Math 24
Winter 2010
Sample Solutions to the Midterm

(1.) (a.) Find a basis {v;, vy} for the plane P in R* with equation 3z + 2y — z = 0.

We can take any two non-collinear vectors in the plane, for instance v; = (1,0,3) and
Vg = (O, 1, 2)

(b.) You know from multivariable calculus that the vector v3 = (3,2, —1) is perpendicular
to the plane P. Therefore § = {v, v9,v3} is linearly independent, and forms an ordered basis
for R3.

Let T : R?* — R3 be the perpendicular projection onto the plane P. In other words, T'(v)
is the perpendicular projection of v onto P.

What is [T7]57?

As vy and vy are in the plane, T'(v1) = vy and T'(vy) = v. As v3 is a vector perpendicular
to the plane, its projection is the origin, T'(vs) = 0. Therefore

1 0 0
[T(v1)]g=[vilpg= [ 0|, [T(v2)lp =[va]g= | 1|, [T(v3)ls=[0lg=| 0],
0 0 0

[T]s =

o O =
O = O
o O O

(c.) Let a be the standard ordered basis for R®. Find the change of coordinate matrices
QP that changes a coordinates into 3 coordinates, and (3 that changes [ coordinates into
a coordinates.

Do not use matrix inversion (if you know how to invert matrices) to do this problem.
Find each matrix by explicitly computing the coordinates of the appropriate vectors in the
appropriate bases. If you wish, you can check your work by verifying that Qg@g =1

10 3
Q3= (0 1 2 |, the matrix whose columns are the a (standard) coordinates
3 2 -1

of the vectors in 3.
To find the B coordinates of the vectors in a (the standard basis vectors) we need to
solve the vector equations:

(1,0,0) = a(1,0,3) 4+ b(0,1,2) + (3,2, —1)
(0,1,0) = a(1,0,3) + b(0,1,2) + (3,2, —1)
(0,0,1) = a(1,0,3) + b(0,1,2) + ¢(3,2, —1)

When we do this, we get
(1,0,0) = 2(1,0,3) — (0
0

2
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(0,0,1) = 2(1,0,3) + £(0,1,2) — (3,2, -1),

that is,
5 _6 3
14 14 14
6 10 2
[(17070)ﬁ = | 12 [(07170)],3 - 14 [(07071)]ﬂ = 14
3 2 _ 1
14 14 14
Now, using these coordinates as the columns of @Y, we have
5 6 3
4 14 14
_ 6 10 2
Q=|-1 u 1
3 2 _1
14 14 14

(d.) Find the matrix of T in the standard basis, [T],.
If you want to use the result of part (b) but were not able to do part (b), you may pretend

1 00
[T]s= 10 1 0|. This is not the correct answer to part (b).
0 0 2
5 _6 3
14 4 14
10 3 1 00
Mo =T = Q3= (0 1 2 | |0 L o) - § &
3 2 -1 0 00
14 14 _1_14
5 _6 3
14 4 1
6 10 2
Ta=|-u u u
3 2 B
4 4 14

(e.) Use your answers to find the perpendicular projection of (2,1, 1) onto the plane P.

If you want to check your work here, note that this point should in fact be on the plane
P, and the line between it and (2, 1, 1) should be perpendicular to P. If you used the wrong
answer to part (b) supplied in part (d), the point you found will not be on P, but the line
between it and (2,1, 1) will still be perpendicular to P.

5 _6 3 1
14 14 14 2
2
72,1, )]a=[Th[21LD.=|-&% & = 1]1=10
1
3 2 13 3
14 14 14 2



(2.) Recall that if A is an n X m matrix, the linear transformation L4 : F™ — F™ is
defined by L4(v) = Av, and A is the matrix that represents L, in the standard ordered
bases for F™ and F™.

This means that the columns of A are Ly(ey), La(es), ..., La(ey), written as column
vectors, where eq, es, ...e,, are the standard basis vectors for F.

(a.) Show that an n x n matrix is invertible if and only if its columns are linearly
independent.

By Corollary 2 on page 108, an n X n matrix A is invertible if and only if the linear
transformation L, : F™ — F™ is invertible.

By Theorem 2.5 on page 71, L4 is invertible if and only if it is onto.

By Theorem 2.2 on page 68, the range of L, is spanned by La(e1), La(ez), ... La(ey), so
L 4 is invertible if and only if the vectors La(eq), La(es), ... La(e,) span F™.

Since F" is an n-dimensional vector space, by Corollary 2 on pages 47-48 the n vectors
La(er),La(e2),...La(e,) span F™ if and only if they are linearly independent.

The vectors La(ey), La(es),...La(e,) are the columns of A, hence they are linearly in-
dependent if and only if the columns of A are linearly independent.

Putting all this together, we see that an n x n matrix A is invertible if and only if its
columns are linearly independent.

1 -3

is invertible. (Hint: Check the

1
(b.) Determine whether the matrix (2)

e
|
[\

-3
sum of its columns.)

Because its columns sum to zero, they are not linearly independent, and therefore by
part (a) the matrix is not invertible.

(c.) Determine whether the linear transformation 7' : Msy»(R) — P3(R) defined by

T(CCL 2) =(a+b+c—3d)+ (2b—2c)r + (2a + b —2c — d)2* + (=3a+ b+ c + d)a®

is invertible.

(10 01 00 0 0)\]. . B 5 3
If6 = {(O 0) , (O O) , (1 O) , (0 1) } is a basis for Moy o(R) and a = {1, x, 2%, 2°, }
is a basis for P3(R), then

1 1 1 =3
Tle 0 2 -2 0 B b thi . . bl 4 th
[T]5 = 9 1 _o _1|- Bypart (b) this matrix is not invertible, and there-
-3 1 1 1

fore by Theorem 2.18 on page 101, T" is not invertible.



(3.) (a.) Find a basis for the subspace W of R* consisting of all solutions to the following
system of equations.

wH+zr+2y+32=0

2w+ 2x —4y —22 =0

y+z=0

—w—x+y=0.

By subtracting multiples of equations 1 and 2 from equations 3 and 4 we can convert this
to the equivalent system

wH+zr+2=0
y+2z2=0,
which can be rewritten as
w=-—Tr—2z
y=—=z.
This system is satisfied by any vector of the form
w - —z -1 —1
2 T . 1 4 0
Y —2 0 -1
z z 0 1
-1 -1
) . . 1 0
which shows the solution set is spanned by the set ol |21
0 1

Since this set is clearly linearly independent, it forms a basis for the solution set.

(b.) Find a basis for the subspace Z of R* spanned by the vectors (1,1, 2, 3), (2,2, —4, —2),
(0,0,1,1), and (—1,—1,1,0).

We know (Theorem 1.9 on page 44) that some subset of this set forms a basis. Using
our algorithm for finding a linearly independent set with the same span, we can begin with
the last two vectors, (0,0,1,1), and (—1,—1,1,0). Since neither of these is a multiple of the
other, {(0,0,1,1), (—1,—1,1,0)} is a linearly independent set.

Checking to see whether (2,2, —4,—2) is in the span of {(0,0,1,1), (—1,—1,1,0)}, we
see that (2,2, —4,2) = (—-2)(0,0,1,1) + (=2)(—1,—1,1,0), so (2,2, —4, —2) is in the span of
{(0,0,1,1), (=1,-1,1,0)}.

Now, checking to see whether (1,1,2,3) is in the span of {(0,0,1,1), (=1,—1,1,0)},
we see that (1,1,2,3) = (3)(0,0,1,1) + (=1)(—1,—-1,1,0), so (1,1,2,3) is in the span of
{(0,0,1,1), (=1, -1,1,0)}.

Therefore {(0,0,1,1), (—1,—1,1,0)} is a basis for the span of these four vectors.

(c.) Let v be any vector in R*. Show that v is in W if and only if v - 2 = 0 for every
element of Z (where v - z denotes the familiar dot product).

Let S ={(1,1,2,3), (2,2,—-4,-2), (0,0,1,1), (—1,-1,1,0)}.



First, by the definition of W, we see that v = (w, z,y, z) is in W if and only if v satisfies
the equations of the system in part (a), which can be rewritten as
(1,1,2,3) - (w,z,y,2) =0
(2,2,-4,-2) - (w,z,y,z) =0
(0,0,1,1) - (w,x,y,2) =0
(-1,-1,1,0) - (w,z,y, 2) = 0.
So v is in W if and only if s-v = 0 for every s € S. Since the dot product is commutative,
we can write this as v-s =0 for every s € S.
Now, by definition, Z = span(S). So we must show that the following two things are
equivalent:
(a.) For every s € S, we have v-s = 0.
(b.) For every z € span(S), we have v - z = 0.
We will do this for any set S C R™.
First, it is clear that (b) = (a), since if s € S then s € span(S), so by (b) we have
v-s=0.
To show that (a) = (b), assume that (b) holds, and let z € span(S). We must show
v-z = 0. By the definition of span, we can write z = r181 + 7982 + - - - + 1,5, for some scalars

r1,T9,...,T, and elements sq, s, ..., s, of S. Now by properties of the dot product, we have
v-z=0v-(r181 + 1289+ +1pSy) =r1(v-81) +ra(vese) + -+ rn(vesy).
By (b) we have v -s; =0 for i = 1,2,...,n, and so we can conclude v - z = 0.
1 1 2 3
. 2 2 -4 =2
(d.) Let A be the matrix o o 1 1l and A’ be the transpose of A. Then L,
-1 -1 1 0

and L4« are linear transformations from R* to R?. Two pairs of the spaces W, Z, N(La),
R(Ly4), N(Lat), and R(Lat) are equal. Which ones?

N(La) =W
R(La) = Z.

To see the first equality, note that N(L,4) consists of all solutions to the matrix equation
Az = 0, which is equivalent to the system of equations in part (a), and W also consists of
all solutions to that system.

To see the second, note that R(L ¢) is the span of the columns of A’ which are the rows
of A, and Z is also the span of the rows of A.

The interesting fact that comes out of this (which holds for any matrix A in M,,x,(R),
as you can see by looking at the proof in part(c)) is that R(L¢) consists of all vectors that
are perpendicular to every vector in N(L4).



(4.) Suppose that T and U are linear transformations from R® to R®, and rank(T) =
rank(U) = 3.

(a.) What is the largest possible rank of the composition TU?
The largest possible rank is 3.

Show this rank is possible by giving an example.

Let T(x1,x9, w3, 24,25) = (21,%2,23,0,0), and U(xy,x9, x3,24,25) = (23, 22,21,0,0).
Both U and T have rank 3 since their range is the three-dimensional subspace spanned
by (1,0,0,0,0), (0,1,0,0,0), and (0,0,1,0,0).

Now TU (x1, X2, 23, x4, x5) = T(U(21, T2, T3, T4, x5)) = T(23, 29, 21,0,0) = (3, 29,21, 0,0).
We see T'U has rank 3 since its range is also the three-dimensional subspace spanned by

(1,0,0,0,0), (0,1,0,0,0), and (0,0,1,0,0).

Prove that no larger rank is possible.

The range of TU is contained in the range of 7. (To see this: Suppose that v € R(TU).
This means that, for some w, we have v = TU (w) = T(U(w)), which shows that v € R(T).)
Therefore the dimension of R(T'U) is at most the dimension of R(T"). But now we have that

rank(TU) = dim(R(TU)) < dim(R(T)) = rank(T) = 3.

(b.) What is the smallest possible rank of the composition TU?

The smallest possible rank is 1.

Show this rank is possible by giving an example.

Let T(x1, 29, x3,24,25) = (23,%4,25,0,0), and U(xq,x9, w3, 24,25) = (21,22, 23,0,0).
Both U and T have rank 3 since their range is the three-dimensional subspace spanned
by (1,0,0,0,0), (0,1,0,0,0), and (0,0,1,0,0).

Now TU(x1,xs, x3, x4, 75) = T(U(x1, 29, T3, T4, 75)) = T(21, 22, 23,0,0) = (23,0,0,0,0).
We see T'U has rank 1 since its range is the one-dimensional subspace spanned by (1,0, 0,0, 0).
Prove that no smaller rank is possible.

We need to show that rank(TU) # 0. We will suppose that rank(TU) = 0 and get a
contradiction.

Because rank(TU) = 0, we have R(TU) = {0}, so for every vector v € V, we have
TU(v) =0, or T(U(v)) = 0.

This means that for every vector w = U(v) in R(U), we have T'(w) = T(U(v)) = 0.
This shows that R(U) C N(T'). But we know that dim(R(U)) = rank(U) = 3, and by the

Dimension Theorem,
dim(N(T)) = nullity(T) = dim(domain(T)) — rank(T) =5 —3 = 2.

Now we have a three-dimensional subspace (R(U)) contained in a two-dimensional subspace
(N(T)).

This is impossible, so we have a contradiction.



(5.) Suppose that W and Z are subspaces of a vector space V', that W N Z = {0}, and
that span(W U Z) =V.
Show that if X is a basis for W and Y is a basis for Z, then X UY is a basis for V.

To show X UY is a basis, we need to show that it is linearly independent and spans V.

First we show that X UY is linearly independent. To do this, we need to show that no
nontrivial linear combination of vectors from X UY equals zero.
Suppose then that

(1) a1x1 + aoxg + + -+ + apxy + b1y + boyo + - + by, = 0,

where z; € X and y; € Y. We must show that a; = 0 and b; = 0 for all « and j. We can
rewrite equation (1) as

(2) a1 + ATy + -+ Aty = —(b1y1 + bayo + -+ byYm)-

Because the left hand side of equation (2) is a linear combination of vectors from X, which
is a basis for W, it must be in W; that is,

a171 + asxy + -+ -+ apxy, € W

Similarly, the right hand side of equation (2) is a linear combination of vectors from Y, which
is a basis for Z, so
—(b1y1 + oy + -+ + bnym) € Z.

We are given that W N Z = {0}, so 0 is the only vector that is in both W and Z. This
means we have
a1y + aaTy + - - + anTy = —(b1yr + baya + -+ - + bpym) = 0.
But now we have
ai1r1 + aexo + -+ -+ apTy, = 0,

and since the x; come from the linearly independent set X, we have a; = 0 for all . Similarly,
since
biyr +baya + -+ + by =0

and the y; come from the linearly independent set Y, we have b; = 0 for all j.

Now we show that X UY spans V. To do this, we must show that any vector in V' can
be expressed as a linear combination of vectors from X UY.
Let v be any vector of V. Because v is in the span of W U Z, we can write

(3) V= a1wy + agWa + - - -+ AWy +b121 +Fbozo + -+ b2y = 0,

where w; € W and z; € Z.



Because W is a subspace,
awy + aswy + -+ - + a,w, € W,

and since any element of W can be expressed as a linear combination of elements of the basis
X, we can write

a1W1 + QWa + + -+ + AWy = C1T1 + CoT2 + * -+ + Ck Ty,
where x; € X. Similarly, we can write
bizi + baza + - -+ b2y, = diyr + dyze + - - - + deye,
where y; € Y. Substituting back into equation (3), we get
V=121 + Co%o + - - 4y + diyn + dyzo + - -+ dyyy,

which expresses v as a linear combination of elements from X UY.

This completes the proof.



Outline of an alternative proof for (2)(a):

Instead of using the proof given above, you can prove more directly that a square matrix
A is invertible if and only if its columns are independent.

First, show that an n x n matrix A is invertible if and only if there is a matrix B such
that AB = I,,. To do this, you can use the ideas in exercises 9 and 10a on page 107 of the
textbook. A way to do 9 is to relate the properties of A, B, and AB to properties of Ly,
L B, and L AB-

Second, show that the i*" column of AB is a linear combination of the columns of A, with
the coefficients given by the i column of B. Therefore, there is a B such that AB = I, if
and only if the columns of I, (the standard basis vectors) are all in the span of the columns
of A.

Now the standard basis vectors are all in the span of the columns of A if and only if the
columns of A span F", which, since there are n columns and F™ has dimension n, is the case
if and only if the columns of A are linearly independent.

In problem (4) we can prove a more general fact: Let V', W, and Z be vector spaces
with dimensions m, n, and p respectively. If U : V — W and T : W — Z are linear
transformations with rank(U) = r and rank(T) = s, then we have
rank(TU) <r
rank(TU) < s;
rank(TU) >0
rank(TU) > (r +s) —n.

(Note, by the Dimension Theorem, we know that r < m, r <n, s <n, and s < p.)

To prove this, you can let T be the restriction of T with domain the subspace R(U) C W
and codomain the subspace R(T) C Z. That is, the domain of T is R(U), and for any
w € R(U), we have T'(w) = T(w).

Now, you can prove that the range of TU is the range of T. Therefore the problem
becomes to find upper and lower bounds on the size of T.

By the Dimension Theorem,

rank(T) < dim(domain(T)) = dim(R(U)) = rank(U) = r;
rank(T) < dim(codomain(T)) = dim(R(T)) = rank(T) = s.
You can also prove that the null space of T is N(T)NR(U). In particular, N(T) € N(T),

so that nullity(T)) < nullity(T) and, again by the Dimension Theorem, we have

rank(T) = dim(domain(T)) — nullity(T) > dim(domain(T)) — nullity(T) =
dim(R(U)) — (n—rank(T)) =(r)—(n—s) =(r+s) —n.

You can also give examples where the rank is as small and as large as these constraints
permit. If we let {vq,...,v,} beabasis for V., {wy,...,w,} beabasis for W, and {z1,...,2,}
be a basis for Z, and let T'(v;) = w; for ¢ < r and T'(v;) = 0 for i > r, we can obtain the
largest and smallest possible rank for TU by setting, respectively,

U(w;) = z; for i <s and U(w;) =0 for i > s
or
U(w;) =0 fori <n—sand U(w;) = z;_s for i >n — s.



