Math 322
9-29-2020

Review Problems for the Final
These problems are intended to help you study. The presence or absence of a problem or topic from
this handout does not imply anything about what will or will not be on the final.

1. Write down the parametrized solution to the following system over Zg:
w+2x+y+2z=1, y+z2=2.

2. Let R be a commutative ring with identity. Prove using the definitions of transpose, matrix addition,
multiplication of a matrix by a scalar, and matrix equality that if £ € R and A and B are matrices with
entries in R, then

(kA+ B)T = kAT 4+ BT,

3. Describe the possible row reduced echelon forms for 2 x 3 real matrices.

4. Row reduce the following matrix to row-reduced echelon form over Zs:

1 4 0 2 4
31110
1 2 0 4 3

5. The real matrix A has the row reduced echelon form R:

4 —4 0 0 -3 —13 1 -1 000 -1
0 0 24 0 2 00 1 20 1
A=10 1 294 1 6 |7lo o 001 3|=%
o 0 12 0 1 00 000 0

Find:
(a) A basis for the row space of A.

(b) A basis for the column space of A.
(¢) The rank of A.

(d) A basis for the null space of A.

(e) The nullity of A.

6. Suppose F is a field and A,B € M(n,F). Suppose A and B are similar (so PAP~! = B for some
invertible matrix P € M (n, F)).

(a) Prove that AT and BT are similar.
(b) Prove that if n > 1, then A™ and B™ are similar.

7. Let A be an m X n matrix and let B be an n X p matrix. Show that the row space of AB is contained in
the row space of B.

8. Write the following matrix as a product AB where A = (z,y, 2)T and B is a 3 x 3 real matrix.

[z4+4y+ 7z 20+4+5y+8z 3z+6y+9z].
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9. Let
1 0 1
s={[I]-[1} =g o1
1 1 0

Suppose T : R? — R? is the linear transformation whose matrix is

1 -1
Tlse= |0 2
3 -1

(a) Find T'(¥)¢, where ¥ = (1,4)3.

(b) Find T(¥)sta, where ¥ = (1, 4)z.

(C) Flnd [T]std,std'

10. If A is an m x n matrix of rank n, the pseudoinverse of A is defined to be
AT = (AT A)71AT,

(a) Prove that if A is invertible, then AT = A1,

(b) Prove that (AA1)? = AAT.

(c) Show that AA™T is symmetric.

11. Find the inverse of the following matrix over Zs:

1 4 2
0 30
1 11
12. (a) Find the (classical) adjoint of
1 0 3
A=1|2 2 1| e M@3,Zs).
4 1 1

(b) Use the adjoint formula to compute A~1.

13. Let z,y € R%. An inner product is defined on R? by

@ =l ol | % ][4

(a) Compute <(3a _1)7 (15 2)>
(b) Find the length of (2, 1) relative to this inner product.
(c) Find the cosine of the angle between (4,0) and (1,1) relative to this inner product.
14. The first two vectors in the following set are orthogonal:
{(25 _35 17 2)5 (17 15 _1a 1)7 (25 137 _13 O)}
Find an othonormal set which spans the same subspace of R*.
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15. Let

1 —2 8

1 -1 5
b= =57 2 |’ ]|-16

2 -1 7

(a) Find a basis for the subspace of R* spanned by B.
(b) Find a subset of B which is a basis for the subspace of R* spanned by B.

16. Compute the determinant of the real matrix and simplify:
—4—-2k k 4-2k
44—k k 44—k
-1-k 0 11—k

17. Use Cramer’s Rule to solve the following system of linear equations over R:

z+3y =38
2c +y=-9
. 1 -3 .
18. Write 5 9 | € M(2,R) as a product of elementary matrices.

19. Let V be the subset of M(2,R) which consists of all matrices A satisfying A2 = A. Prove or disprove:
V is a subspace of M(2,R).

20. Find the eigenvalues and a complete independent set of eigenvectors for the following matrix. Find a
diagonalizing matrix P and find the diagonal matrix D.

0 0 2
A=1-3 2 3
-1 0 3

21. Prove that if A € M(n,R) and A% = 0, then 0 is an eigenvalue of A.

22. Let F be a field and let A € M(n, F'). Prove, or disprove by specific counterexample: If p is an eigenvalue
of A with eigenvector v and ¢ is an eigenvalue of A with eigenvector w, then p+ ¢ is an eigenvalue of A with
eigenvector v + w.

23. Consider the function f : R? — R? given by

f(z,y) = (v, 2y).

Check each axiom for a linear transformation. If the axiom holds, prove it. If the axiom does not hold,
give a specific counterexample.

24. Consider the function f : M(2,R) — R? given by

a b a—d
([ aD)-1=e])
Check each axiom for a linear transformation. If the axiom holds, prove it. If the axiom does not hold,
give a specific counterexample.

25. Suppose u, v, and w are vectors in a real inner product space, and
[ull =5, (u,v) =8, o] =3.
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(a) Compute (u + 2v,u — 3v).
(b) Compute ||3u + v|.
26. (a) Compute (1 +2¢,24) - (2 —14,1+1).
(b) Compute ||(2+ 3i,1—1)].
27. Explain why the complex dot product on C" is not defined by
“(a1,a2,...,ap) - (b1,ba,...,by) = a1by + agby + -+ + anby,”.

28. A parallelogram has vertices A(2,4), B(4,1), C(5,3), and D(3,6), listed counterclockwise around the
parallelogram. Find an affine transformation which takes the unit square 0 < v < 1, 0 < v < 1 onto the
parallelogram, so that the point (0,0) is mapped to A.

29. Let V be a real inner product space, and let v € V.

(a) Define
vt ={z eV | {v,z) =0}

Prove that v is a subspace of V.

(b) Define
W={zeV|{v,z)=1}

Prove that W is not a subspace of V.

30. Let A be an m X n real matrix. Show that every vector in the null space of A is orthogonal to every
vector in the row space of A.

31. Solve the linear system

32. (a) Solve the linear system

(b) As t — oo, the solution curves approach a line. What is the line?
2| |1 5||z
vy -1 3]yl

A= {i _44}

35. If A € M(n,R) is orthogonal, then det A = £1. Prove by counterexample that the converse is false.

33. Solve the linear system

34. Compute et, where

36. M is a real symmetric matrix with eigenvalues 2, —2, and 1.
(1,1,0) is an eigenvector for 2.
(1,—1,1) is an eigenvector for —2.

(a) Find an eigenvector for 1.
(b) Find a diagonalizing matrix P for M. Find P~!, and the corresponding diagonal matrix D. Find M.
37. Let



Find an orthogonal matrix O which diagonalizes A, and write down the corresponding diagonal matrix.

38. Let
-2 0 0
A=10 2 2 | € MB3R)
0o 2 -1

Find an orthogonal matrix P which diagonalizes A, and write down the corresponding diagonal matrix.
39. (a) Suppose that A € M(n,C). Prove that A + A* is Hermitian.
(b) Suppose that H € M(n,C) is Hermitian. Prove that H + H is real.

40. Every Hermitian matrix H can be written as H = A + 4 - B, where A is symmetric and B is skew-
symmetric. Show how this works with the Hermitian matrix

2 4421 3—1
4 -2 0 171
3+:7 =17 =5

41. M(n,C) is a vector space over C. Is the set S of unitary matrices in M (n,C) a subspace of M (n,C)?

42. Consider the following set of vectors in C*:
{(1 + i? 25 37 _1)7 (15 3 - 7;5 7:5 7)7 (15 17 15 1)} :
(a) Show that the first two vectors are orthogonal.

(b) Apply Gram-Schmidt to find a vector v € C* so that the vectors in the following set are mutually
perpendicular and span the same subspace as the original set.

{(1 + 7;5 2735 _1)5 (173 - i7i77)5v} .

e Simplifying the answer is pretty tedious, so if you think you understand how to do this, you might want
to stop at the point where you’ve computed all the dot products, but before you’ve combined the results
into a single vector.

43. Find a unitary matrix U that diagonalizes

5) 2—-2
a=[o 0 25

Write the corresponding diagonal matrix.

44. Find a unitary matrix U that diagonalizes

-3 0 0
A=10 2 244
0 2—-4 1

Write the corresponding diagonal matrix.

45. Find the Fourier expansion on the interval —1 < x <1 of

0 if—1<z<0
f(x)_{l ifo<z<1 -




Solutions to the Review Problems for the Final

1. Write down the parametrized solution to the following system over Zg:
w4+2r+y+2z=1 y+z=2.
Write down the augmented matrix and row reduce:
[12121] — [12012}
001 1 2|rm—=ri+2r2(0 0 1 1 2
The equations corresponding to the row reduced echelon matrix are
w+2x+z=2, y+z=2.
Thus, w =2+ 22+ 2 and y = 2z + 2. Set x = s and z = t. The solution is

w=s+2t+2, z=s, y=2t+2, z=t 0O

2. Let R be a commutative ring with identity. Prove using the definitions of transpose, matrix addition,
multiplication of a matrix by a scalar, and matrix equality that if £ € R and A and B are matrices with
entries in R, then

(kA+ B)T = kAT 4+ BT.

(kA+ B)T]; = (kA+ B)ji (Definition of transpose)
= (kA)ji + Bji (Definition of matrix addition)
= k(A);i + Bj; (Definition of scalar multiplication)
= k(AT);; + (BT); (Definition of transpose)
= (kAT);; + (BT);; (Definition of scalar multiplication)
= (kAT + BT),; (Definition of matrix addition)

Since (kA + B)T and kAT + BT are equal element-by-element, they are equal by definition of matrix
equality. O

3. Describe the possible row reduced echelon forms for 2 x 3 real matrices.

A 2 x 3 row reduced echelon matrix has either 0, 1, or 2 leading coefficients.
If there are no leading coeflicients, the only possibility is the zero matrix:

0 0 0
0 0 0"
If there is one leading coefficient, it is in the first row, and there are three possibilities:
1 * % 0 1 = 0 0 1
0 0 0|’ 0 0 0}’ 0 0 0]
(% stands for any number.)

If there are two leading coefficients, there are three possibilities:

1 0 « 1 = 0 OlOE|
01 %" |0 0 1|” |0 O 1|
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4. Row reduce the following matrix to row-reduced echelon form over Zs:

1 4 0 2 4
31110
1 2 0 4 3

1 40 2 4 . 1 40 2 4 N
31110 3111 0
120437‘3—>7‘3+47‘1 030247‘2—>T2+27‘1
1 4 0 2 4 . 1 4 0 2 4 .
0 4 1 0 3 e |01 40 2 e
0302 4™ 7% 20g 3 0 2 4|77
10 4 2 1 . 1 0 4 2 1 .
0 1402 7 o 101402 7
0 3 0 2 4|3 7372010 0 3 2 3|3 3
1 0 4 2 1 . 1 00 1 2 .
0 1402\ % 01402 0
00 1 4 1™ 7T g 01 4 1| 72T
1 00 1 2
01 0 4 3| O
001 41
5. The real matrix A has the row reduced echelon form R:
4 —4 0 0 -3 —13 1 =1 0 0 0 —1
0 0 2 4 0 2 0 0 1 2 0 1
A=130 91 24 1 6|70 0o 001 3|
0o 0 12 0 1 0 0 000 O

Find:
a) A basis for the row space of A.

b) A basis for the column space of A.

d) A basis for the null space of A.

(
(
(¢) The rank of A.
(
(e) The nullity of A.
(

a) The nonzero rows of the row reduced echelon matrix form a basis for the row space:
{(1,-1,0,0,0,-1),(0,0,1,2,0,1),(0,0,0,0,1,3)}. O

(b) The leading coefficients occur in columns 1, 3, and 5. Therefore, the first, third, and fifth columns of A
form a basis for the column space of A:

{(4,0,-1,0),(0,2,2,1),(-3,0,1,0)}. O
(¢) The rank is the dimension of the row space or the column space, so the rank is 3. 0O
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(d) A vector (a,b,c,d, e, f) is in the null space of A if and only if it’s in the null space of R. In this case, it
must satisfy

a

1 -1 0 0 0 -1 b 0

0 0 1 2 0 1 c|l |0

0O 0 0 0 1 3 d| |0

0 0 0 0 0 O e 0
f

This produces the following equations:
a—b—f=0, c+2d+f=0, e+3f=0.

Therefore, a = b+ f, c=—-2d — f, and e = —3f, so

a b+ f 1 0 1
b b 1 0 0
c| |-2a-f] , |o —9 1
al= d =b-loltd |1 [T ] o
¢ _3f 0 0 -3
f f 0 0 1

Therefore, a basis for the null space is
{(1,1,0,0,0,0),(0,0,-2,1,0,0),(1,0,-1,0,—-3,1)} O

(e) The nullity of A is the dimension of the null space of A, so the nullity is 3. O

6. Suppose F is a field and A,B € M(n,F). Suppose A and B are similar (so PAP~! = B for some
invertible matrix P € M(n, F)).

(a) Prove that AT and BT are similar.

(b) Prove that if n > 1, then A™ and B"™ are similar.
(a)
PAP™' =B
(PAP~H)T = BT
(Pfl)TATPT — BT
(PT)flATPT _ BT
(To get the last equation, I used the fact that (M 1) = (M7T)~1.) Hence, AT and B” are similar. O

(b)

n times

B" = (PAP™')" = (PAP Y (PAP Y (PAP™')...(PAP™!) = PA"P~ !

The last equality follows from the fact that all the intermediate P~ P products cancel. (If you want to
prove this rigorously, you can give an induction proof.) Hence, A" and B™ are similar. [

7. Let A be an m X n matrix and let B be an n X p matrix. Show that the row space of AB is contained in
the row space of B.



Write

P
— T =
A= .
— T =
Then
— o = +~ ™B —
— T = ~ B —
AB = . B = .
— T = —~ B —

But each riB is a linear combination of the rows of B. For example, suppose ™ = (a11,a12,...a1p)
and

— q —
— 5 =
— 5 =
Then
~ 5q -
~ 5B = N
ﬁB:[all aiz - G1p . =115 + 1258 + - + a1, 5.
— 5 =

Since the rows of AB are linear combinations of the rows of B, the rows of AB are contained in the row
space of B. Therefore, the same is true for linear combinations of the rows of AB — and hence, the row
space of AB is contained in the row space of B. 0O

8. Write the following matrix as a product AB where A = (z,y, 2)T and B is a 3 x 3 real matrix.

[t+4y+ 72z 2x+5y+8z 3x+6y+9z].

oo Ot N
O© O W
]

1
[t+4y+7T2z 2x+5y+8z 3x+6y+9z]=[z y z]|4
7

9. Let
1

SOHHIES TR

Suppose T : R? — R? is the linear transformation whose matrix is

1 -1
Tge=10 2
3 -1

(a) Find T'(¥)c, where ¥ = (1,4)5.
(b) Find T(¥)sta, where ¥ = (1,4)p5.

(¢) Find [Tstd,std-



(b) From (a),

So

1 0 1 —4
rs- o o] oa 1] eco ) <[ 7],
1 1 0 5

You could also do this by multiplying (3,8, —1)¢ by [C — std] — it’s essentially the same computation.
a

()

)
O = =

1
[T)sta,sta = [C = std][T]p,c[std — B] = [o
1

10. If A is an m x n matrix of rank n, the pseudoinverse of A is defined to be
At = (AT )1 AT
(a) Prove that if A is invertible, then AT = A1,
(b) Prove that (AA1)% = AAT.
(c) Show that AAT is symmetric.
(a) Suppose A is invertible. Then
At = (ATA)TAT — A 1(AT) AT — A7 1= A7, O
(b)
(AA*)2 = [A(AT A)71AT]? = A(AT A)"2 AT A(AT A)"1AT = A(AT )71 [(AT A)(AT A4)~1] AT =
A(ATA) LI AT = A(ATA) AT = AAT. O

(c)

(AAT)T = [A(ATA) AT = A[(ATA) 1" AT = A[(ATA)T] " AT = A(ATA) AT = AAT. O

Note: The intent is not that you should memorize the definition of the pseudoinverse. This problem is
about whether you can take a new definition and work with it together with things you already know.

11. Find the inverse of the following matrix over Zs:

|

— o
— W

— O N
| ——



1 42100 . 1 42100 .
030010 7 1030010
1 1 100 1| 373" 10 2 4 4 0 1| 3773772
1 42100 . 1 42100 .
030010 5 1010020 0
00 4 4 1 1|2 210 0 4 4 1 1| vrTR2
102120 . 102120 .
0010020 5 1010020 7 o
00 4 4 1 1|3 310 0 1 1 4 4 17771 Tos
1 0 0 4 4 2
0100 20
00 1 1 4 4
14 277" T4 4 2
0 3 0/ =]02 0|. D
111 1 4 4
12. (a) Find the (classical) adjoint of
1 0 3
A=1{2 2 1| eM(3,Zs).
4 1 1

(b) Use the adjoint formula to compute A~1.

First, I'll compute the cofactors. The (i, 7)™ cofactor is listed in the (i, 7)™ position.

7

2 1 2 1 2 2
il e [T e
0 3 1 3 1 0
—‘1 1‘—3 ‘4 1‘——11—4 —‘4 1‘——1—4
0 3 1 3 10
‘2 1"_6_4 _‘2 1"5_0 2 2"2
The adjoint is the transpose of the matrix of cofactors:
1 3 4
adj(A)= |2 4 0o|. O
4 4 2
(b) First, expanding by cofactors of the first row gives
1 0 3
A =2 2 1 :L‘f H—o‘i H+3‘i f‘:&
4 1 1
Now 37! =2 in Zs, so
1 3 4 2 1 3
A7t = A" adj(A)=2-|2 4 0| =1|4 3 0|. O
4 4 2 3 3 4
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13. Let x,y € R%. An inner product is defined on R? by

e =le al| 5 5[0

(a) Compute ((3,-1),(1,2)).

(b) Find the length of (2,1) relative to this inner product.

(c) Find the cosine of the angle between (4,0) and (1, 1) relative to this inner product.
(

a) Compute ((3,—1), (1,2)).

(b)
mmm—<@m@m_¢p1ﬂ;<§H§_ﬁ_LD
(c) First,
5 -84
mmm—<@m@W—¢uoﬂ4 B}J_@@
mmm—<@m@m_¢u1ﬂi-§Hﬂ_ﬁ,
oy =1 ol % ] 1| =2
Then

<(470)7(1=1)> _ -12
14, 0], DI vBov2'

cosf =

14. The first two vectors in the following set are orthogonal:
{(2,-3,1,2),(1,1,-1,1),(2,13,-1,0) }.
Find an othonormal set which spans the same subspace of R*.
Apply Gram-Schmidt:

(2,13, -1,0) - (2, -3,1,2)
(25 _35 17 2) ! (27 _37 15 2)

(2,13,-1,0)- (1,1, —1,1)

2,13,-1,0) —
( ) 9 ’ ) (1,1,—1,1)(1;17_171)

(1,1,-1,1) =

(2,-3,1,2) —

(2,13,-1,0)+2-(2,-3,1,2) —4-(1,1,-1,1) = (2,3,5,0).
The following set is an orthogonal set which spans the same subspace:
{(2,-3,1,2),(1,1,-1,1),(2,3,5,0) }.

The following set is an orthonormal set which spans the same subspace:

1 1 1
T = 25_351725_ 1517_171 T e
{= ) b
12

(2,3,5,0)}. O



15. Let

1 -2 8

1 -1 )
b= =52 |"|-16

2 -1 7

(a) Find a basis for the subspace of R* spanned by B.
(b) Find a subset of B which is a basis for the subspace of R* spanned by B.

(a) Construct a matrix with the elements of B as the rows and row reduce:

1 1 -5 2 10 3 -1
-2 -1 2 -1|-=|01 -8 3
8 5 =16 7 00 O 0

The nonzero rows of the row reduced echelon matrix form a basis for the row space, which in turn is
the same as the span of B. Therefore, a basis for the subspace of R* spanned by B is

{(1,0,3,-1),(0,1,-8,3)}. O

(b) Construct a matrix with the elements of B as the columns and row reduce:

1 -2 8 1 0 2
1 -1 5 N 01 -3
-5 2 -16 0 0 O
2 -1 7 0 0 O

The leading columns occur in the first and second columns. Therefore, the first and second columns
of the original matrix are independent. So a subset of B which is a basis for the subspace spanned by B is
given by

1 -2
1 -1
=57 2 D
2 -1

16. Compute the determinant of the real matrix and simplify:
—4 -2k k 4-2k
44—k k 44—k
-1-k 0 1-—k

The idea is to simplify the determinant by performing row and column operations before expanding.

—A-9% k 4—2k k0 —k
Ak k 4—k ~ Ak k 4—k -
-k 0 1—k |72 g g 1-k|TATS

0 0 —k sk

-8 k 4-k :(—k)‘_2 0‘:(—1@(%):—%2. 0

2 0 1-k




17. Use Cramer’s Rule to solve the following system of linear equations over R:

r+3y=238
20 4+y=-9
1 3 8 3 1 8
‘2 1’__5, ‘_9 1‘_35, ’2 _9’__25.
Hence,
35 —25
= — = — = — = I:l
T=_—¢ 7 and y = 5
. 1 -3 .
18. Write 9 9 | € M(2,R) as a product of elementary matrices.
Row reduce the matrix to the identity:
1 -3 — 1 -3 — 1 -3 — 10
2 2 ro —>1r9—21r1 |0 8 ’I”2—>’I”2/8 0 1 ri—ri+3re [0 1]

The elementary matrices which correspond to the row operations are

(T2—>T2—2T1): E1—|:1 0:|

-2 1
1 0
(T‘g—)’f‘g/g)! FEs = 0 1
8
1 3
(T1—>T1+37‘2)Z E3:|:0 1:|
Then
1 -3 1 0
E3E2E1{2 2}_[0 1}'
Hence,

1 3] 111 0] i1 1 0][1 0)[1 -3
B R R R P PR e B

19. Let V be the subset of M (2,R) which consists of all matrices A satisfying A2 = A. Prove or disprove
V is a subspace of M(2,R).

It’s always good to check first whether the supposed subspace contains the zero vector. {8 8} eV,
so no conclusion can be drawn.

V' is not a subspace, since it’s not closed under sums. For example,

10271080106‘/
0 1] “lo 1] 01"
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However,

o 1+ lo =10 2)er

HHE ]

It does not square to itself:

You can also show that V' is not closed under scalar multiplication. As noted earlier, [(1) ﬂ e V.
Consider
9. 1 0] |2 0
0 1| |0 2|
Then

2 01° [4 0 L[20
0 2| |0 4 0 2|°
Therefore,Q-Ll) (1)]§§V 0

20. Find the eigenvalues and a complete independent set of eigenvectors for the following matrix. Find a
diagonalizing matrix P and find the diagonal matrix D.

0 0 2
A=11-3 2 3
1 0 3
Find the characteristic polynomial:
— 0 2 _9 9
|A—zl|=|-3 2—2 3 |= (2—90)} =2-2)(2* =32+2) = —(z —2)*(z - 1).
-1 3—=x
-1 0 3—ux
The eigenvalues are 1 and 2.
For A =1,
-1 0 2 1 0 -2
A-I=|-3 1 3|—=1]0 1 -3
-1 0 2 0 0 0

If (a, b, c) denotes an eigenvector, the last matrix gives the equations
a—2c=0 and b—3c=0.

Hence, a = 2¢ and b = 3¢. Thus,

a 2
bl =c-|3
c 1
(2,3,1) is an eigenvector for A = 1.
For A =2,
-2 0 2 1 0 -1
A-2I=|-3 0 3{—=1]0 0 O
-1 0 1 0 0 O

If (a, b, c¢) denotes an eigenvector, the last matrix gives the equation
a—c=0, so a=c.
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Thus,

a 0 1
bl =b-|1|4+¢c-|0
c 0 1

(0,1,0) and (1,0, 1) are independent eigenvectors for A\ = 2.
A diagonalizing matrix is given by

2 0 1 100
P=1|3 1 0|, and D=0 2 0|. O
101 00 2

21. Prove that if A € M(n,R) and A% = 0, then 0 is an eigenvalue of A.

If A is the zero matrix, then for any nonzero vector v, I have Av = 0-v. Hence, 0 is an eigenvalue of A.
If A is not the zero matrix, then some column of A is nonzero — say it is the k' column c¢;. Now

A? = 0 means that if

o1 ) ) o1 ) )
A=|ec1 ¢ -+ ¢ -+ cp|, then A-|cg ¢ -+ ¢ -+ ¢p| =0.
L] { { L { {

In particular, I must have Ac;, = 0. Then Acy = 0 - ¢, which says that 0 is an eigenvalue of 4. O

22. Let F be a field and let A € M(n, F). Prove, or disprove by specific counterexample: If p is an eigenvalue
of A with eigenvector v and ¢ is an eigenvalue of A with eigenvector w, then p 4 ¢ is an eigenvalue of A with

eigenvector v + w.

The statement is false.
Consider the following matrix in M (2,R):

-l 2]

p =1 is an eigenvalue of A with eigenvector (1,0), because
(1 0] [1 |1
L 0 2 -

g = 2 is an eigenvalue of A with eigenvector (0, 1), because

[1 0][0 1o
L 0 2 B
However, p 4+ ¢ = 3 is not an eigenvalue with eigenvector (1,0) + (0,1) = (1,1), because

o 2] [i)=La] 7o L] e

23. Consider the function f : R? — R? given by

f(x,y) = (ZZ?,ZZ?y)
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Check each axiom for a linear transformation. If the axiom holds, prove it. If the axiom does not hold,
give a specific counterexample.

F(1,2)+ f(3,4) =(1,2) + (3,12) = (4,14), but [f[(1,2)+ (3,4)] = f(4,6) = (4,24).
Since f(1,2) + f(3,4) # f[(1,2) + (3,4)], the sum axiom does not hold.

f13-(1,2)] = f(3,6) = (3,18), but 3-f(1,2)=3(1,2) = (3,6).
Since f[3-(1,2)] # 3+ f(1,2), the scalar multiplication axiom does not hold. 0O

24. Consider the function f: M(2,R) — R? given by

a b a—d
([ a)-6=
Check each axiom for a linear transformation. If the axiom holds, prove it. If the axiom does not hold,
give a specific counterexample.

Let a,b,c,d,a’,b',c,d € R. Then
a b a a+ad b+V |\
(e )=l a)-o ([T i) -
(a+d)y—(d+d)| |(a=d)+(=d)| |a—-d n a—d|
Tl -+ ) b—c b —d |
Hence, the sum axiom holds.

b+b)—(c+) )
(e ol ])-
Let k,a,b,c,d € R. Then

(e[ 8-l D) -[52)-
e = (e ])

Hence, the scalar multiplication axiom holds. 0O

25. Suppose u, v, and w are vectors in a real inner product space, and
ull =5,  (u,v) =8, |[lv] = 3.
(a) Compute (u + 2v,u — 3v).
(b) Compute ||3u + v||.
(a)
(u+ 2v,u — 3v) = (u,u) — 3 (u,v) + 2 (v,u) — 6 (v,v) = (u,u) — (u,v) — 6 (v,v) =52 -8 —6(3%) = —-37. O
(b)
13u +v||? = Bu +v,3u+v) = 9 (u,u) + 3 (u,v) + 3 (v,u) + (v,v) = 9 {(u,u) + 6 (u,v) + (v,v) =
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9(5%) + 6(8) + 32 = 282.
Hence, ||3u + v|| = v/282. O

26. (a) Compute (1 +2¢,2i)- (2 —14,1+1).
(b) Compute ||(2+ 3i,1—1)].

(a)
(1420,2i) - (2—i,1+i) = (1+20)(2+14) + (20)(1 —4) =5i + (2+2i) =2+ 7i. O

(b)

1(243i,1—0)|=/(2+3)(2—-3))+ (1 —i)(1+i)=+15. O

27. Explain why the complex dot product on C" is not defined by
“(ar,a2,...,an) - (b1,b2,...,bn) = a1b1 + agbs + - - -+ anb,”.

Consider, for instance, (1+4,241i) € C?. The inner product of a vector with itself should be a nonnegative
real number. But if T use the definition above, I get

“A+4,2+4)-14+4,2+0)=0+)(1+0)+ (2+49)(2+1i) =3+ 6i.
The correct definition is
(a1,az2,...,an) - (b1,bo, ..., by) = a1by + azbs + -+ + apby.

This does give a nonnegative real number when a vector is multiplied by itself. 0O

28. A parallelogram has vertices A(2,4), B(4,1), C(5,3), and D(3,6), listed counterclockwise around the
parallelogram. Find an affine transformation which takes the unit square 0 < v < 1, 0 < v < 1 onto the
parallelogram, so that the point (0,0) is mapped to A.

The vectors for the sides which start at A are AB = (2,—3) and AD = (1,2). Hence, I can use the

transformation f<m> _ {_23 ﬂ m + m

(It’s okay to switch the columns of the matrix, since this will also give a transformation meeting the
requirements of the problem.) 0O

29. Let V be a real inner product space, and let v € V.

(a) Define
vt ={r eV | (vz)=0}

Prove that v is a subspace of V.

(b) Define
W={xeV]|{v,z)=1}.

Prove that W is not a subspace of V.

18



(a) Let o,y € v*. T want to show = +y € v+. Now z € v implies (v,z) = 0, and y € v implies (v, y) = 0.

Therefore
0= (v,z) + (v,y) = (v,x +y).

Hence, z +y € vt.

Let x € v+, and let k € R. I want to show that kx € v*. Now x € v* implies (v,z) = 0, so

0=Fk(v,x) = (v, kx).

Hence, kz € v=.
Therefore, v' is a subspace of V. 0O

(b) Suppose x € W, so (v,z) = 1. Then

(v,22) =2 {v,x) =2-1=2.

Hence, 2z ¢ W. Since W is not closed under scalar multiplication, W is not a subspace. 0O

30. Let A be an m X n real matrix. Show that every vector in the null space of A is orthogonal to every

vector in the row space of A.

Suppose z is in the null space of A, so Az = 0. Denoting the rows of A by r1, 7o, ...

that
— —
— r2 — T 0
. x| =
i
— Ty — 0
But this means that
ri-x=0, ro-x=0,...,rp, -x=0.

An element of the row space of A is a linear combination of the rows of A, say
r=airy + arg + -+ apTm-

Then
rr=ar-r+ary T+ o+ anrm-r=0+0+---+0=0.

Hence, z is orthogonal to every element of the row space of A. 0O

, Tm, this means

31. Solve the linear system

2—x 3 2 o _
det{ 3 2—:1:]_‘17 —4x—5=(z—5)(xz+1).

The eigenvalues are x =5 and x = —1.

For x =5,
-3 3 1 -1
ams=[3 3150 3]

By inspection, (1, 1) is an eigenvector for x = 5.
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For z = —1,
3 3 1 1
A+I—[3 3]%[0 0].

By inspection, (1,—1) is an eigenvector for x = —1.

The solution is
| 5¢ 1 —t 1
[y}—cle [J—I—cze {_1}. O

32. (a) Solve the linear system
2| |1 6| |z
vyl 2]y’

(b) As t — oo, the solution curves approach a line. What is the line?

A=t Y],

(a) Let

Then

1—=z 6

det(A—:z:I)—' 1 9_a

‘—(3:—1)(3:—2)—6—3:2—3x—4_(:z:—4)(3:—|—1).

The eigenvalues are © = 4 and x = 1.
For x =4, I have
-3 6
s [8)

By inspection, (2,1) is an eigenvector.
For x = —1, I have

2 6
A—I—I—[l 3}.

By inspection, (3, —1) is an eigenvector.
The solution is
[x} = cle4t [2} —|—czeft { 3 } . O
Y 1 -1

(b) As t — oo, I have et — 0. The second term in the solution goes to 0, so as t — oo,

HEESHE

4t
’

This means that = ~ 2cie* and y =~ coe?’, so

1 1
So the curves approach the line J_ 3 ory = 53:. d
x

33. Solve the linear system



Let

Then
1—=z 5

det(A—azI)—‘ 1 3_g

The roots are 2 £ 2.
For 2 4+ 2¢, I have
. —1—-24 5 -1 1-2
A_(2+zm_[ = 1_22.] [0 . }

(I can eliminate the first row, because it must be a multiple of the second. If it were not, the rows
would form an independent set, the matrix would row-reduce to the identity, and the only solution to the
corresponding homogeneous system would be (0,0). Since I know there are eigenvectors, and since eigenvector
must be nonzero, the homogeneous system must have a nonzero solution.)

Using a and b as the variables, the corresponding homogeneous system for the last matrix is

(=Da+ (1 —2i)b=0.
Since all I want is some nonzero solution, I can take a = 1 — 2¢ and b = 1. Thus, an eigenvector is
(1-24,1).

If the last shortcut is confusing, you can also do this by solving for a (say):

a=(1-2i)b.

- [52-0 1

Taking b = 1 gives (1 — 2i,1), as before.
Using the eigenvalue x = 2 + 2¢, I have the solution

Then

e(2420)t {1—122} — p2tp2ti {1—121] — ¢2!(cos 2t + i sin 2t) [1—121] _

o2t (cos 2t + 2sin 2t) 4 i(—2 cos 2t + sin 2t)
cos 2t + i sin 2t )

Taking the real and imaginary parts of this solution give two independent real solutions, which I use to
get the general solution:

T| o |cos2t+2sin2t ot | —2cos 2t 4 sin 2t
[y]_cle [ cos 2t +eze sin 2t -

34. Compute et, where
2 4
A= { 2 4} .

2—z 4 x‘:($+4)($—2)—(4)(4):;[;2—}—256—24:(;L'—|—6)(x_4)'

|A—:CI|=‘ 4 _4_

The eigenvalues are © = —6 and = = 4.
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First,

10 8 4
=y Y] wa m—aver=[] 3.

Next, a;(t) = e~ %, and

t t t
as(t) = e4t/ e_4ua1(u) du = e4t/ e e 0u gy = e4t/ e 10 gy =
0

0 0
1 ! 1 1
at —10u at (_—10t —6t _ 4t
_— - )= —— — ety
; [ Lo L Lo e ) = o (0 - o)
So
L6t 4w 2 6t 2 u
oAt — -6t [ 10 _i(e—6t_e4t) 8 4] _| 5° T3 5 T5° 0
0 1 10 4 2 2 76t+264t §676t+ oAt
) ) ) )

35. If A € M(n,R) is orthogonal, then det A = £1. Prove by counterexample that the converse is false.

Consider the matrix
5 2
{2 1] € M(n,R).

It has determinant 1, but it is not orthogonal: The columns aren’t mutually perpendicular, and they
don’t have length 1. O

36. M is a real symmetric matrix with eigenvalues 2, —2, and 1.
(1,1,0) is an eigenvector for 2.
(1,—1,1) is an eigenvector for —2.

(a) Find an eigenvector for 1.
(b) Find a diagonalizing matrix P for M. Find P!, and the corresponding diagonal matrix D. Find M.

(a) Since M is symmetric, an eigenvector (a, b, ¢) for 1 must be perpendicular to the eigenvectors for 2 and
—2. So
(1,1,0) - (a,b,¢) =0 and (1,—1,1)-(a,b,c) = 0.

This gives the system

Row reduce:

1
[1 10 0} I
1 -1 1 0 1
01 —— 0
2
The parametrized solution is
a=—=t, b==t, c=1t

Taking t = 2 gives (a,b,¢) = (—1,1,2).
You could also do this by taking the cross product of the two eigenvectors, since they're in R®. 0O

22



1 1 -1 1 1 0 2 0 0
P=|{1 -1 1|, Pl'=pP'=]1 -1 1|, D=|0 -2 0
0 1 2 -1 1 2] 0 0 1
Since P"'MP = D, i i
1 1 3 =2
M =PDP ! = |3 1 2].0
-2 2 0 |
37. Let
a3 V5
=5 -1l
Find an orthogonal matrix O which diagonalizes A, and write down the corresponding diagonal matrix.
Let
A_[3 V5
=5 1|

The characteristic polynomial of A is

det {3\;? _ﬁ@ =X -22-8=(A-4)(A+2).

The eigenvalues are A =4 and A = —2.
For \ = 4, partial row reduction gives

A T |

Vb =5 0
(v/5,1) is an eigenvector for A = 4. It has length ||(v/5,1)| = V/6.
For A = —2, partial row reduction gives
5 V5 0 0
A+2I—[\/5 1}%[\/5 1]

(—1,/5) is an eigenvector for A = —2. It has length ||(—1,/5)| = v/6.
The normalized vectors give an orthonormal set of eigenvectors for A:

LB, -1V

V6 V6
Construct O by using the orthonormal vectors as the columns:
o= L[V5 -1
Vil el
Moreover,
4 0
b= [0 —2] .
38. Let
-2 0 0
A=10 2 2| eM@BR)
0 2 -1



Find an orthogonal matrix P which diagonalizes A, and write down the corresponding diagonal matrix.

The characteristic polynomial is

—2—-z 0 0
det 0 2—z 2 = —(z+2)*(z - 3).
0 2 —1—x

The eigenvalues are A = —2 and A = 3.
For A = -2,

0 00 0 2 1

A4+2I=|0 4 2| —>1]0 0 O

0 2 1 0 0 O

With (a, b, c) as a solution vector, the corresponding homogeneous system is 2b + ¢ = 0, or ¢ = —2b.
Thus,

(a,b,c) = (a,b,—2b) = a(1,0,0) + b(0,1, —2).

Taking a = 0 and b = 1, then @« = 1 and b = 0, I get the eigenvectors (1,0,0), (0,1, —2). Observe that
these vectors are already orthogonal. Dividing each by its length gives the orthonormal set

1
1,0,0), —(0,1,-2).
(1,0,0) \/g( )
For A = 3,
-5 0 0 1 0 0
A-3I={0 -1 2 |—={(0 1 =2
0 2 4 00 O

With (a, b, ¢) as a solution vector, the corresponding homogeneous system is a = 0, b—2¢ = 0, or b = 2c.
Thus,

(a,b,c) = (0,2¢,c) = ¢(0,2,1).
Taking ¢ = 1, T get the eigenvector (0,2, 1).

Eigenvectors for different eigenvalues of a symmetric matrix must be orthogonal, and you can verify
that this eigenvector is perpendicular to the two I already found. Dividing the vector by its length, I obtain

1
—(0,2,1
\/5( )
Thus,
i 0 0
o L 2
p= VERRVE]
0o —2 L
VGRS
Therefore, the diagonal matrix is
[—2 0 0
D=0 -2 0 O
|0 0 3

39. (a) Suppose that A € M(n,C). Prove that A+ A* is Hermitian.

(b) Suppose that H € M(n,C) is Hermitian. Prove that H + H7T is real.
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(a)
(A+ A = A"+ (A" =A"+ A=A+ A".

Therefore, A + A* is Hermitian. 0O

(b) Since H is Hermitian, all the entries on the main diagonal are real, so the same is true for all the entries
on the main diagonal of H + H”. So I only have to show that the off-diagonal entries of H + HT are real.
Suppose j # k, and consider the (j, k)" element of H + H”. This is

Hjx + (HT)ju = Hjy, + Hy;.

However, since H is Hermitian,
Hy; = Hjy,.

That is, if Hj = a + b, then Hy; = a — bi. Hence,
Hj, + (H") 1 = Hjp, + Hij = (a + bi) + (a — bi) = 2a.

That is, the (j, k) element of H + H” is a real number. Hence, H + H” is a real matrix.
To see how this works for yourself, consider the Hermitian matrix

H—{ 2 2—|—3z}.

23 -7
Then
s [ 2 243 2 2-3i] 242 2+30)+(2-3)] [4 4
H+H _[2—31' 7 }4—[24—31' _7 }_{(2—31')4—(24—31) T | T4 14

Notice what happens when the off-diagonal entries are added. 0O

40. Every Hermitian matrix H can be written as H = A 4+ i - B, where A is symmetric and B is skew-
symmetric. Show how this works with the Hermitian matrix

2 4427 3—1
4—2 0 172
3+1 —-17% =5

For A, use the real parts of H; for B, use the imaginary parts of H. Thus,
2 4427 3—1 0 2 -1

2 4 3
4—2 0 177 | =14 0 0| +2-|-2 0 17 (. O
3+:1 =17 =5 3 0 5

41. M(n,C) is a vector space over C. Is the set S of unitary matrices in M (n,C) a subspace of M (n,C)?

The set of unitary matrices can’t be a subspace of M (n, C), because it does not contain the zero matrix.
The zero matrix is not unitary, because its rows don’t form an orthonormal set — the zero vector does not
have length 1. 0O

42. Consider the following set of vectors in C*:
{(1 + i? 25 37 _1)7 (15 3— 7:5 7:5 7)7 (15 17 15 1)} .

25



(a) Show that the first two vectors are orthogonal.

(b) Apply Gram-Schmidt to find a vector v € C? so that the vectors in the following set are mutually
perpendicular and span the same subspace as the original set.

{(1414,2,3,-1),(1,3—1i,4,7),v}.

(a)
(144,2,3,-1)-(1,3—4,i,7) = 1+ ) (1) + (2)B+ i) + B) (=) + (=1)(7) =1 +i+6+2i —3i —7=0. O
(b)

(1,1,1,1)- (1 +4,2,3,—1) (1,1,1,1)- (1,3 — 4,i,7)

1,1,1,1) - 1414,2,3,—1) — 1,3 —1i,i,7) =
LY -G08 ari2s-n e VG300 as—nun 02 48D
5—i, 11 -
(1,1,1,1)—1—6(1+Z,2,3,—1)—6(1,3—2,2,7)—

1
575 (1105 — 305, 444 — 4343, 976 — 10917, ~256 + 3051). O

43. Find a unitary matrix U that diagonalizes

5) 2—2
a=[o 0 25

Write the corresponding diagonal matrix.

S—x 2—21| _ BV (o o; N2 9 10 —R — 12 2 18 — (1 —
det[2+2i _2_96]—(964-2)(:10 5)—(2-2i)(2+2i)=2"-3x—10-8=2"-3x—18 = (z — 6)(xz + 3).
The eigenvalues are A = 6 and A = —3.
For A =6,
-1 2-2 -1 2-2
A_GI_[H% —8]*[0 0 }

By inspection, (2 — 2i,1) is an eigenvector. Note that ||(2 — 2i,1)| = 3.
For A = -3,

[ 8 2-2i 242 1
A+3I‘[2+2i 1 ] { 0 0}
By inspection, (—1,2 + 2i) is an eigenvector. Note that ||(—1,2 + 2i)|| = 3.

Thus, a unitary matrix which diagonalizes A is given by

1 1

—(2 —29) —=

U—=13 3

1 1
= 5(2 + 24)
The diagonal matrix is
6 0
D= [ 6 _3] 0
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44. Find a unitary matrix U that diagonalizes

-3 0 0
A=10 2 244
0 2—4 1
Write the corresponding diagonal matrix.
-3—-x 0 0
|A—2I| = 0 2—x 244i|=(—2-3)(2—2)(1—2)—(2+4)(2—4)) =

0 2—-4i 1-x
—(z+3)(z* =32 +2—-20) = —(z +3)(2* — 32 — 18) = —(x + 3)*(z — 6).

The eigenvalues are —3 and 6.

For A = -3,
0 0 0 0 5 244
A+3I= 1|0 5 244i| - [0 O 0
0 2—4i 4 00 0

Using (a, b, ¢) as the solution vector, the last matrix gives the equation

5b 4 (2 4 4i)c = 0.

2+ 4i
Thus, b = — _g Zc.
Then
0
a 1 24 4i
bl =a-|0|+4+c-|—
c 0 5
1
Hence, taking a = 1 and ¢ = 0, I find that (1,0, 0) is an eigenvector. To get a “nice” second eigenvector,
take a = 0 and ¢ = —5 (to clear the denominator); this gives (0,2 + 44, —5) as a second eigenvector.
For A =6,
-9 0 0 1 0 0
A-6I=1{0 -4 244 - |0 2—-4i -5
0 2—4i -5 0 0 0

Using (a, b, ¢) as the solution vector, the last matrix gives the equations
a=0 and (2—4i)b+ (=5)c=0.

Thus, (0,5,2 — 44) is an eigenvector.
To get a unitary diagonalizing matrix, divide each eigenvector by its length. You get

1 V45 0 0
U=—| 0 2+4i 5
45 0 -5 2—4i
The diagonal matrix is
-3 0 0
D=0 -3 0 0
0 0 6
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45. Find the Fourier expansion on the interval —1 < x <1 of

0 if-1<2<0
f(x)_{1 ifo<z<1

Since the integral of f(z) on —1 < 2 <1 is just the area under the curve, I have

ag = /_11 f(z)dx =

For n > 1, I have

1 1 1
1
f(z) cosmna dx = / cosTnr dr = [— sin 7T7’LJJ:| =0,
—1 0 ™ 0
! ! 1 b
by, = / f(z)sinmne dx = / sinmnx dx = [—— coswnx} =—[1-(-1D".
-1 0 ™ 0 ™

Hence, the Fourier expansion is

[\:JI}—l

— 1
Z—l— —1)"]sinmna. O
“—

The best thing for being sad is to learn something. - Merlyn, in T. H. WHITE’S The Once and Future King
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