solution: We compute the characteristic polynomial of the matrix as

-2 0 a 0
0O —-Xx 0 b
det(S — AId) = det e 0 -\ 0
0 b 0 =\
-A 0 b 0 a O
= —Adet [ 0 =X 0| +adet|-A 0 b
b 0 =X b 0 =X

where we have expanded along the first column. Then, expanding each 3 x 3 we have

= _:\ (—:\ 2olet [2_02 _02]; b det [2 _0)‘] > det +a <—a det [_b’\ _bAD
T
= A—a)A+a)A—Db)(\+Db).



From which we see the eigenvalues are A = +a, +b.
Now we can read off the eigenvectors:

[a 0 a O] [—17 —a 0 a 0 1
0 a 0 b 0 0 —a O b 0
N(s+afd) = N[0 @0 =R | N(S —ald) = N A S A
0 b 0 af 0| 0 b 0 —a 0
(b 0 a O] [0 ] -b 0 a 0 0
0 b 0 b -1 0O —-b O b 1
N(S+bId) = N | o) f=R | Ns—bi=N| 0 =R
o b o0 o] 1] 0 b 0 —b 1

And the change of basis matrix (from the eigenbasis to the standard basis) is therefore

-11 0 0
0 0 -1 1
V= 11 0 O
0 0 1 1

Notice then that V has orthogonal columns, but they are not yet orthonormal as they must be for
an orthogonal matrix. We then see we should write

1
V2
0
V:\@Q:\/ﬁ 1
V2
0

S eyl @
Sk o8k o

where Q is now orthogonal. Then the diagonal form is

S

5 = VDV = (VIQID(55Q) - QDQ"
1 1 1 1
i 0 1o o0 0 [ 0 w0
L L 9 o|]lo o -bollO0 -L 0 L
f ff 1 1fllo 0 0 b o e 0 NS
Vi Ve v V2

Grading rubric: 7.5 points for eigenvalues, 7.5 for eigenvectors, 5 for correct diagonalization form.

Problem 4: Let S be a symmetric matrix. Use the fact that S = QAQT, where Q is orthogonal
and A is the diagonal matrix of eigenvalues, to prove that any diagonal entry of .S lies between the
smallest and the largest eigenvalue of S. (Hint: write out the diagonal entries of S explicitly in
terms of the entries of Q) (15 points)



Solution:

We can write S = QAQT for an orthogonal matrix Q. Note the fact that if @ is an orthogonal
matrix, so is Q7. This follows since (QT)TQT = QQT = QQ~! = Id, where we have used the fact
that Q is orthogonal to see QT = Q~'. The consequence of this is that we can write Q7 as a matrix

QT = |V1 V2 ... Up
T
where v; = [vil Vg ... vm] are an orthonormal set of vectors. Then
[ v ... i _)\1
- R Ao o :
S=QAQ" = . , v Vg ... Uy

i Un .. || An
vl ... Avir Arvgg AlUn1
vy ... A2vU12 A2v22 A2Un2

L Un e _)\nvln A2U2p, AnUnn

In other words, the columns of AQT are the vectors v; with A; multiplying the first entry, Ao
multiplying the second, and so forth. Then we see a diagonal entry S;i of .S is

S’ii = Z A]'U,LQJ = )\11),?1 + )\2'1)1‘22 + ...+ )\nvfn
J

Since all the numbers Uizj are positive, replacing each \; with a smaller one can only decrease the

sum and replacing it with a larger one can only increase it. Thus for Agna, Avig the highest and
lowest eigenvalues we have

2 2 2 2 2 2 2 2 2
Asmall = Asmall(vil + 'U,L'z +...+ 'U,L'n) S )\1'Ul'1 + )\2'UZ‘2 + ...+ )\nvm S )\bz’g(vil + 'Uiz +...+ 'Uin) - )\big

Grading rubric: 10 points for correctly identifying the diagonal entries of .S, 5 points for correct
argument of bounds.

Problem 5: Consider the 3 x 3 symmetric matrix S such that:

[z y z]S = (v —y+22)?

INES SO



for any z, v, z.

(1) Without doing any computations on S, explain why S cannot have full rank. (5 points)
(2) Write S out explicitly. (5 points)
(3) Compute the eigenvalues and eigenvectors of S. (10 points)

(4) Does your answer in part (3) agree with part (1)? Is S positive definite, positive semi-definite,
or neither? (5 points)

Solution: The quantity (z —y 4 22)? is the energy of the matrix S. Because it is non-negative for
all z,y, z, then S is positive semidefinite. But because it can be 0 for z,y, z not all 0 (for example
forz =1,y = 3,z = 1), we conclude that S is not positive definite. Hence S has a zero eigenvalue,
hence it cannot have full rank.

Solution: When multiplying out the expression

T

[myz]Sy
z

we see the entry S; contributes the coefficient of 22 to the expression. Likewise Sa, S33 contribute
the 32, 22 terms. Sp2 contributes an xy term as does So1. Together, these must form the coefficient
of xy in (x — y + 22)? and since we know they are equal, the must both be half of it. The same
applies for the other off-diagonal entries. Thus multiplying out we have

(x —y+22)2 =22 + 9% + 422 — 20y + dzz — 4yz.

Therefore

Grading rubric: 5 points for correct, 2.5 points for correct diagonal entries.

Solution: We can calculate the characteristic polynomial as



det(S—Md) = det| -1 1-X =2
2 -2 4
1—X =2 -1 -2 -1 1-X
9 4_)\]+1det[2 4_)\]+2det[2 _2]
= 1-=N[1-NE-XN)—4+[A—4)+4]+2[2—-2(1-N)]
= (1=X)(A>=5))+A+4A
= AP +6)7
= —X(\—6)

= (I—A)det{

From which we see the eigenvalues are A = 6,0 with the latter having (algebraic) multiplicity 2.
Then the A = 0,6 eigenvectors are given (respectively) by

1 -1 2 —2 1 -5 -1 2 1
N|-1 1 =2|=R|0]|+R]|1 N|-1 -5 =2 =R |-1
2 -2 4 1 0 2 -2 =2 2

Grading rubric: 5 points for eigenvalues, 5 points for eigenvectors.

Solution: S is positive semi-definite, since all the eigenvalues are non-negative. It is not positive
definite since some of them are 0. This is in agreement with our conclusions in part 1, since positive
semi-definite matrices that are not positive definite must have 0 as an eigenvalue. This is equivalent
to having non-empty nullspace, which means the matrix cannot have full rank since it’s square.

Grading rubric: 2.5 points for each part.



