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Problem 1.

(a) Yes, as the following computations show.

Li(z1 +2o,y1 +y2, 21+ 22)] = (Blwr + 2] — [th +y2l, 21 + 22, [x1 + 22] + [11 + v2])
= (321 —y1, 21,71 + Y1) + (372 — 12, 22, T2 + 12)
= L(z1,1y1,21) + L(xa, Y2, 22)

LAz, y,2)] = (3A\z — Ay, Az, Az + Ay)
= N3z —y,z,z+vy)
= AL(z,y,2)]

(b) No. Consider the two vectors (1,0,0) and (1,1,0). Then we have

L[(1,0,0) + (1,1,0)] = L(2,1,0) = (4,1,0)
L(1,0,0) + L(1,1,0) = (1,0,0) + (1,1,0) = (2,1,0) # (2,1,0)

We can apply similar reasoning to solve parts (c¢) through (h). The answers
are

(c) No.

(d) Yes. Note that the effect of this linear transformation is to take the
derivative of the polynomial.



(e) Yes. Note that the effect of this linear transformation is to take the
antiderivative of the polynomial.

(f) Yes.
(g) No.
(h) Yes.

Problem 2. Let x; and x5 € R™.

Then by the distributive property of matrix multiplication L[x; + Xs] =
A(xy + x9) = Axy + Axy = L[x1] + L[x2].

Now let x € R" and A € R.

Since we can move scalars around at will when mulitplying them by matrices,
we have L[ Ax] = A(Ax) = \Ax = A\L[x].

So L is indeed a linear transformation.

Problem 3.

(a) Let f,g € V. Then

LIf +9l(x) = ao(x)(f +9)"(x) + ar(2)(f + 9)'(x) + ax(2)(f + 9)(2)
= ao(2)["(x) + a1(z) ['(z) + az(2) f(x) + ao(z)g" (z) + a1 (z)g'(x) + az(z)g(x)
= L[f](x) + Llg](x)

Now let f € V and A € R. Then

LM(x) = ao(z)(Af)"(2) + ar(2)(Af)(2) + az(x)(Af)(2)
= Aao(2)f"(x) + ar(x) f'(x) + az(2) f ()]
= AL[f](x)

So indeed L is a linear transformation.

(b) No. For example, let f(z) = x and A = 2. Then

LIMI(z) = ao(x)(2)* + ax(2)2 + az () (22)
= dag(x) + 2a;(z) + 2zas(x)



While on the other hand

AL[f)(2) = 2a0(x) + 2a1 () + 2xay(x) # LIAf](x)

(c) We can generalize the result of part (a) to conclude that an n-th order
differential operator is linear if it is of the form

L[f](z) = ao(z) f" (x) + ar(x) f" V(@) + ... + apor (@) f'(2) + an(2) f(2)
Problem 4.

Let v € V. Then there is a unique way to write v in terms of the basis
consisting of the e;, say

vV=ae +...+a,e,

Now define

L(v)=a1f; + ...+ a,f,

It is clear from the definition of L that L(e;) = f;. It remains to show (1)
that L is a linear transformation and (2) it’s the only linear transformation
such that L(e;) = fj.

(1) Let v,w € V. Then there are scalars a; and b; so that

v = ae;+...+a,e,
W = b1€1+...+bnen

Then

L(V + W) = (CLl + bl)fl + ...+ (an + bn)fn
= a1f1—|—+anfn+blf1+—|—bnfn
= L(v)+ L(w)

Also, if A € R we can similarily show that



L(A\v) = AL(v)

So L is a linear transformation with the desired properties.

(2) To show uniqueness, suppose 7T is also a linear transformation with the
desired properties. Then if we apply T to v from above, by the properties of
linear transformations we have that

T(v) = Llae+...+ayey,)
aiL(er) + ...+ a,L(ey)
af; + ...+ a,f,

= L(v)

Therefore T' = L and so L is the unique linear transformation with the
stated properties.

Problem 5.

(a) L[(2,3,-2,3) = (0,6) #0

So (2,3,—2,3) is not in the kernel of L.
(b) L4, -2, —4,2)] = (0,0)

So (4,—2,—4,2) is in the kernel of L.

(c) Yes. For example, L(1,2,0,0) = (1,2)
(d) Yes. For example L(0,0,0,0) = (0,0).

In fact, one can show that for any linear transformation 7', T(0) = 0, so 0
is always an element of the range of a given linear transformation.

(e) {(u1,ug,us,uy) € R4\u1 = —Ug, Uy = —Us}

(f) R?



Problem 6

(a) The elements in the kernel are the constant polynomials P(t) = ao (this is
because the derivative of a constant is zero). From this we see that elements
in the kernel can be expressed as a linear combination of the polynomial
P(t) = 1 and therefore a basis for the kernel is {1} and its dimension is 1.

(b) If P(t) = ag+ayt +ast?, then L[P](t) = t*P'(t) = a;t* +2ayt®. From this
we see that elements in the range can be expressed as linear combinations
of the polynomials > and t3. Furthermore, these two polynomials form a

linearly independent set, so a basis for the kernel is {¢?,*} and its dimension
is 2.

Problem 7.

(a) Suppose that

air ... Qip
A=
Am1  --- Qmn
T
X =
Tn
Then we have that
Lix] = Ax
al A1n xy
am1 - Amn Tn

a;1xry+ ...+ a,x,

Am1T1 + ... + Gpn Ty,



ail A1n
Qm1 Qmn

From this we see that the range is the set of all linear combinations of the
columns of A, which is exactly the definition of the column space of A.

(b) Apply part (a) to AT and use the fact that the rows of A are the columns
of AT.

Problem 8.
We find the kernel by solving the system of equations represented by the
matrix

10 -1 3 1160
10 0 2 —-1]0
20 -15 —-1]0
00 -11 010

10 -1 3 1|0
00 1 -1 010
00 0O 0 110
|00 0 0 0]0
The most general solution is then given by x1 = —2x4, 1o = 2,13 = T4, x4 =

x4, x5 = 0. We can write this as

x = 25(0,1,0,0,0) + 24(—2,0,1,1,0)

So the two vectors (0,1,0,0,0) and (—2,0,1,1,0) span the kernel. They are
also linearly independent, so a basis for the kernel is {(0, 1,0, 0,0), (—2,0,1,1,0)}
and it has dimension 2.

(b) By Problem 7(a), the columns of the given matrix span the range. How-
ever, they are linearly dependent. We can extract a basis by successively
removing vectors that can be expressed as linear combinations of the others.
To do this, write the zero vector as a linear combination of the columns,
yielding a system of equations represented by the augmented matrix



1 0 -1 3 1107
10 0 2 =110
2 0 -1 5 —-11/0

|00 =11 00

In row echelon form this becomes

1 0 -1 3 1]0]
00 1 -1 2010
00 O 0 110

|00 0 0 0]0 |

One can remove each vector whose column does not contain a leading 1 (in
this case the second and fourth columns) and the result will be a basis. So
a basis for the range is {(1,1,2,0),(—1,0,—1,—1),(=1,—1,—1,0)} and the
dimension is 3.

Problem 9.

(a) Suppose we have written the zero vector as a linear combination of the
v. Then
avi+...+ao,v, =0

Since L sends zero to zero we must then have that

Llayvi+ ...+ a,v,| =0

By the properties of linear transformations, this gives us

a Livi]+ ...+ a,L[v,] =0

But since {L[vy],..., L[v,]} are linearly independent, this implies that a; =
... = a, = 0, which implies that {vy,...,v,} are linearly independent.

(b) No. For example, consider the transformation L : R?* — R? given by
L{(z,y)] = (z +y,z +y). Then {(1,0),(0,1)} is a linearly independent set,
but L[(1,0)] = (1,1) and L[(0,1)] = (1,1) so {L[(1,0)], L[(0,1)]} is a linearly
dependent set.



Problem 10.

The linear transformation L[(z,y)] = (v + 3y, —x +y, 2z — y) has the desired
properties.

Problem 11.
1 000
()10 1 1 0
0011
1 0 -1 -1
(by|-1 1 2 1
0 0 1 1
1 010
()]0 0 1 2
1101
0 -1 1 -1
(d)jo 1 0
1 1 0 1
Problem 12.
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