Linear algebra I
Homework #1 solutions

Cl. Show that the diagonals of a square are orthogonal to one another.

Suppose that the side length of the square is  and that the vertices are located at
A(0,0), B(0,x), C(z,x), D(x,0).

Then the two diagonals of the square are orthogonal to one another because
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(2. Find the equation of the plane that contains A(1,3,4), B(2,2,3) and C'(4,0,2).

The normal vector of the plane is given by the cross product

1 3 -1
jﬁ X 1@ = |-1| x [=-3] = |-1
-1 —2 0

Since the plane contains the point A(1,3,4), its equation is then

—(z-=1)—(y—3)+0(z—4)=0 = zx+y=4

3. Find the equation of the plane that contains both the point (1,2, 1) and the line

T =2-—t, y=1+4 3¢, z =09+ 4t.

Let P(1,2,1) be the given point and pick any two points on the line, say
Q(2,1,5) and R(1,4,9),

obtained for t = 0 and ¢t = 1, respectively. The normal vector of the plane is then

17 [0] [-16
POx Ph= |-1] x [2] = | =8
NERE 2

and the plane contains the point P(1,2,1), so its equation is

—16(x —1)—8(y—2)+2(»—1)=0 = 8r+4y—=z=15.



4. Consider the line through (1,2, 3) which is perpendicular to the plane
22 + 3y + 4z = 6.

At which point does this line intersect the plane 3x — 2y + z = 10?7

2
The line passes through (1,2, 3) with direction v = |3, so its equation is
4

r=1+42t, y =2+ 3t, z =3+ 4t.

The point at which the line intersects the plane is the point that satisfies both the equation
of the line and that of the plane. This gives

30 —2y+2z=10 = 3(1+2t)—2(2+3t)+ (3+4t) =10
— 4t =8,

so t = 2 and the point of intersection is the point

(,y,2) = (14+2t,24 3t,3+4t) = (5,8,11).



Linear algebra I
Homework #2 solutions

(1. Find the distance between the point A(1,2,4) and the plane 2x + y + 2z = 6. )

Consider the line through A which is perpendicular to the plane. The direction of this
line is the direction of the normal vector, so the equation of the line is

r =1+ 2t, y=2+1t, z =44 2t.

Let P be the point at which the line intersects the plane. At that point, both the equation
of the line and that of the plane must hold, so we must have

6=20r+y+2:=2(14+2t) +2+t+2(4+2t) =9t + 12.
This gives t = —g = —%, while the point P has coordinates
(x,y,2) = (1 +2t,2 + t,4 + 2t).

Since the point A has coordinates (1,2,4), the distance between them is

Hﬁ” = V202 + 2 + (202 = Vo2 = 2.

2. Find a quadratic polynomial, say f(z) = az? + bx + ¢, such that

f=6,  f2)=13  f(3) =26

The given conditions hold if and only if
a+b+c=6, 4a + 2b+ ¢ = 13, 9a + 3b+ ¢ = 26.

Once we now use row reduction to solve this linear system, we find that

111 6 1 00 3
4 21 13] — |01 0 -2
9 3 1 26 001 5

This gives the unique solution (a,b,c) = (3,—2,5) and so f(z) = 3z — 2z + 5.



4 3. Solve the system of linear equations

20 — 2y + 22 =16
3r—4y+2z=14
20 +3y +2z2 =31

Using row reduction of the associated matrix, we get

2 =2 2 16 1 -1 1 8 1 -1 1 8
3 4 2 14 — |3 4 2 14 — |0 -1 -1 —10
2 3 2 31 2 3 2 31 0 5 0 15

and this can be further reduced to give

10 2 18 1 0 2 18 1 0 0 4
o1 1 10 —1]011 10 — |0 1 0 3
00 =5 =35 001 7 0017

In particular, the system has a unique solution which is given by (z,y,z) = (4,3,7).

/4. Solve the system of linear equations

Ty + 229 + 43 + by + 625 = 2
2r1 + X9+ 0T34+ Txs+ 925 =7
221 + 229 + 623 + 8x4 + 925 = 3
T1+Dbxo + Tx3 + 224 + 325 = 5

In this case, row reduction leads to the reduced row echelon form

1 245 6 2 10200 4
215797 N 01100 O
226 89 3 00010 —4
1572 35 00001 3

Note that the corresponding system of equations reads
r1 4 2x3 =4, To + 23 =0, ry = —4, rs = 3.
Thus, x3 is the only free variable and the solution of the system is

r1 =4 — 2x3, To9 = —I3, Ty = —4, T = 3.



Linear algebra I
Homework #3 solutions

1. Express w as a linear combination of w;, us and w3 in the case that

u; = Uy =

— N O

1 9
2 1

o WE e YT s
3 0

N D = =

- /

Let A denote the matrix whose columns are the vectors u;. In order to express w as a
linear combination of these vectors, we have to solve the system Ax = w. Since

1 4 1 2 1 00 -5
1 0 2 1 . 010 1
0215 0 01 3|’
21 30 0 0 0 0
the unique solution is (z1, z9, x3) = (=5, 1, 3) and this means that w = —5u; + us + 3us.

2. Show that a system of m linear equations in n > m unknowns cannot have a unique
solution. Hint: count the pivots and the rows of the reduced row echelon form.

If the system has a unique solution, then every variable is associated with a pivot, so the
reduced row echelon form contains n pivots. These appear in m rows and there is at most
one pivot per row, so the total number of pivots is at most m < n, a contradiction.

4 3. The trace of an n x n matrix A is the sum of its diagonal entries, namely A
trA= All —|—A22—|— +Ann = ZAkk
\Show that tr(AB) = tr(BA) for all n x n matrices A, B. )

Using the definition of matrix multiplication, we get

tI‘(AB) = Z(AB kk = Z Z Akm mk

k=1 k=1 m=1

and then a similar computation gives

n n n

tr(BA) = > (BA)mm = Y > BukAim = tr(AB).



4. Suppose A, B are n X n matrices and A has a row of zeros. Show that AB has a row
of zeros as well and conclude that A is not invertible.

Suppose that the ith row of A is a row of zeros. Then we have
(AB)Z] = AilBlj + AZ‘QBQJ' + ...+ Aann] =0

for each j, so the ith row of AB is zero as well. Since the identity matrix does not have a
row of zeros, we conclude that AB # I,, and that A is not invertible.



Linear algebra I
Homework #4 solutions

1. Compute the determinant of the matrix

A:

[N,
— Q
QNN

Using row reduction to compute the determinant, one finds that

1 1 2 1
detA=det |0 a—1 0 | =(a—1)-det O 1
0 -1 a—-4 -1 a—4
10 2 10
=(a—1)-det |0 1 0 | =(a—1)(a—4)-det |0 1
0 0 a—4 0 0
=(a—1)(a—4).

— O N

2. Find the inverse of the matrix

s

I
PO O
— N0 N
— N W

To find the inverse of A, one can use row reduction to get

1 2 31 00 100 0 -1 2
322010 —01¢0|-1 5 =7
21 1[0 0 1 001 1 -3 4

In view of this computation, we may conclude that

0 -1 2
Alt=|-1 5 -7
1 -3 4



3. Suppose A is a 3 x 3 matrix whose third row is the sum of the first two rows. Show
that A is not invertible and find a vector b such that Ax = b has no solutions.

Subtracting the first two rows from the last row, one finds that

aq (8% a3 ] Qo Q3
A= I3 Ba B3 — | B B2 Bs
ar+ 61 ag+ B az+ B 0 0 0

In particular, the reduced row echelon form of A has a row of zeros, so A is not invertible.
This proves the first part; to prove the second part, we consider the equations

a1 + (6 DX ) + 3Ty = bl
Brx1 + Bowo + Baxz = by
MT1 + V2T + V323 = b3

where v; = a; + f3; for each i. Adding the first two equations gives
by + by = (a1 + Bi)x1 + (g + Bo)xa + (a3 + B3)r3 = 121 + Y2T2 + Y373

and this contradicts the third equation, unless b; 4+ by = b3. Thus, the system Ax = b has
no solutions whenever the entries of the vector b are such that by + by # bs.

4. Let A, denote the n X n matrix whose diagonal entries are equal to 3 and all other
entries are equal to 1. Show that A, is invertible for each n > 1.

First, we add the last n — 1 rows to the first row and divide by n + 2 to get

31 -+ 1 n+2 n+2 -+ n+2 11 -+ 1

1 3 1 1 3 1 1 3 1
A,=1. . . | — . . , . —

1 1 3 1 1 3 1 1 3

Next, we subtract the first row from every other row to arrive at

13 --- 1 2
11 .- 3 2

Dividing the last n — 1 rows by 2, we can then easily clear the entries above the diagonal.
Thus, the reduced row echelon form of A, is the identity matrix, so A,, is invertible.



Linear algebra I
Homework #35 solutions

1. Compute det A using (a) expansion by minors and (b) row reduction:

1 1
A= |1 2
2 a

N =

(a) Using expansion by minors on the first column, we get

2 1 1 a 1 a
det A = det[ 2]—det [a 2]+2det [2 1]

:(4—a)—(2—a2)+2(1—2a):a2—5a—|—4.

(b) Using row reduction, one similarly finds that

1 1 a 10 2a — 1
det A=det |0 1 l—a | =det |0 1 1—a
0 a—2 2(1-a) 00 a)(1l—a)
1 0 2a—1
=(4—a)(l—a)-det () 1 1—a =a* — 5a + 4.
2. Compute the adjoint and the inverse of the matrix
1 1 3
A=11 2 1
2 2 5
The cofactors of the given matrix are
2 1 11 1 2
CH = det |:2 5:| = 8, 012 = —det |:2 5:| = —3, 013 = det |:2 2:| = 2,
1
| =0

021 = —det |:1 3:| = 1, 022 = det |:1 3:| = —]_, 023 = —det

2 5 2 5

13 13
031 = det |:2 1:| = —5, 032 = —det |:1 1:| = 2, 033 = det |:



This means that the adjoint of A is

t

8 —3 —2 8 1 -5
adjA=| 1 -1 0| =|-3 -1 2
-5 2 1 2 0 1

On the other hand, one can easily compute the determinant

11 3 11 3
det A=det |1 2 1| =det |0 1 —-2| =—1,
2 25 00 —1
so the inverse of the given matrix is
-8 -1 5
At =—adjA=| 3 1 -2
2 0 -1
<3. Suppose A is an invertible n x n matrix. Express det(adj A) in terms of det A. )

Using the identity A -adj A = (det A)I,,, we get
det(A-adjA) = (det A)" = (det A)-det(adjA) = (det A)".

Since A is invertible, however, det A # 0 and this implies det(adj A) = (det A)"~'.

4. Suppose A is a lower triangular matrix whose diagonal entries are all nonzero. Show
that A is invertible and that its inverse is lower triangular.

Since A is lower triangular, its determinant is the product of its diagonal entries and
those are all nonzero. Thus, the determinant of A is nonzero and A is invertible.

There are essentially two ways to show that the inverse is lower triangular. First of all,
one can try to compute the inverse using row reduction on the augmented matrix

a1 1
Q21 (22 1
[AlL] =] |
an1 Ap2 - Anpn ]_

In this case, we have to divide the first row by a1, clear all entries below the pivot and then
proceed in the same way. These operations only affect the entries below the diagonal, so the
lower triangular matrix on the right remains lower triangular at each step. As this matrix
will eventually become the inverse of A, the inverse of A is lower triangular as well.



Linear algebra I
Homework #°6 solutions

(1. Suppose that P is an n X n permutation matrix. Show that PP! = I,,. )

We compute the (i, j)th entry of PP, which is given by
(PP =Y Pa(P)iy =) PPy
k=1 k=1

When i # j, each summand is zero because both the ith row and the jth row contain a
single nonzero entry, but those occur in different columns. When ¢ = j, on the other hand,
the sum is equal to 1 for similar reasons. This implies that PP! = I,.

2. The determinant of a 9 X 9 matrix A contains the terms

Q18029037041 0A52063076A84A95, (13028036A49052061A77A85094 -

What is the coefficient of each of these terms?

The coeflicient of the first term is
) 1 234567389
e s 97 1 23 6 4 5

The coefficient of the second term is
. (1 23456789
sign

) = sign (184)(295)(376) = (—1)*"*T2 = 1.

= si — (_1)2+2+1 _
386921 7F5 4)—31gn(136)(285)(49)—( 1) =—1.

3. Determine both the null space and the column space of the matrix

1 46 16
A=11 2 4 1 4
2 1 51 4
The reduced row echelon form of A is
1 02 01
01101
00011
Thus, the null space and the column space of A are
—2 —1
-1 -1 1 4 1
N(A) = Span [, 0] p, C(A) =Spang |1, |2], |1
0 -1 2 1 1

0 1



4. Suppose that A is a square matrix whose column space is equal to its null space.
Show that A% must be the zero matrix.

Since Ae; is the jth column of A, it belongs to the column space of A, hence also to the
null space. This means that A(Ae;) = 0 for all j and thus A%e; = 0 for all j. In particular,
every column of A% must be zero and so A? is the zero matrix.



Linear algebra I
Homework #7 solutions

1. Suppose that the vectors vy, vs, ..., v, form a complete set in R™ and that they are
linearly independent. Show that & = n and that the matrix whose columns are these
vectors is invertible.

According to the theorems we proved in class, one needs to have k > n for the vectors
to form a complete set and k < n for the vectors to be linearly independent. This proves
the first part. To prove the second part, let A be the matrix whose columns are the given
vectors. The reduced row echelon form of A must have a pivot in each row and column, so
the reduced row echelon form is the identity matrix and A is invertible.

2. Is the matrix A a linear combination of the other three matrices? Explain.

49 12 1 3 11
aml meh] mefi) Al

We try to find coefficients 1, x9, x3 such that x1 By + x9Bs + x3B83 = A, namely

T +xo+x3 2w+ 32 +x3| |49
I1+2$2+3$3 $1+$2+2I3 - 8 5|°

This leads to the system of equations

T1+ 22 +x3 =4
201 + 329 +23 =9
r1+ 229 + 313 = 8
T+ 2y +2x3=25

and we can use row reduction to get

1114 1 001
2319 . 010 2
1 2 3 8 0 011
11 25 0000

Thus, the system has the unique solution (z1, x5, x3) = (1,2,1) and so A = By + 2By + Bs.



3. Show that the following matrices are linearly independent in Mas.
10 10 11 0 1
it ) Rl O R O R

Suppose that some linear combination of these matrices gives the zero matrix, say

(L’lAl + IQAQ + !E3A3 + ZE4A4 =0
for some coefficients 1, xo, x3, v4. Expanding the left hand side, we then get

T1+ T2+ T3 T3+ T4 _ 00
I2+ZE3+I4 T+ To 00

and this leads to the system of equations
$1+.’L’2+1’3:0:l’1+.’l§'2, x3+x4:O:x2+x3+x4.

Based on the leftmost equations, we must have x3 = 0. Based on the rightmost equations,
we must also have xo = 0. It now easily follows that z; and x4 are zero as well.

4. Suppose u, v, w are linearly independent vectors of a vector space V. Show that the
vectors u, u + v, u + v + w are linearly independent as well.

Suppose that some linear combination of these vectors is zero, say
rutylut+v)+zut+tv+w)=0 = (z+y+2)u+(y+2)v+zw=0.
Since u, v, w are linearly independent by assumption, this actually implies

r+y+z=y+z2=2=0 — x=y=2=0.



Linear algebra I
Homework #8 solutions

1. Let U be the set of all polynomials f € P3 such that f(0) = f(1). Show that U is a
subspace of P5 and find a basis for it.

By assumption, U consists of all polynomials f(z) = az® + bx? + cx + d such that
f0)=f1) <= d=a+b+c+d <+= c=—-a—0b.
In other words, U consists of all polynomials of the form
f(x) =az® +b2® — (a+b)x + d = a(a® — z) + b(z* — x) + d

so U = Span{x® — x, 2% — z,1}. Since U is the span of three polynomials, it is certainly a
subspace. To show that these polynomials form a basis, suppose that

a(x® —2) +b(x* —x)+d=0

for some scalars a, b, d. Comparing the coefficients of 2%, 22,1 on both sides, it is then easy
to see that a = b = d = 0. Thus, the three polynomials are also linearly independent.

2. Show that v, v,, v3 form a basis of R? and then find the coordinate vector of v with
respect to this basis when

(%1 Vo V3 =

I
— N =
I
W
W N
S
Il
S I BN

The coordinate vector of v is the rightmost column in the row reduction

1127 100 2
vy v v30v]=(2 115 — 010 -3
1335 001 4

To show that v, vs, v3 form a basis of R?, we have to show that the matrix whose columns
are these vectors is invertible. In view of the row reduction above, the reduced row echelon
form of that matrix is the identity, so the matrix is certainly invertible.



3. Show that w;, w, form a basis of R? when

|

Compute the coordinate vectors of e; and e, with respect to this basis.

The vectors w;, ws form a basis of R? because

2 3
det L 1} =2-3#0.

The coordinate vectors of e; and ey are the two rightmost columns in the row reduction

2310 10 -1 3
[wrwy erex] =17 7 o =g 1 1 o]

4. Let w;, w; be as above. Find a linear transformation 7': R? — R? such that

-], e[}

We know that 7" is left multiplication by a matrix A whose ith column is T'(e;). Let us
then express each e; in terms of the given vectors. By the previous problem, we have

e = —w;+wy and ey = 3w; — 2ws,.
Using the fact that 7' is linear, we conclude that

2

T(el) = —T<w1) + T(’lUg) = |:4

] : T(es) = 3T (w,) — 2T (wy) = {:g} :

These are the two columns of the matrix A, hence

r(B) -6 S -5
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