Cliapter Tlinee
Maps Between Spaces

I Isomorphisms

In the examples following the definition of a vector space we expressed the
intuition that some spaces are “the same” as others. For instance, the space of
two-tall column vectors and the space of two-wide row vectors are not equal
because their elements — column vectors and row vectors —are not equal, but
we feel that these spaces differ only in how their elements appear. We will now
make this precise.

This section illustrates a common phase of a mathematical investigation.
With the help of some examples we've gotten an idea. We will next give a formal
definition and then we will produce some results backing our contention that
the definition captures the idea. We've seen this happen already, for instance in
the first section of the Vector Space chapter. There, the study of linear systems
led us to consider collections closed under linear combinations. We defined such
a collection as a vector space and we followed it with some supporting results.

That wasn’t an end point, instead it led to new insights such as the idea of a
basis. Here also, after producing a definition and supporting it, we will get two
surprises (pleasant ones). First, we will find that the definition applies to some
unforeseen, and interesting, cases. Second, the study of the definition will lead
to new ideas. In this way, our investigation will build momentum.

1.1 Definition and Examples

We start with two examples that suggest the right definition.
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1.1 Example The space of two-wide row vectors and the space of two-tall column
vectors are “the same” in that if we associate the vectors that have the same

(12 +— (;)

(read the double arrow as “corresponds to”) then this association respects the

components, e.g.,

operations. For instance these corresponding vectors add to corresponding totals

1 3 4
vosamno o ()+(9)-()

and here is an example of the correspondence respecting scalar multiplication.

1 5
5.(12)=(510) +«— 5.<2>=<10>

Stated generally, under the correspondence

(ap ar) <+— <a0>
a

both operations are preserved:

(ao ar)+(bo by) =(ap+bo aj+by)+— <ao>+<bo> - <a0+bo)

aj

r-(ag a1) = (rag Ta;) +— T- <a0> _ (rao>
aj Tag

(all of the variables are scalars).

and

1.2 Example Another two spaces that we can think of as “the same” are P;, the
space of quadratic polynomials, and R3. A natural correspondence is this.

QAo 1
ao + arx + axx?  +— a; (eg, 1+2x+3x% +— | 2])
ap 3

This preserves structure: corresponding elements add in a corresponding way

ap + arx + a)x? ao bo ao + bo
~|—bo+b1x—|—b2x2 <~ laj |+ |bi1 | =]a;+Dby
(ag +bo) + (a7 +by)x + (a2 + b2)x? az b, az + by
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and scalar multiplication corresponds also.

Qo TA)o
T (a0 + arx + axx?) = (rag) + (ray)x + (rax)x*>  +— r-|lai | = ras
az Ta

1.3 Definition An tsomorphism between two vector spaces V and W is a map
f: V— W that

(1) is a correspondence: f is one-to-one and onto;*

(2) preserves structure: if V1,V, € V then
£V +V2) = f(Vh) + f(V2)
and if V€ V and r € R then

f(rv) = rf(V)
(we write V = W, read “V is isomorphic to W”, when such a map exists).

“Morphism” means map, so “isomorphism” means a map expressing sameness.

1.4 Example The vector space G ={cjcos0 + ¢, 8in0 | ¢c1,c2 € R} of functions
of 0 is isomorphic to R? under this map.

. f C1
clcos6+czs1n9»—>< )
C2

We will check this by going through the conditions in the definition. We will
first verify condition (1), that the map is a correspondence between the sets
underlying the spaces.
To establish that f is one-to-one we must prove that f(&@) = f(b) only when
d="b.If
f(aj;cos® + apsin®) = f(by cos® + b, sin 0)

(&)=

from which we conclude that a; = by and a, = b,, because column vectors
are equal only when they have equal components. Thus ajcos0 + a;sind =
by cosB + b, sin B, and as required we’ve verified that f(@) = f(b) implies that
a="o.

*More information on correspondences is in the appendix.

then by the definition of f
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To prove that f is onto we must check that any member of the codomain R?
is the image of some member of the domain G. So, consider a member of the

)

and note that it is the image under f of x cos© + ysin 6.
Next we will verify condition (2), that f preserves structure. This computation
shows that f preserves addition.

codomain

f((a1 cos0 + a;sinB) + (by cos0 + b, sine))
:f((m +by)cosO + (ay +bz)sine)

_ [a1+by
a; + by
- aq b]

=f(aj cos®+ aysin®) + f(by cos® + b, sin O)

The computation showing that f preserves scalar multiplication is similar.

)):f(r(ucosGJrTazsinG)
o T,
T lray
=T7T-
az

=71 f(aj cos® + a;sin0)

f(r-(ajcosb+ aysin®

With both (1) and (2) verified, we know that f is an isomorphism and we
can say that the spaces are isomorphic G = R?.

1.5 Example Let V be the space {ci1x + coy + c3z | ¢1,¢2,¢3 € R} of linear combi-
nations of the three variables under the natural addition and scalar multiplication
operations. Then V is isomorphic to P,, the space of quadratic polynomials.

To show this we must produce an isomorphism map. There is more than one
possibility; for instance, here are four to choose among.

f
—  c1 +cax +c3x?

f
— ¢z +c3x +crx?
c1X+c2y +c3z 3 )
— —C71 —C2X —C3X
fa

—5  c1 4+ (c1 +ca)x + (e1 +c3)x?
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The first map is the more natural correspondence in that it just carries the
coefficients over. However we shall do f; to underline that there are isomorphisms
other than the obvious one. (Checking that f; is an isomorphism is Exercise 14.)

To show that f, is one-to-one we will prove that if f,(cix + coy + ¢c3z) =
fa(dyx + day + d3z) then cix + coy + c3z = dyx + doy + d3z. The assumption
that fo(cix+coy—+c3z) = fa(dix+day+dsz) gives, by the definition of f;, that
cs+cax+cix? =dy+dzx+dix2. Equal polynomials have equal coefficients so
c2 =dj, c3 =ds, and ¢y = dy. Hence fo(cix+coy+csz) = fa(dix+day+dsz)
implies that cix + c2y + c3z = dix + dyy + d3z, and f; is one-to-one.

The map f, is onto because a member a + bx + cx? of the codomain is the
image of a member of the domain, namely it is f,(cx + ay + bz). For instance,
24 3x —4x? is fo(—4x + 2y + 3z).

The computations for structure preservation are like those in the prior
example. The map f, preserves addition

f2((c1x 4+ cay + ¢32) + (dix + doy + d3z))
=f2((c1 + di)x+ (c2 + d2)y + (c3 + d3)z)
= (c2 +d2) + (c3 + d3)x + (c1 + dy)x?
= (c2 +cax+c1x?) + (da + d3x + dix?)
=fa(c1x + cay 4+ c3z) + f2(di1x + day + d32)

and scalar multiplication.

f2(r- (c1x+ cay + c32)) = fa(rerx + ey + 1e3z)
=TC2 +TC3X + rc1x2
=71-(c24c3x+c1x?)

=r- fa(c1x+ coy +c32)

Thus f, is an isomorphism. We write V = P5.

1.6 Example Every space is isomorphic to itself under the identity map. The
check is easy.

1.7 Definition An automorphism is an isomorphism of a space with itself.

1.8 Example A dilation map d,: R? — R? that multiplies all vectors by a nonzero
scalar s is an automorphism of R?.

<L g

dq.
=3 d1.5(¥)
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Another automorphism is a rotation or turning map, te: R> — R? that rotates
all vectors through an angle 6.

t7'[/6 (ﬁ)

=]

A third type of automorphism of R? is a map f¢: R? — R? that flips or reflects
all vectors over a line { through the origin.

fe (}1)

. ‘ T

Checking that these are automorphisms is Exercise 31.

1.9 Example Consider the space Ps5 of polynomials of degree 5 or less and the
map f that sends a polynomial p(x) to p(x — 1). For instance, under this map
X2 (x—=1)2 =x2=2x+1and x3+2x — (x—1)3+2(x—1) = x> —3x? +5x—3.
This map is an automorphism of this space; the check is Exercise 23.

This isomorphism of Ps5 with itself does more than just tell us that the space
is “the same” as itself. It gives us some insight into the space’s structure. Below
is a family of parabolas, graphs of members of P5. Each has a vertex at y = —1,
and the left-most one has zeroes at —2.25 and —1.75, the next one has zeroes at
—1.25 and —0.75, etc.

VL
Substitution of x — 1 for x in any function’s argument shifts its graph to the
right by one. Thus, f(po) = p1, and f’s action is to shift all of the parabolas
to the right by one. Notice that the picture before f is applied is the same as
the picture after f is applied because while each parabola moves to the right,
another one comes in from the left to take its place. This also holds true for

cubics, etc. So the automorphism f expresses the idea that Ps has a certain
horizontal-homogeneity: if we draw two pictures showing all members of P5, one
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picture centered at x = 0 and the other centered at x = 1, then the two pictures
would be indistinguishable.

As described in the opening to this section, having given the definition of
isomorphism, we next look to support the thesis that it captures our intuition of
vector spaces being the same. First, the definition itself is persuasive: a vector
space consists of a set and some structure and the definition simply requires that
the sets correspond and that the structures correspond also. Also persuasive
are the examples above, such as Example 1.1, which dramatize that isomorphic
spaces are the same in all relevant respects. Sometimes people say, where V = W,
that “W is just V painted green” — differences are merely cosmetic.

The results below further support our contention that under an isomorphism
all the things of interest in the two vector spaces correspond. Because we
introduced vector spaces to study linear combinations, “of interest” means
“pertaining to linear combinations.” Not of interest is the way that the vectors
are presented typographically (or their color!).

1.10 Lemma An isomorphism maps a zero vector to a zero vector.

ProoF Where f: V — W is an isomorphism, fix some ¥ € V. Then f(0yv) =
£(0-¥) =0 f(¥) = Ow. QED

1.11 Lemma For any map f: V — W between vector spaces these statements are
equivalent.
(1) f preserves structure

f(Vi +V2) =f(V1) + f(V2) and f(cV) = cf(V)
(2) f preserves linear combinations of two vectors
fle1vh + caV2) = 1 f(V) + c2f(V2)
(3) f preserves linear combinations of any finite number of vectors
fleiVh +- -+ cnVin) =1 f(Vh) +- - -+ cnf(Vn)

Proor Since the implications (3) = (2) and (2) = (1) are clear, we need
only show that (1) = (3). So assume statement (1). We will prove (3) by
induction on the number of summands n.

The one-summand base case, that f(cV;) = ¢ f(V), is covered by the second
clause of statement (1).

For the inductive step assume that statement (3) holds whenever there are k
or fewer summands. Consider the k + 1-summand case. Use the first half of (1)
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to break the sum along the final ‘+’.
fleiv + - + eV + Ckp1 V1) = flervi + - + cxVik) + eV r)
Use the inductive hypothesis to break up the k-term sum on the left.
= f(c1Vh) + -+ flewVi) + fcrr1Vi 1)
Now the second half of (1) gives
=c1 f(V1) + - + e F(Vi) + e F(Vis)

when applied k + 1 times. QED

We often use item (2) to simplify the verification that a map preserves structure.

Finally, a summary. In the prior chapter, after giving the definition of a
vector space, we looked at examples and noted that some spaces seemed to be
essentially the same as others. Here we have defined the relation ‘=’ and have
argued that it is the right way to precisely say what we mean by “the same”
because it preserves the features of interest in a vector space—in particular, it
preserves linear combinations. In the next section we will show that isomorphism
is an equivalence relation and so partitions the collection of vector spaces.

Exercises

v' 1.12 Verify, using Example 1.4 as a model, that the two correspondences given before
the definition are isomorphisms.
(a) Example 1.1  (b) Example 1.2

v 1.13 For the map f: P; — R? given by
a+bx— (a;b)

Find the image of each of these elements of the domain.
(@ 3—2x (b) 2+2x (c) x
Show that this map is an isomorphism.
1.14 Show that the natural map f; from Example 1.5 is an isomorphism.

v 1.15 Decide whether each map is an isomorphism (if it is an isomorphism then prove
it and if it isn’t then state a condition that it fails to satisfy).

(a) f: Max2 — R given by
a b
(c d) — ad — bc

a+b+c+d
a b . a+b+c
c d a+b

a

(b) f: Mz — R? given by
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(c) f: Mpo — P3 given by

(2 z> —c+(d+c)x+ (b+ a)x? + ax®

(d) f: Maxo — P3 given by

(: Z) —c+(d+c)x+ (b+a+1)x? +ax’

1.16 Show that the map f: R' — R' given by f(x) = x> is one-to-one and onto. Is it
an isomorphism?

v 1.17 Refer to Example 1.1. Produce two more isomorphisms (of course, you must
also verify that they satisfy the conditions in the definition of isomorphism).

1.18 Refer to Example 1.2. Produce two more isomorphisms (and verify that they
satisfy the conditions).

v 1.19 Show that, although R? is not itself a subspace of R3, it is isomorphic to the
xy-plane subspace of R3.

1.20 Find two isomorphisms between R'® and M.

v 1.21 For what k is Mxn isomorphic to R¥?

1.22 For what k is P, isomorphic to R™?

1.23 Prove that the map in Example 1.9, from Ps5 to Ps5 given by p(x) — p(x —1),
is a vector space isomorphism.

1.24 Why, in Lemma 1.10, must there be a V € V? That is, why must V be
nonempty?

1.25 Are any two trivial spaces isomorphic?

1.26 In the proof of Lemma 1.11, what about the zero-summands case (that is, if n
is zero)?

1.27 Show that any isomorphism f: Py — R! has the form a — ka for some nonzero
real number k.

v' 1.28 These prove that isomorphism is an equivalence relation.
(a) Show that the identity map id: V — V is an isomorphism. Thus, any vector
space is isomorphic to itself.
(b) Show that if f: V — W is an isomorphism then so is its inverse f~': W — V.
Thus, if V is isomorphic to W then also W is isomorphic to V.
(c) Show that a composition of isomorphisms is an isomorphism: if f: V — W is
an isomorphism and g: W — U is an isomorphism then so also is go f: V — L.
Thus, if V is isomorphic to W and W is isomorphic to U, then also V is isomorphic
to U.

1.29 Suppose that f: V — W preserves structure. Show that f is one-to-one if and
only if the unique member of V mapped by f to Ow is Oy.

1.30 Suppose that f: V — W is an isomorphism. Prove that the set {V,...,V,} CV
is linearly dependent if and only if the set of images {f(V;),...,f(Vkx)} C W is
linearly dependent.

v' 1.31 Show that each type of map from Example 1.8 is an automorphism.
(a) Dilation ds by a nonzero scalar s.
(b) Rotation tg through an angle 6.
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(c) Reflection f, over a line through the origin.
Hint. For the second and third items, polar coordinates are useful.
1.32 Produce an automorphism of P, other than the identity map, and other than a
shift map p(x) — p(x — k).
1.33 (a) Show that a function f: R' — R' is an automorphism if and only if it has
the form x — kx for some k # 0.
(b) Let f be an automorphism of R' such that f(3) = 7. Find f(—2).
(c) Show that a function f: R? — R? is an automorphism if and only if it has the

form
(X) (ax + by)
'_)
y cx +dy

for some a,b,c,d € R with ad —bc # 0. Hint. Exercises in prior subsections

have shown that
(Z) is not a multiple of ((cl)

if and only if ad — bc # 0.
(d) Let f be an automorphism of R? with

- () = o)
f((i)])).

1.34 Refer to Lemma 1.10 and Lemma 1.11. Find two more things preserved by
isomorphism.

1.35 We show that isomorphisms can be tailored to fit in that, sometimes, given
vectors in the domain and in the range we can produce an isomorphism associating

Find

those vectors.
(a) Let B = <ﬁ1,[§2,63> be a basis for P, so that any p € P, has a unique
representation as P = ¢4 61 +c2 [32 +c3 63, which we denote in this way.
C1
Repg(p) = | c2
C3
Show that the Repg () operation is a function from P, to R? (this entails showing
that with every domain vector v € P, there is an associated image vector in R3,
and further, that with every domain vector v € P, there is at most one associated
image vector).
(b) Show that this Repg(-) function is one-to-one and onto.
(c) Show that it preserves structure.
(d) Produce an isomorphism from P, to R that fits these specifications.

1 0
x+x2— |0 and 1—x— |1
0 0

1.36 Prove that a space is n-dimensional if and only if it is isomorphic to R™. Hint.
Fix a basis B for the space and consider the map sending a vector over to its
representation with respect to B.
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1.37 (Requires the subsection on Combining Subspaces, which is optional.) Let
U and W be vector spaces. Define a new vector space, consisting of the set
UxW={(,w) |t €U and w € W} along with these operations.

(1, W1) + (2, W2) = (ty + 12, W71 +W2) and 1 (U,W) = (ril,™W)
This is a vector space, the external direct sum of U and W.

(a) Check that it is a vector space.

(b) Find a basis for, and the dimension of, the external direct sum P, x R2.

(c) What is the relationship among dim(U), dim(W), and dim(U x W)?

(d) Suppose that U and W are subspaces of a vector space V such that V=UsW
(in this case we say that V is the internal direct sum of U and W). Show that
the map f: U x W — V given by

(T, W) — T+ W
is an isomorphism. Thus if the internal direct sum is defined then the internal
and external direct sums are isomorphic.

1.2 Dimension Characterizes Isomorphism

In the prior subsection, after stating the definition of isomorphism, we gave some
results supporting our sense that such a map describes spaces as “the same.”
Here we will develop this intuition. When two (unequal) spaces are isomorphic
we think of them as almost equal, as equivalent. We shall make that precise by

proving that the relationship ‘is isomorphic to’ is an equivalence relation.
2.1 Lemma The inverse of an isomorphism is also an isomorphism.

Proor Suppose that V is isomorphic to W via f: V — W. An isomorphism is a
correspondence between the sets so f has an inverse function f~': W — V that
is also a correspondence.*

We will show that because f preserves linear combinations, so also does f~'.
Suppose that w;,w, € W. Because it is an isomorphism, f is onto and there
are V1,V, € V such that wq; = f(V;) and w, = f(V,). Then

f (e Wi +ea Wa) =F (¢ - f(¥) +c2-f(2))

=f ' (f(c1V1 +c2¥a) ) =1V + oV = ¢ - f (W) +ca - F T (W)

since f~' (W) = v and f~'(W,) = ¥,. With that, by Lemma 1.11’s second
statement, this map preserves structure. QED

* More information on inverse functions is in the appendix.
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2.2 Theorem Isomorphism is an equivalence relation between vector spaces.

Proor We must prove that the relation is symmetric, reflexive, and transitive.

To check reflexivity, that any space is isomorphic to itself, consider the
identity map. It is clearly one-to-one and onto. This shows that it preserves
linear combinations.

id(cy -V +¢2-V2) =c1V7 + 2V = ¢1 -id(V7) + ¢3 - id(V3)

Symmetry, that if V is isomorphic to W then also W is isomorphic to V,
holds by Lemma 2.1 since each isomorphism map from V to W is paired with
an isomorphism from W to V.

To finish we must check transitivity, that if V is isomorphic to W and W
is isomorphic to U then V is isomorphic to U. Let f: V—+ W and g: W — U
be isomorphisms. Consider their composition g o f: V — U. Because the com-
position of correspondences is a correspondence, we need only check that the
composition preserves linear combinations.

gof(cy-Vi4ca-V2)=g(flcr-Vi+c2-¥2))
=g(c1-f(¥) +c2-f(¥2))
=c1-g(f(¥1)) 4+ c2 - g(f(¥2))
=cy-(gof) (Vi) +ca-(gof)(V2)

Thus the composition is an isomorphism. QED

Since it is an equivalence, isomorphism partitions the universe of vector
spaces into classes: each space is in one and only one isomorphism class.

All finite dimensional
vector spaces:

The next result characterizes these classes by dimension. That is, we can describe
each class simply by giving the number that is the dimension of all of the spaces
in that class.

2.3 Theorem Vector spaces are isomorphic if and only if they have the same
dimension.

In this double implication statement the proof of each half involves a signifi-
cant idea so we will do the two separately.
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2.4 Lemma If spaces are isomorphic then they have the same dimension.

Proor We shall show that an isomorphism of two spaces gives a correspon-
dence between their bases. That is, we shall show that if f: V— W is an
isomorphism and a basis for the domain V is B = <{§1 yeens En> then its image
D= <f(ﬁ1 ) f(f’;n)> is a basis for the codomain W. (The other half of the
correspondence, that for any basis of W the inverse image is a basis for V, follows
from the fact that f~' is also an isomorphism and so we can apply the prior
sentence to f~'.)

To see that D spans W, fix any w € W. Because f is an isomorphism it is
onto and so there is a V € V with w = f(V). Expand V as a combination of basis
vectors.

—

W= f() = fviB1+- +vnBn) =vi - f(B1) + - +vn - f(Bn)
For linear independence of D, if
6W = C]ﬂﬁ]) +---+ Cnf(gn) = f(cq 61 +- Cngn)

then, since f is one-to-one and so the only vector sent to Ow is 6\/, we have that
6v =C 61 +.--+cn Bn, which implies that all of the c’s are zero. QED

2.5 Lemma If spaces have the same dimension then they are isomorphic.

Proor We will prove that any space of dimension n is isomorphic to R™. Then
we will have that all such spaces are isomorphic to each other by transitivity,
which was shown in Theorem 2.2.

Let V be n-dimensional. Fix a basis B = (81,...,fn) for the domain V.
Consider the operation of representing the members of V with respect to B as a
function from V to R™.

vi
. - - Re
V=it vnfa

Vn

It is well-defined* since every v has one and only one such representation (see
Remark 2.6 following this proof).
This function is one-to-one because if

Repg (WiB1 4+ unfn) = Repg(ViB1 4+ +Vnfin)

* More information on well-defined is in the appendix.
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then
u1 V1
Un Vn
and so w; = vy, ..., Uy = Vu, implying that the original arguments 1 61 +

—I—unﬁn and v, [§1 + - +vn[§n are equal.
This function is onto; any member of R™

Wi

S
1

Wn

is the image of some V € V, namely W = Repg (w1 E] 4+ wnfn).
Finally, this function preserves structure.

— —

Repg(r-t+s-V) =Repg((rus +svi)B1+ -+ (Tun + svn)pn )

U] + SV
TUn + SVn
w Vi
=T _|_ S -
Un Vn

=1 Repg (i) + s - Repy (V)

Therefore Repg is an isomorphism. Consequently any n-dimensional space
is isomorphic to R™. QED

2.6 Remark The proof has a sentence about ‘well-defined.” Its point is that to be
an isomorphism Repp must be a function, and the definition of function requires
that for all inputs the associated output exists and is determined by the input.
So we must check that every V is associated with at least one Repg(V), and no
more than one.

In the proof we express elements V of the domain space as combinations
of members of the basis B and then associate V with the column vector of
coefficients. That there is at least one expansion of each V holds because B is a
basis and so spans the space.

The worry that there is no more than one associated member of the codomain
is subtler. A contrasting example, where an association fails this unique output
requirement, illuminates the issue. Let the domain be P, and consider a set that
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is not a basis (it is not linearly independent, although it does span the space).
A ={1+0x+0x?0+ Ix+0x%,0+0x + 1x%, 1 + 1x + 2x?}

Call those polynomials &;, ..., &4. In contrast to the situation when the set
is a basis, here there can be more than one expression of a domain vector in
terms of members of the set. For instance, consider v = 1+ x + x?. Here are
two different expansions.

V=1&; +1d; + 1&3 + 0d4 V=0& +0a; —1d3 + 1&4
So this input vector V is associated with more than one column.

0

—1
1

[ N

Thus, with A the association is not well-defined. (The issue is that A is not
linearly independent; to show uniqueness Theorem Two.III.1.12’s proof uses only
linear independence.)

In general, any time that we define a function we must check that output
values are well-defined. Most of the time that condition is perfectly obvious but
in the above proof it needs verification. See Exercise 19.

2.7 Corollary A finite-dimensional vector space is isomorphic to one and only one
of the R™.

This gives us a collection of representatives of the isomorphism classes.

All finite dimensional | xR%/ *R3
vector spaces: One representative

per class

* R2
*R!

The proofs above pack many ideas into a small space. Through the rest of
this chapter we’ll consider these ideas again, and fill them out. As a taste of
this we will expand here on the proof of Lemma 2.5.

2.8 Example The space My, of 2x 2 matrices is isomorphic to R*. With this
basis for the domain

=i o) (0 o) (0 8) 6 7)
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the isomorphism given in the lemma, the representation map f; = Repgy, carries

a bl
c d

One way to think of the map f; is: fix the basis B for the domain, use the
standard basis £4 for the codomain, and associate ﬁ 1 with €5, ﬁz with &5, etc.
Then extend this association to all of the members of two spaces.

the entries over.
a

o o o

a b > > 7 7
(C d):a[51+b[52+c[33+d{54 li) aé7 +béy +c€3 + déy =

[o RN eI« i o]

We can do the same thing with different bases, for instance, taking this basis

S I A A N e

Associating corresponding members of A and &4 gives this.

for the domain.

(a b) = (a/2)&; + (b/2)&> + (¢/2)&3 + (d/2)&4

c d
a/2
MEN (a/2)é; + (b/2)e; + (c/2)e3 + (d/2)és = Eg
d/2

gives rise to an isomorphism that is different than f;.

The prior map arose by changing the basis for the domain. We can also
change the basis for the codomain. Go back to the basis B above and use this
basis for the codomain.

1 0 0 0
0 1 0 0
D =
< O ) O b O b ~I >
0 0 1 0

Associate [;’; 1 with 31, etc. Extending that gives another isomorphism.

b . . - - . .
<2 d)—a[31+b[32+c[33+d(34 =% aby + b8y + 83 + dSy =

(eI =V ey o]
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We close with a recap. Recall that the first chapter defines two matrices to be
row equivalent if they can be derived from each other by row operations. There
we showed that relation is an equivalence and so the collection of matrices is
partitioned into classes, where all the matrices that are row equivalent together
fall into a single class. Then for insight into which matrices are in each class we
gave representatives for the classes, the reduced echelon form matrices.

In this section we have followed that pattern except that the notion here
of “the same” is vector space isomorphism. We defined it and established some
properties, including that it is an equivalence. Then, as before, we developed
a list of class representatives to help us understand the partition —it classifies
vector spaces by dimension.

In Chapter Two, with the definition of vector spaces, we seemed to have
opened up our studies to many examples of new structures besides the familiar
R™’s. We now know that isn’t the case. Any finite-dimensional vector space is
actually “the same” as a real space.

Exercises

v' 2.9 Decide if the spaces are isomorphic.

(@ R, R*  (b) P5,R*  (c) Mps, R®  (d) Ps5, Mo
(&) Maac, C*

v 2.10 Consider the isomorphism Repg(-): P1 — R? where B = (1,1 +x). Find the

image of each of these elements of the domain.
(@) 3—2x; (b)) 2+2x; () x

v' 211 Show that if m # n then R™ # R™.

V' 212 Is M = Mo ?

v 2.13 Are any two planes through the origin in R? isomorphic?

2.14 Find a set of equivalence class representatives other than the set of R™’s.

2.15 True or false: between any n-dimensional space and R™ there is exactly one
isomorphism.

2.16 Can a vector space be isomorphic to one of its (proper) subspaces?

v' 2.17 This subsection shows that for any isomorphism, the inverse map is also an
isomorphism. This subsection also shows that for a fixed basis B of an n-dimensional
vector space V, the map Repg: V — R™ is an isomorphism. Find the inverse of
this map.

v' 2.18 Prove these facts about matrices.

(a) The row space of a matrix is isomorphic to the column space of its transpose.
(b) The row space of a matrix is isomorphic to its column space.

2.19 Show that the function from Theorem 2.3 is well-defined.

2.20 Is the proof of Theorem 2.3 valid when n = 07?

2.21 For each, decide if it is a set of isomorphism class representatives.
(a) {C* |k e N}
(b) {Px [k €{-1,0,1,...}}
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(€) {Mimxn | myn € N}

2.22 Let f be a correspondence between vector spaces V and W (that is, a map that
is one-to-one and onto). Show that the spaces V and W are isomorphic via f if and
only if there are bases B C V and D C W such that corresponding vectors have the
same coordinates: Repg (V) = Repp (f(V)).

2.23 Consider the isomorphism Repg: P3 — R*.

(a) Vectors in a real space are orthogonal if and only if their dot product is zero.
Give a definition of orthogonality for polynomials.

(b) The derivative of a member of P; is in P3;. Give a definition of the derivative
of a vector in R*.

V' 2.24 Does every correspondence between bases, when extended to the spaces, give an
isomorphism? That is, suppose that V is a vector space with basis B = ([31 yeuny [§n>
and that f: B — W is a correspondence such that D = <f([_f’;1 )y .,f((gnb is basis
for W. Must f: V — W sending v = ¢, [§1 —+-- ~—i—cn[§n to f(¥) = ¢4 1?([31 )+ - ~+cnf([§n)
be an isomorphism?

2.25 (Requires the subsection on Combining Subspaces, which is optional.) Sup-
pose that V =V; ®V, and that V is isomorphic to the space U under the map f.
Show that U = f(V7) & f(Uy).

2.26 Show that this is not a well-defined function from the rational numbers to the
integers: with each fraction, associate the value of its numerator.
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I Homomorphisms

The definition of isomorphism has two conditions. In this section we will consider
the second one. We will study maps that are required only to preserve structure,
maps that are not also required to be correspondences.

Experience shows that these maps are tremendously useful. For one thing
we shall see in the second subsection below that while isomorphisms describe
how spaces are the same, we can think of these maps as describing how spaces
are alike.

1.1 Definition

1.1 Definition A function between vector spaces h: V — W that preserves addition
if V1,V € V then h(Vy +V2) = h(¥1) + h(¥3)
and scalar multiplication
if V€ Vand r € R then h(r- V) =1-h(V)

is a homomorphism or linear map.

1.2 Example The projection map 7t: R3 — R?

is a homomorphism. It preserves addition

X1 X2 X1+ X2 X1 4 x X1 X2
| +lw D =nl|vi+v V=" 2 ) =nl{y ) +n(]ya2])
Y1 + Y2
Z1 Z2 z1+ 22 Z1 Z2

and scalar multiplication.
X1 X1 x X1
m(r- w)=ﬂ1m)=<]>=rMy1)
TY1
Z1 TZ1 Z1

This is not an isomorphism since it is not one-to-one. For instance, both 0 and
€3 in R® map to the zero vector in R?.
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1.3 Example The domain and codomain can be other than spaces of column
vectors. Both of these are homomorphisms; the verifications are straightforward.

(1) f1: P, — P3 given by

ao 4+ arx 4+ axx? — apx + (a1/2)x? + (az/3)x>

a b
d
(c d)HcH—

1.4 Example Between any two spaces there is a zero homomorphism, mapping

(2) f2: Max2 — R given by

every vector in the domain to the zero vector in the codomain.

1.5 Example These two suggest why we use the term ‘linear map’.
(1) The map g: R® — R given by

X
y| 5 3x+2y—452
z

is linear, that is, is a homomorphism. The check is easy. In contrast, the
map §: R® — R given by

»i>3x+2y—4.51+1

[ =P

is not linear. To show this we need only produce a single linear combination
that the map does not preserve. Here is one.

0 1
01)+4({0])=5
0 0
(2) The first of these two maps tq,t,: R3 — R? is linear while the second is
not.
X X
y KGR 5x — 2y y 2, 5x — 2y
. X+y 2 Xy

Finding a linear combination that the second map does not preserve is
easy.
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So one way to think of ‘homomorphism’ is that we are generalizing ‘isomor-
phism’ (by dropping the condition that the map is a correspondence), motivated
by the observation that many of the properties of isomorphisms have only to
do with the map’s structure-preservation property. The next two results are
examples of this motivation. In the prior section we saw a proof for each that
only uses preservation of addition and preservation of scalar multiplication, and
therefore applies to homomorphisms.

1.6 Lemma A homomorphism sends the zero vector to the zero vector.

1.7 Lemma The following are equivalent for any map f: V — W between vector
spaces.
(1) fis a homomorphism
(2) f(c1 Vi +ca-V2) =cy-f(V1)+cy - f(V,) for any c1,cz € R and v,V € V
(3) flci-Vi+---+cn-Vn)=cy-f(V1)+---+cn-f(Vn) for any cq,...,cn €R
and Vi,...,V, € V

1.8 Example The function f: R? — R* given by

x/2
<x> f 0
—
Yy xX+y
3y
is linear since it satisfies item (2).
T1(x1/2) +712(x2/2) x1/2 x2/2
0 0 0
=7 + 712
T1(x1 +y1) +12(x2 +Y2) X1+ Y1 x2 + Y2
T1(3y1) +12(3y2) 3y 3y2

However, some things that hold for isomorphisms fail to hold for homo-
morphisms. One example is in the proof of Lemma I[.2.4, which shows that
an isomorphism between spaces gives a correspondence between their bases.
Homomorphisms do not give any such correspondence; Example 1.2 shows this
and another example is the zero map between two nontrivial spaces. Instead,
for homomorphisms we have a weaker but still very useful result.

1.9 Theorem A homomorphism is determined by its action on a basis: if V is a vec-
tor space with basis <61 gooog §n>, if W is a vector space, and if wy,...,w,, € W
(these codomain elements need not be distinct) then there exists a homomor-
phism from V to W sending each ﬁi to wy, and that homomorphism is unique.
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Proor For any input Vv € V let its expression with respect to the basis be
V= E: 1+ +Cn fgn. Define the associated output by using the same coordinates
h(V) = cyW1 + - -+ + cnWy. This is well defined because, with respect to the
basis, the representation of each domain vector V is unique.

This map is a homomorphism because it preserves linear combinations: where
V] =1 [31 4+ 4+ cngn and v3 = d; [§1 4+ 4 dngn, here is the calculation.

h(r1¥1 +12%2) = h((r1e1 +12d1)B1 + - + (r1cn +12dn ) Bn )
=(ricr +1m2di)Wy + -+ (T + T2d0 ) Wn
=11h(Vy) 4+ m2h(V;)

This map is unique because if h: V — W is another homomorphism satisfying

that R(B;) = W; for each i then h and h have the same effect on all of the
vectors in the domain.

H(G) :H(Clgl + "'+Cn[§n) = Clﬁ(gl) +"'+Cnﬁ([§n)

= C1W1 + - + W = h(V)

They have the same action so they are the same function. QED

1.10 Definition Let V and W be vector spaces and let B = (f1,...,fn) be a
basis for V. A function defined on that basis f: B — W is extended linearly
to a function f: V — W if for all ¥ € V such that v = c; [§1 + - Cn[gn, the
action of the map is f(¥) = ¢; -f((§1) 4+ oo+ cn - f(Bn)

1.11 Example If we specify a map h: R? — R? that acts on the standard basis

&7 in this way
o= () G- ()

then we have also specified the action of h on any other member of the domain.
For instance, the value of h on this argument

()= (o) = ()=o) ()= (3

is a direct consequence of the value of h on the basis vectors.

Later in this chapter we shall develop a convenient scheme for computations
like this one, using matrices.
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1.12 Definition A linear map from a space into itself t: V — V is a linear trans-
formation.

1.13 Remark In this book we use ‘linear transformation’ only in the case where
the codomain equals the domain. However, be aware that other sources may
instead use it as a synonym for ‘homomorphism’.

1.14 Example The map on R? that projects all vectors down to the x-axis is a

) )

1.15 Example The derivative map d/dx: P, — P,

linear transformation.

d/d
Ao +arx+ -+ anx™ »/—;(cu +2ax 4 3a3x? + -+ -+ napx™!

is a linear transformation as this result from calculus shows: d(ci1f + c2g)/dx =

¢y (df/dx) + ¢z (dg/dx).

1.16 Example The matrix transpose operation

MR

is a linear transformation of M,.,. (Transpose is one-to-one and onto and so is
in fact an automorphism.)

We finish this subsection about maps by recalling that we can linearly combine
maps. For instance, for these maps from R? to itself

o) () = ) (6]

the linear combination 5f — 2g is also a transformation of RZ.

X 51-29 10x
y 5x — 10y

1.17 Lemma For vector spaces V and W, the set of linear functions from V to
W is itself a vector space, a subspace of the space of all functions from V to W.

We denote the space of linear maps from V to W by £(V, W).

Proor This set is non-empty because it contains the zero homomorphism. So
to show that it is a subspace we need only check that it is closed under the
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operations. Let f,g: V — W be linear. Then the operation of function addition
is preserved

(f 4+ g)(c1V1 4 c2V2) = f(c1Vh + caVa) + g(c1Vy + c2V2)
=c1f(Vq) + c2f(V2) + c19(Vi) + 029(\'2)
:c1(f+g)(v1 +C2(f+g)

as is the operation of scalar multiplication of a function.

(r-f)(c1V1 + c2v2) = r(c1f(Vr) + c2f(V2))
=ci(r-f)(Vq) +ca(r- f)(V2)

Hence £(V, W) is a subspace. QED

We started this section by defining ‘homomorphism’ as a generalization of
‘isomorphism’, by isolating the structure preservation property. Some of the
points about isomorphisms carried over unchanged, while we adapted others.

Note, however, that the idea of ‘homomorphism’ is in no way somehow
secondary to that of ‘isomorphism’. In the rest of this chapter we shall work
mostly with homomorphisms. This is partly because any statement made about
homomorphisms is automatically true about isomorphisms but more because,
while the isomorphism concept is more natural, our experience will show that
the homomorphism concept is more fruitful and more central to progress.

Exercises
v 1.18 Decide if each h: R3 — R? is linear.

X N X
y)) ~(ny.) O (y))
z z
* 2

(@ (g) =(nry)

z
v' 1.19 Decide if each map h: My, — R is linear.
(a) h[(g Z)) —a+d

Il
~
o O
N
—
o
2
=
RS
n e xR
\/
Il
-2
N——

a b
(b) h((c d)):ad—bc
(©) h((‘c1 2)):2a+3b+c—d

(d) h((c 2)) =a? +b?

v' 1.20 Show that these two maps are homomorphisms.
(a) d/dx: Pz — P, given by ao + a;x + axx? + azx> maps to a; + 2ayx + 3azx?
b) [: P, — P3 given by bo + byx + bax? maps to box + (b1/2)x? + (b2/3)x3
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Are these maps inverse to each other?

1.21 Is (perpendicular) projection from R? to the xz-plane a homomorphism? Pro-
jection to the yz-plane? To the x-axis? The y-axis? The z-axis? Projection to the
origin?

1.22 Show that, while the maps from Example 1.3 preserve linear operations, they
are not isomorphisms.

1.23 Is an identity map a linear transformation?

v' 1.24 Stating that a function is ‘linear’ is different than stating that its graph is a
line.
(a) The function fi: R — R given by fy(x) = 2x — 1 has a graph that is a line.
Show that it is not a linear function.
(b) The function f,: R? — R given by

X
=X+ 2
()

does not have a graph that is a line. Show that it is a linear function.

v' 1.25 Part of the definition of a linear function is that it respects addition. Does a
linear function respect subtraction?
1.26 Assume that h is a linear transformation of V and that ([31 Seny En) is a basis
of V. Prove each statement.
(a) If h(B;) = 0 for each basis vector then h is the zero map.
(b) If h(B;) = B; for each basis vector then h is the identity map.
(c) If there is a scalar r such that h( B:) = 1+ B; for each basis vector then h(¥) = r-v
for all vectors in V.
v' 1.27 Consider the vector space R™ where vector addition and scalar multiplication
are not the ones inherited from R but rather are these: a + b is the product of
a and b, and r - a is the r-th power of a. (This was shown to be a vector space
in an earlier exercise.) Verify that the natural logarithm map In: R" - R is a
homomorphism between these two spaces. Is it an isomorphism?

v 1.28 Consider this transformation of R2.
() G5
y y/3
Find the image under this map of this ellipse.
X
() 10+ 2/ =1

v 1.29 Imagine a rope wound around the earth’s equator so that it fits snugly (suppose
that the earth is a sphere). How much extra rope must we add to raise the circle
to a constant six feet off the ground?

v 1.30 Verify that this map h: R3 - R

X X 3
yl|l = [y)-|-1]=3x-y—2z2
z z —1

is linear. Generalize.
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1.31 Show that every homomorphism from R' to R' acts via multiplication by a
scalar. Conclude that every nontrivial linear transformation of R' is an isomorphism.
Is that true for transformations of R?? R™?

1.32 (a) Show that for any scalars a; j,...,Qm  this map h: R* — R™ is a homo-
morphism.
X1 a1,1X7 + -+ A nXn
—
Xn Am,1X1 4 F Am,nXn

(b) Show that for each i, the i-th derivative operator d'/dx! is a linear trans-

formation of P,,. Conclude that for any scalars cy,...,co this map is a linear
transformation of that space.
dk k—1 d
frs —f g——f+ —f f
< + Cx—1 D + + ¢ ax + Co

1.33 Lemma 1.17 shows that a sum of linear functions is linear and that a scalar
multiple of a linear function is linear. Show also that a composition of linear
functions is linear.

v' 1.34 Where f: V — W is linear, suppose that f(V;) =wy, ..., f(V,) = W, for some
vectors wy, ..., W, from W.
(a) If the set of w's is independent, must the set of V'’s also be independent?
(b) If the set of V's is independent, must the set of W's also be independent?
(c) If the set of w’s spans W, must the set of V’s span V?
(d) If the set of V'’s spans V, must the set of W’s span W?

1.35 Generalize Example 1.16 by proving that for every appropriate domain and
codomain the matrix transpose map is linear. What are the appropriate domains
and codomains?

1.36  (a) Where 1,V € R", by definition the line segment connecting them is the set

(={t-d+(1—1t)-v|tel0.1]}. Show that the image, under a homomorphism
h, of the segment between 1 and V is the segment between h(i) and h(V).

(b) A subset of R™ is convez if, for any two points in that set, the line segment
joining them lies entirely in that set. (The inside of a sphere is convex while the
skin of a sphere is not.) Prove that linear maps from R™ to R™ preserve the
property of set convexity.

v 1.37 Let h: R® — R™ be a homomorphism.

(a) Show that the image under h of a line in R™ is a (possibly degenerate) line in
R™,

(b) What happens to a k-dimensional linear surface?

1.38 Prove that the restriction of a homomorphism to a subspace of its domain is
another homomorphism.

1.39 Assume that h: V — W is linear.

(a) Show that the range space of this map {h(V) |V € V} is a subspace of the
codomain W.

(b) Show that the null space of this map {V € V| h(V) = Ow } is a subspace of the
domain V.
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(c) Show that if U is a subspace of the domain V then its image {h(i) |1 € U} is
a subspace of the codomain W. This generalizes the first item.
(d) Generalize the second item.

1.40 Consider the set of isomorphisms from a vector space to itself. Is this a subspace
of the space £(V,V) of homomorphisms from the space to itself?

1.41 Does Theorem 1.9 need that (61 RN ﬁn> is a basis? That is, can we still get a
well-defined and unique homomorphism if we drop either the condition that the
set of B' 's be linearly independent, or the condition that it span the domain?

1.42 Let V be a vector space and assume that the maps f;,f,: V — R are lin-
ear.
(a) Define a map F: V — R? whose component functions are the given linear ones.

- T (‘7)>
Vi .
(fz )
Show that F is linear.

(b) Does the converse hold —is any linear map from V to R? made up of two
linear component maps to R'?
(c) Generalize.

1.2 Range space and Null space

Isomorphisms and homomorphisms both preserve structure. The difference is
that homomorphisms have fewer restrictions, since they needn’t be onto and
needn’t be one-to-one. We will examine what can happen with homomorphisms
that cannot happen with isomorphisms.

First consider the fact that homomorphisms need not be onto. Of course,
each function is onto some set, namely its range. For example, the injection

map t: R? = R3
X
Y 0

is a homomorphism, and is not onto R3. But it is onto the xy-plane.

2.1 Lemma Under a homomorphism, the image of any subspace of the domain is
a subspace of the codomain. In particular, the image of the entire space, the
range of the homomorphism, is a subspace of the codomain.

Proor Let h: V — W be linear and let S be a subspace of the domain V. The
image h(S) is a subset of the codomain W, which is nonempty because S is
nonempty. Thus, to show that h(S) is a subspace of W we need only show that
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it is closed under linear combinations of two vectors. If h(S7) and h(S;) are
members of h(S) then c; 'h(§1 )+Cz'h(§2) = h(C] -1 )+h(C2'§2) = h(C] -§4 +C2'§2)
is also a member of h(S) because it is the image of ¢ - S7 + ¢, - §> from S. QED

2.2 Definition The range space of a homomorphism h: V — W is
%(h) ={h(¥) |V € V}

sometimes denoted h(V). The dimension of the range space is the map’s rank.

We shall soon see the connection between the rank of a map and the rank of a
matrix.

2.3 Example For the derivative map d/dx: P3 — P3 given by ap + ajx + axx* +
a3x® — aj + 2ax + 3azx? the range space Z(d/dx) is the set of quadratic

polynomials {r + sx + tx? | 7,s,t € R}. Thus, this map’s rank is 3.
2.4 Example With this homomorphism h: My, — P3

(: z> — (a+b+2d) +cex? + cx®

an image vector in the range can have any constant term, must have an x
coefficient of zero, and must have the same coefficient of x? as of x3. That is,
the range space is Z(h) = {r + sx? 4+ sx> | ,s € R} and so the rank is 2.

The prior result shows that, in passing from the definition of isomorphism to
the more general definition of homomorphism, omitting the onto requirement
doesn’t make an essential difference. Any homomorphism is onto some space,
namely its range.

However, omitting the one-to-one condition does make a difference. A
homomorphism may have many elements of the domain that map to one element
of the codomain. Below is a bean sketch of a many-to-one map between sets.” It
shows three elements of the codomain that are each the image of many members
of the domain. (Rather than picture lots of individual — arrows, each association
of many inputs with one output shows only one such arrow.)

;

* More information on many-to-one maps is in the appendix.
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Recall that for any function h: V — W, the set of elements of V that map to
W € W is the inverse image h™' (W) = {V € V| h(V) = W]. Above, the left side
shows three inverse image sets.

2.5 Example Consider the projection 7t: R3 — R?

which is a homomorphism that is many-to-one. An inverse image set is a vertical
line of vectors in the domain.

) % /:WRZ

One example is this.

11 1
T ( 3 )={[3]|1zeR}

z

2.6 Example This homomorphism h: R? — R!

X\ h
—X+y

is also many-to-one. For a fixed w € R' the inverse image h™'(w)

R1

is the set of plane vectors whose components add to w.

In generalizing from isomorphisms to homomorphisms by dropping the one-
to-one condition we lose the property that, intuitively, the domain is “the same”
as the range. We lose, that is, that the domain corresponds perfectly to the range.
The examples below illustrate that what we retain is that a homomorphism
describes how the domain is “analogous to” or “like” the range.
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2.7 Example We think of R3 as like R? except that vectors have an extra
component. That is, we think of the vector with components x, y, and z as
like the vector with components x and y. Defining the projection map 7 makes
precise which members of the domain we are thinking of as related to which
members of the codomain.

To understanding how the preservation conditions in the definition of homo-
morphism show that the domain elements are like the codomain elements, start
by picturing R? as the xy-plane inside of R® (the xy plane inside of R? is a set
of three-tall vectors with a third component of zero and so does not precisely
equal the set of two-tall vectors R?, but this embedding makes the picture much
clearer). The preservation of addition property says that vectors in R? act like
their shadows in the plane.

1 2 X X1 +Ys %o
above lus above equals + above
91 <y1) P yz (y2> q Y1t Y2 (91 +y2>

Z1 Z z1 + 22

Thinking of 7t(V) as the “shadow” of V in the plane gives this restatement: the
sum of the shadows 7t(V;) + ©(V,) equals the shadow of the sum 7t(V; + V).
Preservation of scalar multiplication is similar.

Drawing the codomain R? on the right gives a picture that is uglier but is
more faithful to the bean sketch above.

A L /'7%,
/ H/K\-WHLWZ

—

Wi

Again, the domain vectors that map to w; lie in a vertical line; one is drawn, in
gray. Call any member of this inverse image 7' (W;) a “W; vector.” Similarly,
there is a vertical line of “w, vectors” and a vertical line of “w; + W, vectors.”
Now, saying that 7t is a homomorphism is recognizing that if 7t(V;) = W,
and 7t(Vy) = Wy then (v + V) = n(Vy) + m(V2) = Wy + W,. That is, the
classes add: any wy vector plus any w, vector equals a Wy + W, vector. Scalar
multiplication is similar.
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So although R3 and R? are not isomorphic 7 describes a way in which they
are alike: vectors in R3 add as do the associated vectors in R? —vectors add as
their shadows add.

2.8 Example A homomorphism can express an analogy between spaces that is
more subtle than the prior one. For the map from Example 2.6

X\ h
—Xx+y

fix two numbers in the range wy,w, € R. A Vi; that maps to wy has components
that add to wq, so the inverse image h~'(wy) is the set of vectors with endpoint
on the diagonal line x +y = wy. Think of these as “w; vectors.” Similarly we
have “w; vectors” and “w; + w; vectors.” The addition preservation property

Vi +V;
Vi

a “w; vector” plus “w, vector” equals a “w; +w; vector”

says this.

Restated, if we add a w; vector to a w, vector then h maps the result to a
w1 + w; vector. Briefly, the sum of the images is the image of the sum. Even
more briefly, h(V;) + h(V,) = h(V; + V).

2.9 Example The inverse images can be structures other than lines. For the linear

map h: R3 — R?
X
(¥
z

the inverse image sets are planes x =0, x = 1, etc., perpendicular to the x-axis.

d

We won'’t describe how every homomorphism that we will use is an analogy

”

because the formal sense that we make of “alike in that ...” is ‘a homomorphism

exists such that ...’. Nonetheless, the idea that a homomorphism between two
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spaces expresses how the domain’s vectors fall into classes that act like the
range'’s vectors is a good way to view homomorphisms.

Another reason that we won't treat all of the homomorphisms that we see as
above is that many vector spaces are hard to draw, e.g., a space of polynomials.
But there is nothing wrong with leveraging spaces that we can draw: from the
three examples 2.7, 2.8, and 2.9 we draw two insights.

The first insight is that in all three examples the inverse image of the range’s
zero vector is a line or plane through the origin. It is therefore a subspace of the
domain.

2.10 Lemma For any homomorphism the inverse image of a subspace of the
range is a subspace of the domain. In particular, the inverse image of the trivial
subspace of the range is a subspace of the domain.

(The examples above consider inverse images of single vectors but this result
is about inverse images of sets h™'(S) = {(V € V| h(V¥) € S}. We use the same
term for both by taking the inverse image of a single element h~' (W) to be the
inverse image of the one-element set h=1 ({w}).)

Proor Let h: V — W be a homomorphism and let S be a subspace of the range
space of h. Consider the inverse image of S. It is nonempty because it contains
6\/, since h(@v) = GW and 6W is an element of S as S is a subspace. To finish we
show that h™! (S) is closed under linear combinations. Let V; and v, be two of
its elements, so that h(V;) and h(V,) are elements of S. Then ¢V + ¢,V is an
element of the inverse image h™'(S) because h(c;V; +c2V2) = c1h(V;)+c2h(Vs)
is a member of S. QED

2.11 Definition The null space or kernel of a linear map h: V — W is the inverse
image of Oyy.
A (h) =h""(0w) ={V € VI () = 0w}

The dimension of the null space is the map’s nullity.

2.12 Example The map from Example 2.3 has this null space A4 (d/dx) =
{ag + 0x + 0x? + 0x3 | ap € R} so its nullity is 1.
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2.13 Example The map from Example 2.4 has this null space, and nullity 2.

b

a
A :{<o —(a+b)/2

)a,beR}

Now for the second insight from the above examples. In Example 2.7 each of
the vertical lines squashes down to a single point —in passing from the domain to
the range, 7 takes all of these one-dimensional vertical lines and maps them to a
point, leaving the range smaller than the domain by one dimension. Similarly, in
Example 2.8 the two-dimensional domain compresses to a one-dimensional range
by breaking the domain into the diagonal lines and maps each of those to a single
member of the range. Finally, in Example 2.9 the domain breaks into planes
which get squashed to a point and so the map starts with a three-dimensional
domain but ends two smaller, with a one-dimensional range. (The codomain
is two-dimensional but the range is one-dimensional and the dimension of the
range is what matters.)

2.14 Theorem A linear map’s rank plus its nullity equals the dimension of its
domain.

Proor Let h: V — W be linear and let By = (B1,...,Bx) be a basis for
the null space. Expand that to a basis By = <{§1,...,[§k,[§k+1,...,[§n> for
the entire domain, using Corollary Two.II1.2.13. We shall show that Bg =
<h([§k+1 Jyeuny h([gn)) is a basis for the range space. Then counting the size of
the bases gives the result.

To see that Bg is linearly independent, consider 6W = ck+1h([§k+1 )+ +
cnh(Bn). Wehave Ow = h(cri1Brs1+ - +CnPn)and so crr1Brri+: - +CnPn
is in the null space of h. As By is a basis for the null space there are scalars
C1y...,Ck satisfying this relationship.

C1[§1+"'+Ck[§kzck+1[§k+1+"‘+Cngn

But this is an equation among members of By, which is a basis for V, so each
ci equals 0. Therefore By is linearly independent.

To show that B spans the range space consider a member of the range space
h(V). Express V as a linear combination V = ¢ 61 + -4 cn ﬁn of members
of By. This gives h(V) = h(c; g1 + 4 cnfgn) = c1h([§1) + -4 ckh([gk) +
ck+1h([§k+1) + -+ cnh(ﬁn) and since 51, e, ﬁk are in the null space, we
have that h(¥) =0+ --- + 0+ Creth(Brst) + -+ cnh(ﬁn). Thus, h(V) is a
linear combination of members of Bg, and so Bg spans the range space. QED
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2.15 Example Where h: R? — R* is

N X
||
5 y
0
the range space and null space are
g 0
Z(h) ={ b la,beR} and A (h)={|0] |zeR}
0 z

and so the rank of h is 2 while the nullity is 1.

2.16 Example If t: R — R is the linear transformation x — —4x, then the range
is Z(t) = R. The rank is 1 and the nullity is 0.

2.17 Corollary The rank of a linear map is less than or equal to the dimension of
the domain. Equality holds if and only if the nullity of the map is 0.

We know that an isomorphism exists between two spaces if and only if the
dimension of the range equals the dimension of the domain. We have now seen
that for a homomorphism to exist a necessary condition is that the dimension of
the range must be less than or equal to the dimension of the domain. For instance,
there is no homomorphism from R? onto R3. There are many homomorphisms
from R? into R3, but none onto.

The range space of a linear map can be of dimension strictly less than the
dimension of the domain and so linearly independent sets in the domain may
map to linearly dependent sets in the range. (Example 2.3’s derivative transfor-
mation on P3; has a domain of dimension 4 but a range of dimension 3 and the
derivative sends {1,x,x%,x3} to {0, 1,2x,3x%}). That is, under a homomorphism
independence may be lost. In contrast, dependence stays.

2.18 Lemma Under a linear map, the image of a linearly dependent set is linearly
dependent.

Proor Suppose that ¢c1V; 4+ -+ cpVn = 6v with some c; nonzero. Apply h to
both sides: h(ciVq + -+ cnVn) = cth(V7) +--- + ¢ h(Vy) and h(@v) = Ow.
Thus we have c1h(Vq) + - - - + cnh(¥n) = Ow with some c; nonzero. QED

When is independence not lost? The obvious sufficient condition is when
the homomorphism is an isomorphism. This condition is also necessary; see
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Exercise 34. We will finish this subsection comparing homomorphisms with
isomorphisms by observing that a one-to-one homomorphism is an isomorphism
from its domain onto its range.

2.19 Example This one-to-one homomorphism t: R* — R3

X
<X> — |y
Y 0
gives a correspondence between R? and the xy-plane subset of R3.

2.20 Theorem Where V is an n-dimensional vector space, these are equivalent
statements about a linear map h: V- W.
1) h is one-to-one

(
@) n

(3) A (h) ={0}, that is, nullity(h) =0

(4) rank(h) =n

(5) if (§1 yeeny 6n> is a basis for V then (h(g1 )y .. .,h([gn)) is a basis for Z(h)

—

Proor We will first show that (1) <= (2). We will then show that (1) =
3) = (4) = (5) = (2).

For (1) = (2), suppose that the linear map h is one-to-one, and therefore
has an inverse h™': Z(h) — V. The domain of that inverse is the range of h and
thus a linear combination of two members of it has the form ci1h(Vi) + c2h(V2).
On that combination, the inverse h™' gives this.

h'(c1h(¥1) + ¢2h($2)) = h ' (h(er ¥ + c2'2))
=h'oh (c1V] +cava)
=c1V1 + oV
=cy-h '(h(¥)) +cz-h T (h(¥2))

Thus if a linear map has an inverse then the inverse must be linear. But this also
gives the (2) = (1) implication, because the inverse itself must be one-to-one.

Of the remaining implications, (1) = (3) holds because any homomorphism
maps GV to 6W, but a one-to-one map sends at most one member of V to GW.

Next, (3) = (4) is true since rank plus nullity equals the dimension of the
domain.

For (4) = (5), to show that (h((g1 Jyoe .,h(ﬁn» is a basis for the range
space we need only show that it is a spanning set, because by assumption
the range has dimension n. Consider h(V) € Z(h). Expressing V as a linear
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combination of basis elements produces h(V) = h(ciB1 + c2f2 + -+ + cnfn),
which gives that h(V) = c1h(B1) + - - + cnh(Bn), as desired.

Finally, for the (5) = (2) implication, assume that ($1,...,[) is a basis
for V so that (h([§1 ) I ,h(ﬁn» is a basis for Z(h). Then every w € #Z(h) has
the unique representation W = c1h(B1) 4 --- + cnh(Bfn). Define a map from
Z(h) to V by

W o c1B1 +c2Ba+ -+ cnfn

(uniqueness of the representation makes this well-defined). Checking that it is
linear and that it is the inverse of h are easy. QED

We have seen that a linear map expresses how the structure of the domain is
like that of the range. We can think of such a map as organizing the domain
space into inverse images of points in the range. In the special case that the map
is one-to-one, each inverse image is a single point and the map is an isomorphism
between the domain and the range.

Exercises

v’ 2.21 Let h: P3 — P4 be given by p(x) — x - p(x). Which of these are in the null
space? Which are in the range space?
@ x> (0 ()7 (d 12x—0.5%x> (e) 1+3x*—x3
v' 2.22 Find the null space, nullity, range space, and rank of each map.
(@) h: R? — P; given by

a 2
b — a-+ ax + ax
a b
d
(c d)n—>a+

(a b> s atbtct dx?
c d

(b) h: My — R given by

(c) h: My — P, given by

(d) the zero map Z: R3 — R*
v' 2.23 Find the nullity of each map.
() h: R> — R?® of rank five  (b) h: P; — P;3 of rank one
(c) h: R® = R3 an onto map  (d) h: Mz, — Ms,s, onto
v’ 2.24 'What is the null space of the differentiation transformation d/dx: P, — P.?
What is the null space of the second derivative, as a transformation of P,,? The
k-th derivative?

2.25 Example 2.7 restates the first condition in the definition of homomorphism as
‘the shadow of a sum is the sum of the shadows’. Restate the second condition in
the same style.

2.26 For the homomorphism h: P; — P3 given by h(ap + arx + axx? + azx3) =
ao + (ao + a7)x + (az + az)x® find these.
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@ A (h) () h1(2=x%) () K 1(1+x?)
v 2.27 For the map f: R? — R given by

f((;‘)):ZHy

sketch these inverse image sets: f~'(—3), f~1(0), and f~'(1).
v’ 2.28 Each of these transformations of P; is one-to-one. For each, find the in-
verse.
(@) ap + arx + axx? + azx® — ao + a;x + 2a,;x? + 3azx®
(b) ap + arx + ayx? + azx® — ap + axx + a;x? + azx?
(€) ap 4+ arx+ axx? + azx® = a; + axx + azx? + apx®
(d) ap+arx+arx*+azx® — ao+(ap+ar)x+(ao+a;+az)x*+(ap+ar;+a+az)x?
2.29 Describe the null space and range space of a transformation given by v — 2V.
2.30 List all pairs (rank(h), nullity(h)) that are possible for linear maps from R’ to
R3.
2.31 Does the differentiation map d/dx: P,, — P,, have an inverse?
v' 2.32 Find the nullity of this map h: P, — R.

x=1
ao+a1x+---+anx“»—>J ap+arx+ -+ ax™dx
x=0

2.33 (a) Prove that a homomorphism is onto if and only if its rank equals the

dimension of its codomain.
(b) Conclude that a homomorphism between vector spaces with the same dimen-
sion is one-to-one if and only if it is onto.

2.34 Show that a linear map is one-to-one if and only if it preserves linear indepen-
dence.

2.35 Corollary 2.17 says that for there to be an onto homomorphism from a vector
space V to a vector space W, it is necessary that the dimension of W be less
than or equal to the dimension of V. Prove that this condition is also sufficient;
use Theorem 1.9 to show that if the dimension of W is less than or equal to the
dimension of V, then there is a homomorphism from V to W that is onto.

v’ 2.36 Recall that the null space is a subset of the domain and the range space is a
subset of the codomain. Are they necessarily distinct? Is there a homomorphism
that has a nontrivial intersection of its null space and its range space?

2.37 Prove that the image of a span equals the span of the images. That is, where
h:V — W is linear, prove that if S is a subset of V then h([S]) equals [h(S)]. This
generalizes Lemma 2.1 since it shows that if U is any subspace of V then its image
{h(d) | € U} is a subspace of W, because the span of the set U is U.

v 2.38 (a) Prove that for any linear map h: V — W and any w € W, the set h™' (W)

has the form
{V+i|ne A (h)}
for v € V with h(V) = w (if h is not onto then this set may be empty). Such a
set is a coset of .4 (h) and we denote it as Vv + .4 '(h).
(b) Consider the map t: R? — R? given by

(x) t (ax + by>
—
y cx + dy
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for some scalars a, b, ¢, and d. Prove that t is linear.
(c) Conclude from the prior two items that for any linear system of the form

ax+by=e
cx+dy="f
we can write the solution set (the vectors are members of R?)
{p+ R | i satisfies the associated homogeneous system}

where P is a particular solution of that linear system (if there is no particular
solution then the above set is empty).
(d) Show that this map h: R™ — R™ is linear

X1 A X1+ -0+ a1 nXn
p_>
Xn am‘lxl + e+ am,nxn
for any scalars aq1, ..., Gmn. Extend the conclusion made in the prior item.

(e) Show that the k-th derivative map is a linear transformation of P,, for each k.
Prove that this map is a linear transformation of the space

dk k—1 d
fro —f4c 1 F+ -+ f+cof
dxk KT gk Tax 0
for any scalars cy, ..., co. Draw a conclusion as above.

2.39 Prove that for any transformation t: V — V that is rank one, the map given by
composing the operator with itself tot: V — V satisfies tot = r- t for some real

number r.

2.40 Let h: V — R be a homomorphism, but not the zero homomorphism. Prove
that if (B1,...,Pn) is a basis for the null space and if ¥ € V is not in the null space
then (V,f1,...,Bn) is a basis for the entire domain V.

2.41 Show that for any space V of dimension n, the dual space
L(V,R)={h:V — R |his linear}
is isomorphic to R™. It is often denoted V*. Conclude that V* = V.
2.42 Show that any linear map is the sum of maps of rank one.
2.43 Is ‘is homomorphic to’ an equivalence relation? (Hint: the difficulty is to decide
on an appropriate meaning for the quoted phrase.)
2.44 Show that the range spaces and null spaces of powers of linear maps t: V — V
form descending
VOZ(t)2Z(t*)D...
and ascending
{Olcrmcr)c...
chains. Also show that if k is such that Z(t*) = Z(t**') then all following range
spaces are equal: Z(t*) = Z(t*") = #Z(t**2).... Similarly, if A (t%) = A (t**1)
then A (t%) = A () = A (t*H2) = ....
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Il Computing Linear Maps

The prior section shows that a linear map is determined by its action on a basis.
The equation

h(V)Zh(C1 '61+"'+Cn'gn)zcl 'h(g1)+"'+cn'h(gn)

describes how we get the value of the map on any vector v by starting from the
value of the map on the vectors ﬁi in a basis and extending linearly.

This section gives a convenient scheme based on matrices to use the represen-
tations of h(f1), ..., h([gn) to compute, from the representation of a vector in
the domain Repg(V), the representation of that vector’s image in the codomain
Repp (h(V)).

1.1 Representing Linear Maps with Matrices

1.1 Example For the spaces R? and R3 fix these bases.

) : 1 0 1
B_<<O>’<4>> D:< of,1-21,]|0 >
0 0 1
Consider the map h: R? — R3 that is determined by this association.
2\ h 1 h 1
— — | 2
0 4 0

To compute the action of this map on any vector at all from the domain we first
represent the vector h(g 1)

1 1 (0 1 0
1l=0]o|—=|-2]+1]0 Repp (h(B1)) = | —1/2
1 o] *\o 1 1
D
and the vector h(f5).
1 1 0 1 1
2l =10 —=1]=2|+0]o0 Repp (h(B2)) = | —1
0 0 0 1 0



204 Chapter Three. Maps Between Spaces

With these, for any member V of the domain we can compute h(V).

h(ﬁ)—h(cl'<é>+02'<l>)
¢ -h((é))m-h((l))

1 : 0 1 1 0 1
=c;-(0|0 3 2|+1]0D)+ca-(1{Oo]—=1]=2]4+0f0]
0 0 1 0 0 1
1 : 0 1
=(0c1+1cz)- |0 +(_EC1 —Tc2)- | =2+ (1c1+0c2)- |0
0 0 1
Thus,
c Ocq + 1ca
if Repg (V) = ( ‘) then Repp (h(¥)) = | —(1/2)ct — Tcs
C2
Tci + Ocz

For instance,

4 1 4 2
since Rep (()):() we have Rep (h(()))z —-5/2
B8 2) L 8 :

We express computations like the one above with a matrix notation.

0 1 c Ocq + 1ca
—1/2 -1 (C‘> = | (=1/2)c; —1¢z
1 0/ 2/ B Tcq +0cy

In the middle is the argument V to the map, represented with respect to the
domain’s basis B by the column vector with components ¢y and c¢,. On the
right is the value of the map on that argument h(V), represented with respect to
the codomain’s basis D. The matrix on the left is the new thing. We will use it
to represent the map and we will think of the above equation as representing an
application of the map to the matrix.

That matrix consists of the coefficients from the vector on the right, 0 and
1 from the first row, —1/2 and —1 from the second row, and 1 and 0 from the

—

third row. That is, we make it by adjoining the vectors representing the h(f;)’s.

RepD(h((§1 )) RepD(h(€2) )
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1.2 Definition Suppose that V and W are vector spaces of dimensions n and m
with bases B and D, and that h: V — W is a linear map. If

hi1 hin
. hz 3 . ha n
Repp (h(B1)) = | . Repp (h(Bn)) = .
hmJ D hm‘n D
then
h])] h])z h])n
hz)] hzyz e hz‘n
Repg p(h) = .

T R

is the matrix representation of h with respect to B, D.

In that matrix the number of columns n is the dimension of the map’s domain
while the number of rows m is the dimension of the codomain.

We use lower case letters for a map, upper case for the matrix, and lower case
again for the entries of the matrix. Thus for the map h, the matrix representing
it is H, with entries h; ;.

1.3 Example If h: R3 — P; is

ai

az | % (2a1 + a2) + (—a3)x
as
then where
0 0 2
B=({0]|,|2]|,[0]) D=(14+x-1+x)
1 0 0
the action of h on B is this.
0 0 2
o —x 2| 2 o -4
1 0 0

A simple calculation

Repp(—x) = (jg) Repp(2) = (_ﬂ) Repp(4) = ( _22)
D D D



206 Chapter Three. Maps Between Spaces

shows that this is the matrix representing h with respect to the bases.

—-1/2 1 2
Repg p(h) = (_1§2 » _2>
B,D

’

1.4 Theorem Assume that V and W are vector spaces of dimensions n and m
with bases B and D, and that h: V — W is a linear map. If h is represented by

hip hiz ... hin
hz’] hzyz . hzyn
Repg p(h) = )
i U2 B.D
and V € V is represented by
Cq
Repg (V) =

tn/ g

then the representation of the image of V is this.

hijci +hi2co+ -+ hyncn
. hy1¢1 +ho2c2+ - +hynen
Repp (h(V)) = )

hm,ic1 +hp2c2 + -+ hmncn b

Proor This formalizes Example 1.1. See Exercise 29. QED
1.5 Definition The matriz-vector product of a mxn matrix and a nx 1 vector
is this.

ar a2

ain c ar,1¢1 + -+ aynCn
1
a1 azp azn az 1€y +---+azncn
Cn
Am,1 Qm,2 Am,n

Am,1C1 +- 4+ Am,nCn
Briefly, application of a linear map is represented by the matrix-vector
product of the map’s representative and the vector’s representative.

1.6 Remark Theorem 1.4 is not surprising, because we chose the matrix repre-
sentative in Definition 1.2 precisely to make the theorem true —if the theorem
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were not true then we would adjust the definition to make it so. Nonetheless,
we need the verification.

1.7 Example For the matrix from Example 1.3 we can calculate where that map
sends this vector.

4
v=11
0
With respect to the domain basis B the representation of this vector is
0
Repg (V) = | 1/2
2

B

and so the matrix-vector product gives the representation of the value h(V) with
respect to the codomain basis D.

0
RePD(h(v))=<:1;§ _]1 _22> 1/2
B,D \ 2

B
(=12 04+1-(1/2)+2-2) (92
S \(=1/2)-0—-1-(1/2)=2-2 5 - \—9,2 5
To find h(V) itself, not its representation, take (9/2)(1 +x) — (9/2)(—1+x) = 9.

1.8 Example Let 1: R3 — R? be projection onto the xy-plane. To give a matrix
representing this map, we first fix some bases.

1 1 —1
B=([o],{1].| o] D=<<f>,<}>>
0 0 1

For each vector in the domain’s basis, find its image under the map.

] 1 -1
(1 (1 x (1
0 0 ]

Then find the representation of each image with respect to the codomain’s basis.

ot ()= () mm (= (§) ()= ()

Finally, adjoining these representations gives the matrix representing 7 with

respect to B, D.
1T 0 -1
Repg p () = (_] 1 )
B,D
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We can illustrate Theorem 1.4 by computing the matrix-vector product repre-
senting this action by the projection map.

2
2
n(|2])= ( )
2
1
Represent the domain vector with respect to the domain’s basis

2 1
Repg (|2 |) = |2
1 1

B

to get this matrix-vector product.

2 1
1T 0 —1 0
ot (1= (10 7) 2] < (3)
1 B,D \1 B D

Expanding this into a linear combination of vectors from D

) ()0

checks that the map’s action is indeed reflected in the operation of the matrix.
We will sometimes compress these three displayed equations into one.

2 1
h 0 2
2 = 2 — =
Ho\2 2
1 1 B D

We now have two ways to compute the effect of projection, the straightforward
formula that drops each three-tall vector’s third component to make a two-tall
vector, and the above formula that uses representations and matrix-vector
multiplication. The second way may seem complicated compared to the first,
but it has advantages. The next example shows that for some maps this new
scheme simplifies the formula.

1.9 Example To represent a rotation map te: R> — R? that turns all vectors in
the plane counterclockwise through an angle 6

te/e tn/6 (ﬂ)

—
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we start by fixing the standard bases £, for both the domain and codomain
basis, Now find the image under the map of each vector in the domain’s basis.

()= () (5 () g

Represent these images with respect to the codomain’s basis. Because this basis
is €;, vectors represent themselves. Adjoin the representations to get the matrix
representing the map.

REPSZ’SZ(te) - (sine cos 0

cos® —sin 9)

The advantage of this scheme is that we get a formula for the image of any
vector at all just by knowing in (*) how to represent the image of the two basis
vectors. For instance, here we rotate a vector by 6 = /6.

3\ [ 3\ tes (V372 =172\ (3 (3598 ) (359
-2) 7 \2), V2 3] \22) Tl o023 0232

More generally, we have a formula for rotation by 6 = 7t/6.

X\ tes V3/2 —1/2)\ (x\ _ [(V3/2x—(1/2)y

y 172 V3/2) \y (1/2)x+ (V3/2)y
1.10 Example In the definition of matrix-vector product the width of the matrix
equals the height of the vector. Hence, this product is not defined.

LS 6)

It is undefined for a reason: the three-wide matrix represents a map with a
three-dimensional domain while the two-tall vector represents a member of a
two-dimensional space. So the vector cannot be in the domain of the map.

Nothing in Definition 1.5 forces us to view matrix-vector product in terms
of representations. We can get some insights by focusing on how the entries
combine.

A good way to view matrix-vector product is that it is formed from the dot
products of the rows of the matrix with the column vector.

Cq
C2 :
a1 ai2 ... Qin | =1 ai1c1 a2+ -+ Qintn

Cn
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Looked at in this row-by-row way, this new operation generalizes dot product.
We can also view the operation column-by-column.

hip hiz2 ... hin 1 hiict +hy2c + -+ hyncn
hy7 haz ... hy, c2 hz1¢1 +ho2c2+--+hynen
hmJ hm)z - hm,n Cn hmJ c1 + hm,2C2 + -+ hm,nCn
hi 1 hin
hy 1 hyn
=y ) +-+cn )
hm 1 hm n

) 5

The result is the columns of the matrix weighted by the entries of the vector.

1.11 Example

| R HRIGRI R
2 0 3 : 2 0 3 7

This way of looking at matrix-vector product brings us back to the objective
stated at the start of this section, to compute h(c; [§1 +--4cn [gn) as c1h(ﬁ1 )+
<o 4 cnh(Bn).

We began this section by noting that the equality of these two enables us
to compute the action of h on any argument knowing only h(B1), ..., h(fn).
We have developed this into a scheme to compute the action of the map by
taking the matrix-vector product of the matrix representing the map with the
vector representing the argument. In this way, with respect to any bases, for any
linear map there is a matrix representation. The next subsection will show the
converse, that if we fix bases then for any matrix there is an associated linear
map.

Exercises

v' 1.12 Multiply the matrix

by each vector, or state “not defined.”

) @ o (3) © @

1.13 Perform, if possible, each matrix-vector multiplication.
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oG w0 e

v' 1.14 Solve this matrix equation.

201 1\ /x 8
0 1 3| |y]=14
1 -1 2) \z 4

v' 1.15 For a homomorphism from P, to P3 that sends

T=T4%x x—=14+2x, and x*—x—x3

where does 1 — 3x + 2x? go?
v 1.16 Assume that h: R? — R3 is determined by this action.
1 2 0 0
( 0) =2 (]) =1
0 -1
Using the standard bases, find
(a) the matrix representing this map;
(b) a general formula for h(v).
v 1.17 Let d/dx: P; — P3 be the derivative transformation.
(a) Represent d/dx with respect to B, B where B = (1,x,x%,%x3).
(b) Represent d/dx with respect to B, D where D = (1, 2x,3x?, 4x3).
v' 1.18 Represent each linear map with respect to each pair of bases.
(a) d/dx: P, — P, with respect to B, B where B = (1,x,...,x™), given by

Ao+ arx + ax? 4+ -+ anx™ = ag 4+ 20X + - - 4 napx™!

(b) [: Pn — Pniy with respect to By, By, 1 where B = (1,x,...,x"), given by

Qo+ arx 4+ @x® + o+ anx™ > Qox + x? e Iy
2 n+

() f;: Pn — R with respect to B, &y where B = (1,x,...,x™) and &; = (1), given
by

2 n ay an

Ao+ a1x+ax” +---+apx —=ag+ —=—+---+
2 n+1

(d) eval;: P, — R with respect to B,&; where B = (1,x,...,x™) and & = (1),
given by

a+arx+ax?+--+ax" = a+a-3+a-32 4 +a,-3"
(e) slide_;: P, — P, with respect to B, B where B = (1,x,...,x™), given by
Qo+ arx+ax?+--Faxt s at+ar-(x+D)FFan - (x+DN
1.19 Represent the identity map on any nontrivial space with respect to B, B, where
B is any basis.
1.20 Represent, with respect to the natural basis, the transpose transformation on
the space M,y of 2x 2 matrices.
1.21 Assume that B = ([31 , [gz, 63, 64) is a basis for a vector space. Represent with
respect to B, B the transformation that is determined by each.
(a) g] = Bz, 62 = gsy 63 = 64, 64 0
(b) B1— B2, B2+ 0, B3 — Ba, B2 0
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(c) 61 Hfgz, 62'—>[§3, B‘s*—ﬂ_)’, 64'—>6
1.22 Example 1.9 shows how to represent the rotation transformation of the plane
with respect to the standard basis. Express these other transformations also with
respect to the standard basis.
(a) the dilation map ds, which multiplies all vectors by the same scalar s
(b) the reflection map f,, which reflects all all vectors across a line { through the
origin
v 1.23 Consider a linear transformation of R? determined by these two.

1)~ 6) @)= (0)
1 0 0 0
(a) Represent this transformation with respect to the standard bases.
(b) Where does the transformation send this vector?
0
)

(c) Represent this transformation with respect to these bases.

= ((4):0) P=G) (V)

(d) Using B from the prior item, represent the transformation with respect to
B, B.
1.24 Suppose that h: V — W is one-to-one so that by Theorem 2.20, for any basis B =
(B1y...,Bn) C V the image h(B) = (h(B1),...,h(Bn)) is a basis for W.
(a) Represent the map h with respect to B, h(B).
(b) For a member V of the domain, where the representation of v has components
C1, ..., Cn, represent the image vector h(V) with respect to the image basis h(B).
1.25 Give a formula for the product of a matrix and €, the column vector that is
all zeroes except for a single one in the i-th position.
v' 1.26 For each vector space of functions of one real variable, represent the derivative
transformation with respect to B, B.
(a) {acosx+bsinx| a,b € R}, B = (cosx,sinx)
(b) {ae* +be?* | a,b € R}, B = (e¥,e**)
(c) {a+bx+ce* + dxe* | a,b,c,d € R}, B = (1,x,e*,xe*)
1.27 Find the range of the linear transformation of R? represented with respect to
the standard bases by each matrix.

(a) ((1) g) (b) (g g) (c) a matrix of the form (2(2 21;)

v' 1.28 Can one matrix represent two different linear maps? That is, can Repg p(h) =
Repy 1 ()7
1.29 Prove Theorem 1.4.
v' 1.30 Example 1.9 shows how to represent rotation of all vectors in the plane through
an angle 0 about the origin, with respect to the standard bases.

(a) Rotation of all vectors in three-space through an angle 0 about the x-axis is a
transformation of R3. Represent it with respect to the standard bases. Arrange
the rotation so that to someone whose feet are at the origin and whose head is
at (1,0,0), the movement appears clockwise.
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(b) Repeat the prior item, only rotate about the y-axis instead. (Put the person’s
head at €5.)

(c) Repeat, about the z-axis.

(d) Extend the prior item to R*. (Hint: we can restate ‘rotate about the z-axis
as ‘rotate parallel to the xy-plane’.)

)

1.31 (Schur’s Triangularization Lemma)

(a) Let U be a subspace of V and fix bases By C By. What is the relationship
between the representation of a vector from U with respect to By and the
representation of that vector (viewed as a member of V) with respect to By?

(b) What about maps?

(c) Fix a basis B = (f1,...,Bn) for V and observe that the spans

(@1 ={0}c (B}l c {Br,B2llc - cCBI=V

form a strictly increasing chain of subspaces. Show that for any linear map
h: V — W there is a chain W, = {6} CW; C..- C W, =W of subspaces of W
such that

(B, Bil)) € Wi
for each i.

(d) Conclude that for every linear map h: V — W there are bases B,D so the
matrix representing h with respect to B, D is upper-triangular (that is, each
entry hy; with i > j is zero).

(e) Is an upper-triangular representation unique?

1.2 Any Matrix Represents a Linear Map

The prior subsection shows that the action of a linear map h is described by a
matrix H, with respect to appropriate bases, in this way.

Vi h],]"] +"'+h1,nvn
v=|: = h(V) = : (%)
Vn/ g hm,ﬂ)] + -+ hpnvn D

Here we will show the converse, that each matrix represents a linear map.
So we start with a matrix

hip hi ... hg

hor hap oo han
H = ,

hm, hm2 ... hmn

)

and we will describe how it defines a map h. We require that the map be
represented by the matrix so first note that in (*) the dimension of the map’s
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domain is the number of columns n of the matrix and the dimension of the
codomain is the number of rows m. Thus, for h’s domain fix an n-dimensional
vector space V and for the codomain fix an m-dimensional space W. Also fix
bases B = (f1,...,Pfn) and D = (§1,...,8,,) for those spaces.

Now let h: V — W be: where V in the domain has the representation

Vi
Repg (V) =

VnB

then its image h(V) is the member the codomain with this representation.

hyvi+---+hynvn
Repp (h(V)) = :

hm,1vi +---+hpnve b

That is, to compute the action of h on any V € V, first express V with respect to
the basis Vv = v, [§1 + - +vn[§n and then h(V) = (hy1vi +---+hynvn) - g] +
o+ (hm,l\)] 4+ hm,nvn) : S'111

Above we have made some choices; for instance V can be any n-dimensional
space and B could be any basis for V, so H does not define a unique function.
However, note once we have fixed V, B, W, and D then h is well-defined since V
has a unique representation with respect to the basis B and the calculation of W
from its representation is also uniquely determined.

2.1 Example Consider this matrix.

T
I
Gow =
SN

It is 3x 2 so any map that it defines must carry a dimension 2 domain to a
dimension 3 codomain. We can choose the domain and codomain to be R? and
P,, with these bases.

B:((:),(_:)} D= (2% +x,x2 +x+1)

Then let h: R? — P, be the function defined by H. We will compute the image
under h of this member of the domain.

-
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The computation is straightforward.

12\ ~11/2
Repp (n(V)) =H - Repg (V) = [ 3 4 (_5/2> =1-23)2
5 6 ~35/2

From its representation, computation of W is routine (—11/2)(x?) — (23/2)(x? +
x) —(35/2)(x* +x + 1) = (—69/2)x% — (58/2)x — (35/2).

2.2 Theorem Any matrix represents a homomorphism between vector spaces of
appropriate dimensions, with respect to any pair of bases.

Proor We must check that for any matrix H and any domain and codomain
bases B, D, the defined map h is linear. If V, U € V are such that

2 U
Repg (V) = : Repg (i) =
Vn Un

and ¢, d € R then the calculation

h(cv + di) = (h1 1(evi 4+ dur) 4+ n(evn + dug)) - 51+
+ (hm,1(evy 4+ dug) + -+ + R (evi 4+ dug)) - 8m
=c-h(V) +d-h(d)
supplies that check. QED

2.3 Example Even if the domain and codomain are the same, the map that the
matrix represents depends on the bases that we choose. If

10 1 0 0 1
i (5 8) mem= i) (3] e mema= (). ()
then hy: R? — R? represented by H with respect to By, D maps
C1 C1 C1 C1
= — =
<02> <02>B1 <O>D1 <O>
while h;: R? — R? represented by H with respect to B,, D, is this map.
C1 _ C2 . C2 _ 0
C2 C1 B, 0 D, C2

These are different functions. The first is projection onto the x-axis while the
second is projection onto the y-axis.
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This result means that when convenient we can work solely with matrices,
just doing the computations without having to worry whether a matrix of interest
represents a linear map on some pair of spaces.

When we are working with a matrix but we do not have particular spaces or
bases in mind then we can take the domain and codomain to be R™ and R™,
with the standard bases. This is convenient because with the standard bases
vector representation is transparent — the representation of v is V. (In this case
the column space of the matrix equals the range of the map and consequently
the column space of H is often denoted by #Z(H).)

Given a matrix, to come up with an associated map we can choose among
many domain and codomain spaces, and many bases for those. So a matrix can
represent many maps. We finish this section by illustrating how the matrix can
give us information about the associated maps.

2.4 Theorem The rank of a matrix equals the rank of any map that it represents.

Proor Suppose that the matrix H is mxn. Fix domain and codomain spaces
V and W of dimension n and m with bases B = (§1 yeens ﬁn> and D. Then H
represents some linear map h between those spaces with respect to these bases
whose range space

(h@) Ve V}={h(ciB1+ - +cnBn)lCry...ycn €R}
:{C1h([§1)+"'+cnh([§n)|C1)'-')Cn€R}

is the span [{h(B1),..., h(Bn)})]. The rank of the map h is the dimension of this
range space.

The rank of the matrix is the dimension of its column space, the span of the
set of its columns [{RepD(h(ﬁ1 1y ,RepD(h(En))}].

To see that the two spans have the same dimension, recall from the proof
of Lemma I.2.5 that if we fix a basis then representation with respect to that
basis gives an isomorphism Repp: W — R™. Under this isomorphism there is a
linear relationship among members of the range space if and only if the same
relationship holds in the column space, e.g, 0 = c1 - h(B1) + -+ + cn - h(Bn) if
and only if 0 = ¢; - Repp (h(B1)) + - - + cn - Repp (h(Br)). Hence, a subset of
the range space is linearly independent if and only if the corresponding subset
of the column space is linearly independent. Therefore the size of the largest
linearly independent subset of the range space equals the size of the largest
linearly independent subset of the column space, and so the two spaces have the
same dimension. QED

That settles the apparent ambiguity in our use of the same word ‘rank’ to
apply both to matrices and to maps.
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2.5 Example Any map represented by

2

C O = .
oS o NN
w — N

must have three-dimensional domain and a four-dimensional codomain. In
addition, because the rank of this matrix is two (we can spot this by eye or get it
with Gauss’s Method), any map represented by this matrix has a two-dimensional
range space.

2.6 Corollary Let h be a linear map represented by a matrix H. Then h is onto
if and only if the rank of H equals the number of its rows, and h is one-to-one if
and only if the rank of H equals the number of its columns.

Proor For the onto half, the dimension of the range space of h is the rank
of h, which equals the rank of H by the theorem. Since the dimension of the
codomain of h equals the number of rows in H, if the rank of H equals the
number of rows then the dimension of the range space equals the dimension
of the codomain. But a subspace with the same dimension as its superspace
must equal that superspace (because any basis for the range space is a linearly
independent subset of the codomain whose size is equal to the dimension of the
codomain, and thus so this basis for the range space must also be a basis for the
codomain).

For the other half, a linear map is one-to-one if and only if it is an isomorphism
between its domain and its range, that is, if and only if its domain has the same
dimension as its range. The number of columns in h is the dimension of h’s
domain and by the theorem the rank of H equals the dimension of h’s range.
QED

2.7 Definition A linear map that is one-to-one and onto is nonsingular, otherwise
it is singular. That is, a linear map is nonsingular if and only if it is an
isomorphism.

2.8 Remark Some authors use ‘nonsingular’ as a synonym for one-to-one while
others use it the way that we have here. The difference is slight because any
map is onto its range space, so a one-to-one map is an isomorphism with its
range.

In the first chapter we defined a matrix to be nonsingular if it is square and

is the matrix of coefficients of a linear system with a unique solution. The next
result justifies our dual use of the term.
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2.9 Lemma A nonsingular linear map is represented by a square matrix. A
square matrix represents nonsingular maps if and only if it is a nonsingular
matrix. Thus, a matrix represents isomorphisms if and only if it is square and
nonsingular.

Proor Assume that the map h: V — W is nonsingular. Corollary 2.6 says that
for any matrix H representing that map, because h is onto the number of rows
of H equals the rank of H, and because h is one-to-one the number of columns
of H is also equal to the rank of H. Hence H is square.

Next assume that H is square, n xn. The matrix H is nonsingular if
and only if its row rank is n, which is true if and only if H’s rank is n by
Theorem Two.III.3.11, which is true if and only if h’s rank is n by Theorem 2.4,
which is true if and only if h is an isomorphism by Theorem 1.2.3. (This last
holds because the domain of h is n-dimensional as it is the number of columns
in H.) QED

2.10 Example Any map from R? to P; represented with respect to any pair of

bases by
1 2

is nonsingular because this matrix has rank two.

2.11 Example Any map g: V — W represented by

9

is singular because this matrix is singular.

We’ve now seen that the relationship between maps and matrices goes both
ways: for a particular pair of bases, any linear map is represented by a matrix
and any matrix describes a linear map. That is, by fixing spaces and bases we
get a correspondence between maps and matrices. In the rest of this chapter
we will explore this correspondence. For instance, we've defined for linear maps
the operations of addition and scalar multiplication and we shall see what the
corresponding matrix operations are. We shall also see the matrix operation
that represent the map operation of composition. And, we shall see how to find
the matrix that represents a map’s inverse.

Exercises

v’ 212 Let h be the linear map defined by this matrix on the domain P; and
codomain R? with respect to the given bases.

H— (j l) B = (1+xx), D= <G) » (;)>
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What is the image under h of the vector Vv = 2x — 17

v 2.13 Decide if each vector lies in the range of the map from R3 to R? represented
with respect to the standard bases by the matrix.

@G o@e 0

v 2.14 Consider this matrix, representing a transformation of R?, and these bases for

that space.
() e ()l o= () ()

(a) To what vector in the codomain is the first member of B mapped?
(b) The second member?
(c) Where is a general vector from the domain (a vector with components x and
y) mapped? That is, what transformation of R? is represented with respect to
B, D by this matrix?
2.15 What transformation of F = {acos® + bsin6 | a,b € R} is represented with
respect to B = (cos® —sin0,sin0) and D = (cos 6 + sin 6, cos 0) by this matrix?

0 o
1 0
v 2.16 Decide whether 1+ 2x is in the range of the map from R3 to P, represented
with respect to €; and (1,14 x?,x) by this matrix.

1 3 0
010
1 0 1

2.17 Example 2.11 gives a matrix that is nonsingular and is therefore associated
with maps that are nonsingular.

(a) Find the set of column vectors representing the members of the null space of
any map represented by this matrix.

(b) Find the nullity of any such map.

(c) Find the set of column vectors representing the members of the range space
of any map represented by this matrix.

(d) Find the rank of any such map.

(e) Check that rank plus nullity equals the dimension of the domain.

2.18 This is an alternative proof of Lemma 2.9. Given an n xn matrix H, fix a
domain V and codomain W of appropriate dimension n, and bases B, D for those
spaces, and consider the map h represented by the matrix.

(a) Show that h is onto if and only if there is at least one Repg (V) associated by
H with each Repp (W).
(b) Show that h is one-to-one if and only if there is at most one Repg (V) associated
by H with each Repp (W).
(c) Consider the linear system H-Repg (V) = Repp (W). Show that H is nonsingular
if and only if there is exactly one solution Repg (V) for each Repp (W).

v' 2.19 Because the rank of a matrix equals the rank of any map it represents, if

one matrix represents two different maps H = Repg p(h) = RepB‘D(ﬁ) (where
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hh: V= W) then the dimension of the range space of h equals the dimension of
the range space of h. Must these equal-dimensioned range spaces actually be the
same?

v 2.20 Let V be an n-dimensional space with bases B and D. Consider a map that
sends, for V € V, the column vector representing v with respect to B to the column
vector representing vV with respect to D. Show that map is a linear transformation
of R™.

2.21 Example 2.3 shows that changing the pair of bases can change the map that
a matrix represents, even though the domain and codomain remain the same.
Could the map ever not change? Is there a matrix H, vector spaces V and W,
and associated pairs of bases By,D; and B,,D, (with By # B, or Dy # D, or
both) such that the map represented by H with respect to By, D; equals the map
represented by H with respect to B,,D,?

v’ 2.22 A square matrix is a diagonal matrix if it is all zeroes except possibly for the
entries on its upper-left to lower-right diagonal —its 1,1 entry, its 2,2 entry, etc.
Show that a linear map is an isomorphism if there are bases such that, with respect
to those bases, the map is represented by a diagonal matrix with no zeroes on the
diagonal.

2.23 Describe geometrically the action on R? of the map represented with respect
to the standard bases &,, &, by this matrix.

(@2
o (o 63

2.24 The fact that for any linear map the rank plus the nullity equals the dimension
of the domain shows that a necessary condition for the existence of a homomorphism
between two spaces, onto the second space, is that there be no gain in dimension.

That is, where h: V — W is onto, the dimension of W must be less than or equal
to the dimension of V.

Do the same for these.

(a) Show that this (strong) converse holds: no gain in dimension implies that
there is a homomorphism and, further, any matrix with the correct size and
correct rank represents such a map.

(b) Are there bases for R® such that this matrix

10 0
H=12 0 0
01 0

represents a map from R* to R® whose range is the xy plane subspace of R3?
2.25 Let V be an n-dimensional space and suppose that X € R™. Fix a basis

B for V and consider the map hy: V — R given v — X « Repg(V) by the dot
product.

(a) Show that this map is linear.

(b) Show that for any linear map g: V — R there is an X € R™ such that g = hy.

(c) In the prior item we fixed the basis and varied the X to get all possible linear

maps. Can we get all possible linear maps by fixing an X and varying the basis?
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2.26 Let V, W, X be vector spaces with bases B, C,D.

(a) Suppose that h: V — W is represented with respect to B, C by the matrix H.
Give the matrix representing the scalar multiple th (where r € R) with respect
to B, C by expressing it in terms of H.

(b) Suppose that h,g: V — W are represented with respect to B, C by H and G.
Give the matrix representing h + g with respect to B, C by expressing it in terms
of H and G.

(c) Suppose that h: V — W is represented with respect to B,C by Hand g: W — X
is represented with respect to C,D by G. Give the matrix representing goh
with respect to B, D by expressing it in terms of H and G.
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IV Matrix Operations

The prior section shows how matrices represent linear maps. We now explore
how this representation interacts with things that we already know. First we
will see how the representation of a scalar product r- f of a linear map relates to
the representation of f, and also how the representation of a sum f + g relates to
the representations of the two summands. Later we will do the same comparison
for the map operations of composition and inverse.

IV.1 Sums and Scalar Products

1.1 Example Let f: V — W be a linear function represented with respect to some

bases by this matrix.
10
Repg p(f) = (1 1)

Consider the map that is the scalar multiple 5f: V — W. We want to relate

Repg p (5f) to Repg p(f).
Suppose that this function f takes v — wW. Consider the representations.

Repy (V) = (2) Repp (1) = (X;)

Where the codomain space basis is D = (51 , gz) that representation gives that
that the output vector is w = w; 51 + wzgz.

The action of the map 5f is V — 5w. Since 5w = 5- (w151 + wzgz) =
(5w1)87 + (5W2)8, we have that 5f associates v with the vector having this

representation.
5W1
R 5w) =
epp (5v) <5W2>

Thus going from the map from f to the map 5f changes the representation of
the output by multiplying each entry by 5.
Because of that, Repg p(5f) is this matrix.

%1 5\)1 5 0
R 5f) - = R 5f) =
ePB,D( ) <v2> <5\)1 +5v2> ePB,D( ) <5 5)

Therefore, going from the matrix representing f to the one representing 5f just
means multiplying all the matrix entries by 5.
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1.2 Example We can do a similar exploration for the sum of two maps. Suppose
that two linear maps with the same domain and codomain f, g: R* — R? are
represented with respect to bases B and D by these matrices.

RepB,D(f)zc j) RepB,D(g)=<‘22 ‘4‘)

Recall the definition of sum: if f does V — U and g does V — W then f + g is
the function whose action is V — 1 +W. Let these be the representations of the
one input and two output vectors.

Rep; (V) = (:;) Repp (1) = (ﬁ;) Repp (W) = (X;)

Where D = <g1,gz> we have U +w = (u1g1 +uzgz) + (W1g1 +W2§2) =
(w1 +w1)81 + (u2 + wz)gz and so this is the representation of the vector sum.

Lo u; +wy
Re Uu+w)=
Pp( ) <u2+wz>

Since these represent the actions of of the maps f and g on the input v

1 3 viy V1 +3v, -2 -1 vi\ —2vy — v
2 0/ \va) U 2w 2 4 ) \va)  \2vi+4v,

this represents the action of the map f + g.

V1 —Vvi 4+ 2v;
R f . =
epB’D( +9) (Vz) (4\)1 +4V2>
Therefore, we compute the matrix representing the function sum by adding the
entries of the matrices representing the functions.

-1 2
Repg p(f+9) = <4 4>

1.3 Definition The scalar multiple of a matrix is the result of entry-by-entry
scalar multiplication. The sum of two same-sized matrices is their entry-by-entry
sum.

These operations extend the first chapter’s operations of addition and scalar
multiplication of vectors.

We need a result that proves these matrix operations do what the examples
suggest that they do.
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1.4 Theorem Let h,g: V — W be linear maps represented with respect to bases
B,D by the matrices H and G and let v be a scalar. Then with respect to
B,D the map r- h: V — W is represented by rH and the map h+g: V — Wis
represented by H + G.

Proor This is Exercise 9. Generalize the examples. QED

1.5 Remark These two matrix operations are simple. But, we did not define
them this way because they are simple. We defined them this way because they
represent function addition and function scalar multiplication. Simplicity is only
a pleasant bonus.

In the next subsection we will define another operation, matrix multiplication.
A first thought may be to define it to be the entry-by-entry product of the two
matrices. While in theory we could do whatever we please, we will instead be
practical and combine the entries to represent function composition. That is,
we define matrix operations by referencing function operations.

We can express this program in another way. Recall Theorem III.1.4, which
says that matrix-vector multiplication represents the application of a linear map.
Following it, Remark III.1.6 notes that the theorem justifies the definition of
matrix-vector multiplication and so in some sense the theorem must hold —if
the theorem didn’t hold then we would adjust the definition until the theorem
did hold. The above Theorem 1.4 is another example of such a result. It justifies
the given definition of the matrix operations.

A special case of scalar multiplication is multiplication by zero. For any map
0 - h is the zero homomorphism and for any matrix 0 - H is the matrix with all
entries zero.

1.6 Definition A zero matriz has all entries 0. We write Z,,xm or simply Z
(another common notation is Oy xm or just 0).

1.7 Example The zero map from any three-dimensional space to any two-
dimensional space is represented by the 2x 3 zero matrix

0 00
Z_<OOO>

no matter what domain and codomain bases we use.

Exercises

v' 1.8 Perform the indicated operations, if defined.

0V
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@ 3)+6 3)
(d)4(; f])+5(:; ;‘)
@33 o) 2( o 3)

1.9 Prove Theorem 1.4.
(a) Prove that matrix addition represents addition of linear maps.

(b) Prove that matrix scalar multiplication represents scalar multiplication of
linear maps.

v' 1.10 Prove each, assuming that the operations are defined, where G, H, and | are
matrices, where Z is the zero matrix, and where r and s are scalars.
(a) Matrix addition is commutative G + H = H + G.
(b) Matrix addition is associative G+ (H+]) = (G+H) +7J.
(c) The zero matrix is an additive identity G+ Z = G.
do-G=z
(e) (r+s)G=rG+sG
(f) Matrices have an additive inverse G + (—1)- G = Z.
(9) (G+H)=rG+rH
(h) (rs)G =1(sG)

1.11 Fix domain and codomain spaces. In general, one matrix can represent many
different maps with respect to different bases. However, prove that a zero matrix
represents only a zero map. Are there other such matrices?

v 1.12 Let V and W be vector spaces of dimensions n and m. Show that the space
L£(V,W) of linear maps from V to W is isomorphic to M, xn.

v' 1.13 Show that it follows from the prior questions that for any six transformations
t1,...,tg: R? = R? there are scalars c1,...,c¢ € R such that cit; + - + cgtg is
the zero map. (Hint: the six is slightly misleading.)

1.14 The trace of a square matrix is the sum of the entries on the main diagonal
(the 1,1 entry plus the 2,2 entry, etc.; we will see the significance of the trace in
Chapter Five). Show that trace(H + G) = trace(H) + trace(G). Is there a similar
result for scalar multiplication?

1.15 Recall that the transpose of a matrix M is another matrix, whose 1i,j entry is
the j,1 entry of M. Verify these identities.
(@ (G+H)T=GT+HT
(b) (r-H)T =r-HT
v' 1.16 A square matrix is symmetric if each i,j entry equals the j,i entry, that is, if
the matrix equals its transpose.
(a) Prove that for any square H, the matrix H + HT is symmetric. Does every
symmetric matrix have this form?
(b) Prove that the set of nxn symmetric matrices is a subspace of M, .
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v 1.17 (a) How does matrix rank interact with scalar multiplication —can a scalar
product of a rank n matrix have rank less than n? Greater?
(b) How does matrix rank interact with matrix addition—can a sum of rank n
matrices have rank less than n? Greater?

IV.2 Matrix Multiplication

After representing addition and scalar multiplication of linear maps in the prior
subsection, the natural next operation to consider is function composition.

2.1 Lemma The composition of linear maps is linear.

Proor (Note: this argument has already appeared, as part of the proof of
Theorem 1.2.2.) Let h: V — W and g: W — U be linear. The calculation

goh(ci Vi +ca-v2) =g(hler V1 4c2-%2)) =g(cr-h(F)+ca-h(i))
=c1-g(h(#)) +c2-g(h(#2)) =c1-(goh) (V) +c2- (goh)(¥2)

shows that g o h: V — U preserves linear combinations, and so is linear. QED

As we did with the operation of matrix addition and scalar multiplication,
we will see how the representation of the composite relates to the representations
of the compositors by first considering an example.

2.2 Example Let h:R* — R? and g: R> — R3, fix bases B ¢ R* C c R?,
D C R3, and let these be the representations.

1 1

4 6 8 2
HZR@PB,C(h):<5 7 9 3> G =Repcplg) =0 1
B,C 1 0

C,D
To represent the composition g o h: R* — R3 we start with a v, represent h of

V, and then represent g of that. The representation of h(V) is the product of h’s
matrix and V’s vector.

Vi
i, 4 6 8 2 vy 4vi 4+ 6v2 4 8vs + 2vy
Rep(h(¥)) = -
epc(h(v)) (5 7 9 3>BC v <5v1+7vz—|—9\)3+3V4>
> V4
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The representation of g( h(V) ) is the product of g’s matrix and h(¥)’s vector.

11
. 4vy 4 6v2 + 8vs + 2vy
R, h = 1
epo(9(h(v)) ? (5\»1 +7vy +9v3 + 3v4>

C,D
1-(4vy +6v2 +8vs+2vs) +1-(5v) +7v2 + 9v3 + 3vy)
=|0-(4vy +6vy+8vz+2vs)+1-(5vy +7vs +9v3 + 3vs)
1. (4vy +6vy +8v3 +2v4) + 0 (5v1 + 7v2 + 9v3 + 3vy)

Distributing and regrouping on the Vv’s gives

(T-44+1-5vi+(-64+1-7va+(1-8+1-9vz+(1-24+1-3)ws
=10 4+1-5vi+(0-64+1-7)v3+(0-84+1-9v3+(0-2+1-3)vy
(1-440-5vi+(1-64+0-7)v2+(1-84+0-9v3+(1-2+0-3)vy

which is this matrix-vector product.

1441-5 1-641-7 1-841-9 1.241-3 Vi

— 04415 0-64+1-7 0-8+1-9 0-2+41-3 zz
14405 1-64+40-7 1-840-9 1-240-3 3
B,D \vy

D

The matrix representing g o h has the rows of G combined with the columns of
H.

2.3 Definition The matriz-multiplicative product of the m xr matrix G and the
rxn matrix H is the m xn matrix P, where

Pij = gi,ithuj + gighoj + -+ girhe

so that the 1,j-th entry of the product is the dot product of the i-th row of the
first matrix with the j-th column of the second.

ha;
c o g e :
GH = gi"l giyz e gi,T : = coo pi,j

h‘r?]

2.4 Example

20\ /5 2.140-5 2:340-7 IS
4 6 <5 7)- 4.146-5 4.-346-7| =134 54
8 2 8:1+2:5 8:3+2.7 18 38
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2.5 Example The matrices from Example 2.2 combine in this way.

—_

4415 1-641-7 1-841-9 1-2+1-3

=(0-44+1-5 0-6+1-7 0-8+1-9 0-2+1-3
1-440-5 1-6+0-7 1-84+0-9 1-2+40-3
9 13 17 5

=[5 7 9 3
4 6 8 2

2.6 Theorem A composition of linear maps is represented by the matrix product
of the representatives.

Proor This argument generalizes Example 2.2. Let h: V -+ W and g: W — X
be represented by H and G with respect to bases B C V, C C W, and D C X, of
sizes n, 1, and m. For any V € V the k-th component of Rep-(h(V)) is

i, 1vi + -+ henvn
and so the i-th component of Repp (g o h(V)) is this.
gi,1 - (i ivi+--+hinva) +gi2- (h21vi+ -+ hynvn)
o+ gir s (v + -+ henvn)
Distribute and regroup on the v’s.
= (gi,1hu,1 +gi2hor + -+ givhe1) - W
+ -4 (gi,1hin +gi2hon + -+ girhen) - vn
Finish by recognizing that the coefficient of each v;
gi,ihaj+ giz2haj + -+ girhej
matches the definition of the i,j entry of the product GH. QED

This arrow diagram pictures the relationship between maps and matrices
(‘wrt’ abbreviates ‘with respect to’).

ert C
V &
H G
goh

v‘wrt B T prt D
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Above the arrows, the maps show that the two ways of going from V to X,
straight over via the composition or else in two steps by way of W, have the
same effect

_, goh i - h s g —

v — g(h(¥)) vV — h(V) — g(h(¥))

(this is just the definition of composition). Below the arrows, the matrices
indicate that multiplying GH into the column vector Repg (V) has the same
effect as multiplying the column vector first by H and then multiplying the
result by G.

Repg p(goh) = GH Repc p(9g) Repg c(h) = GH

2.7 Example Because the number of columns on the left does not equal the
number of rows on the right, this product is not defined.

-1 2 0 00
0 10 11/)\0 2

The combination in the prior example is undefined because of the underlying
maps. We require that the sizes match because we want that the underlying
function composition is possible.

. . h .. . . .
dimension n space — dimension r space -9 dimension m space (%)

Thus, matrix product combines an m xr matrix G with an r xn matrix F to
yield the m xn result GF. Briefly: mXxr times rxn equals mxn.

2.8 Remark The order in which we write things can be confusing. In ‘m X
T times rxn equals m xn’ the number written first m is the dimension of g’s
codomain and is thus the number that appears last in the map dimension
description (*). The explanation is that while h is done first and is followed
by g, we write the composition as g o h, with g on the left, from the notation
g(h(V)). (Some people try to lessen confusion by reading ‘g o h’ aloud as “g
following h.”) That carries over to matrices, so that g o h is represented by GH.

We can get insight into matrix-matrix product operation by studying how
the entries combine. For instance, an alternative way to understand why we
require above that the sizes match is that the row of the left-hand matrix must
have the same number of entries as the column of the right-hand matrix, or else
some entry will be left without a matching entry from the other matrix.

Another aspect of the combinatorics of matrix multiplication, in the sum
defining the 1i,j entry, is brought out here by the boxing the equal subscripts.

Pij = 9imhm,; T 92z + 0+ Gimhm,j
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The highlighted subscripts on the g’s are column indices while those on the h'’s
are for rows. That is, the summation takes place over the columns of G but
over the rows of H—the definition treats left differently than right. So we may
reasonably suspect that GH can be unequal to HG.

2.9 Example Matrix multiplication is not commutative.

S T S I G [ R

2.10 Example Commutativity can fail more dramatically:
5 6\ (1 2 0y (23 34 0
7 8)\3 4 0] \31 46 0

1 2 0\ (5 6

34 0/\7 8

2.11 Remark The fact that matrix multiplication is not commutative can seem

while

isn’t even defined.

odd at first, perhaps because most mathematical operations in prior courses are
commutative. But matrix multiplication represents function composition and
function composition is not commutative: if f(x) = 2x and g(x) = x + 1 then
gof(x) =2x+ 1 while fog(x) =2(x+1) =2x + 2.

Except for the lack of commutativity, matrix multiplication is algebraically
well-behaved. The next result gives some nice properties and more are in
Exercise 24 and Exercise 25.

2.12 Theorem If F, G, and H are matrices, and the matrix products are defined,
then the product is associative (FG)H = F(GH) and distributes over matrix
addition F(G + H) = FG + FH and (G + H)F = GF + HF.

Proor Associativity holds because matrix multiplication represents function
composition, which is associative: the maps (fo g)oh and fo (goh) are equal
as both send V to f(g(h(V))).

Distributivity is similar. For instance, the first one goes fo (g + h) (V) =
f((g+h)(¥)) = f(g(¥) + h(¥)) = f(g(¥)) + f(h(¥)) = f o g(V) + f o h(V) (the
third equality uses the linearity of f). Right-distributivity goes the same way.
QED
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2.13 Remark We could instead prove that result by slogging through indices. For
example, for associativity the 1i,j entry of (FG)H is

(fi,1g1,1 + 112920 + -+ firgr1)ha;
+ (fi1g1,2 +fi2922 + - +firgr2)ho ;

+ (fi,1 J1,s + fi,ZgZ,s +--+ fi,rgr,s)hs,j
where F, G, and H are mxr, rxs, and s xn matrices. Distribute

fiigr,1hy; +fi2921ha 5+ +firgrihyj
+fi,191,2ho 5 +fi 2922025 + -~ +fi+gr 2ho

+fi1g1,shs)j + 11,292, shs 5 + -+ Ti v gr shs j
and regroup around the f’s

fi,1(g1,1h1; +91,2ho5 4+ -+ g1,shs 5)
+fi2(92,1h 5+ 92.2h25 + -+ g2,5hs j)

+ fi,r(nghl )i + 9r,2h2,j +- gr,shs,j)

to get the 1,j entry of F(GH).

Contrast the two proofs. The index-heavy argument is hard to understand in
that while the calculations are easy to check, the arithmetic seems unconnected
to any idea. The argument in the proof is shorter and also says why this property
“really” holds. This illustrates the comments made at the start of the chapter on
vector spaces—at least sometimes an argument from higher-level constructs is
clearer.

We have now seen how to represent the composition of linear maps. The
next subsection will continue to explore this operation.

Exercises
v’ 2.14 Compute, or state “not defined”.

(a) <f4 ;) (g o?s) (®) (21 (]) _3]> (§ _: _:]>
© @ _47) (él z i) @ @ f) (_3] —25)
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1 -1 5 2 -2 3
(o) e d) ()
compute or state ‘not defined’.
(a) AB  (b) (AB)C (c) BC (d) A(BC)
2.16 Which products are defined?
(@) 3x2times 2x3 (b) 2x3 times 3x2 (c) 2x2 times 3x3
(d) 3x3 times 2x2
v' 2.17 Give the size of the product or state “not defined”.
(a) a 2x 3 matrix times a 3 x 1 matrix

v 2.15 Where

(b) a 1x12 matrix times a 12x 1 matrix
(c) a 2x3 matrix times a 2x 1 matrix
(d) a 2x2 matrix times a 2x 2 matrix
v' 2.18 Find the system of equations resulting from starting with
hiix1 +hy2x2 +hy3x3 =dg
ha %1 +hy 2% +hasxs =d;
and making this change of variable (i.e., substitution).

X1 =d1,1Y1 + g1,2Y>
X2 =g2,1Y1 + g2,2Y>2
X3 =93,1Y1 + g3,2Y2
2.19 As Definition 2.3 points out, the matrix product operation generalizes the dot
product. Is the dot product of a 1 xn row vector and a nx 1 column vector the
same as their matrix-multiplicative product?
v' 2.20 Represent the derivative map on P, with respect to B, B where B is the natural
basis (1,%,...,x™). Show that the product of this matrix with itself is defined;
what map does it represent?
2.21 [Cleary] Match each type of matrix with all these descriptions that could fit:
(i) can be multiplied by its transpose to make a 1x 1 matrix, (ii) is similar to the
3 x 3 matrix of all zeros, (iii) can represent a linear map from R3 to R? that is not
onto, (iv) can represent an isomorphism from R3 to P2.
(a) a 2x3 matrix whose rank is 1
(b) a 3x3 matrix that is nonsingular
(c) a 2x2 matrix that is singular
(d) an nx 1 column vector
2.22 Show that composition of linear transformations on R' is commutative. Is this
true for any one-dimensional space?
2.23 Why is matrix multiplication not defined as entry-wise multiplication? That
would be easier, and commutative too.
v 2.24 (a) Prove that HPHY = HP*9 and (HP)9 = HPY for positive integers p, g.
(b) Prove that (rH)? = rP - HP for any positive integer p and scalar r € R.

v 225 (a) How does matrix multiplication interact with scalar multiplication: is
r(GH) = (rG)H? Is G(rH) =r(GH)?
(b) How does matrix multiplication interact with linear combinations: is F(rG +
sH) =r(FG) + s(FH)? Is (rF+ sG)H = rFH + sGH?
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2.26 We can ask how the matrix product operation interacts with the transpose
operation.
(a) Show that (GH)" = HTGT.
(b) A square matrix is symmetric if each 1i,j entry equals the j, i entry, that is, if
the matrix equals its own transpose. Show that the matrices HHT and HTH are
symmetric.

v 2.27 Rotation of vectors in R? about an axis is a linear map. Show that linear maps
do not commute by showing geometrically that rotations do not commute.
2.28 In the proof of Theorem 2.12 we used some maps. What are the domains and
codomains?
2.29 How does matrix rank interact with matrix multiplication?
(a) Can the product of rank n matrices have rank less than n? Greater?
(b) Show that the rank of the product of two matrices is less than or equal to the
minimum of the rank of each factor.
2.30 Is ‘commutes with’ an equivalence relation among nxn matrices?
v 2.31 (We will use this ezercise in the Matriz Inverses ezercises.) Here is another
property of matrix multiplication that might be puzzling at first sight.
(a) Prove that the composition of the projections m,, 7, : R3 — R3 onto the x and
Yy axes is the zero map despite that neither one is itself the zero map.
(b) Prove that the composition of the derivatives d?/dx?, d3/dx3: P4, — P4 is the
zero map despite that neither is the zero map.
(c) Give a matrix equation representing the first fact.
(d) Give a matrix equation representing the second.
When two things multiply to give zero despite that neither is zero we say that each
is a zero dwvisor.

2.32 Show that, for square matrices, (S + T)(S — T) need not equal S? — T2.

v' 2.33 Represent the identity transformation id: V — V with respect to B, B for any
basis B. This is the identity matriz 1. Show that this matrix plays the role in matrix
multiplication that the number 1 plays in real number multiplication: HI = [H = H
(for all matrices H for which the product is defined).

2.34 In real number algebra, quadratic equations have at most two solutions. That
is not so with matrix algebra. Show that the 2x2 matrix equation T? = I has more
than two solutions, where I is the identity matrix (this matrix has ones in its 1,1
and 2,2 entries and zeroes elsewhere; see Exercise 33).

2.35 (a) Prove that for any 2x2 matrix T there are scalars co,...,cs that are not
all 0 such that the combination ¢4 T* +c3T3 +c¢2T2 4+ ¢1 T+ ¢ol is the zero matrix
(where I is the 2x2 identity matrix, with 1’sin its 1,1 and 2,2 entries and zeroes
elsewhere; see Exercise 33).

(b) Let p(x) be a polynomial p(x) = coXx™ + -+ +c1x + co. If T is a square
matrix we define p(T) to be the matrix ¢, T" + -+ ¢ T + ¢col (where I is the
appropriately-sized identity matrix). Prove that for any square matrix there is a
polynomial such that p(T) is the zero matrix.

(c) The minimal polynomial m(x) of a square matrix is the polynomial of least
degree, and with leading coefficient 1, such that m(T) is the zero matrix. Find
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the minimal polynomial of this matrix.
(\@/ 2 -/ 2)
172 V/3/2
(This is the representation with respect to €3, &,, the standard basis, of a rotation
through 71/6 radians counterclockwise.)
2.36 The infinite-dimensional space P of all finite-degree polynomials gives a memo-
rable example of the non-commutativity of linear maps. Let d/dx: P — P be the

usual derivative and let s: P — P be the shift map.

Qo4 arx+ -+ anx™ — 0+ aoX + a1x% + -+ + apx™!

Show that the two maps don’t commute d/dx os # s o d/dx; in fact, not only is
(d/dxos)— (s od/dx) not the zero map, it is the identity map.

2.37 Recall the notation for the sum of the sequence of numbers a;,az,...,a,.

n
Zai:a1+az+~-+an
i=1

In this notation, the i,j entry of the product of G and H is this.

N
Pij = E gi,khi,;
k=1

Using this notation,
(a) reprove that matrix multiplication is associative;
(b) reprove Theorem 2.6.

IV.3 Mechanics of Matrix Multiplication

We can consider matrix multiplication as a mechanical process, putting aside for
the moment any implications about the underlying maps.

The striking thing about this operation is the way that rows and columns
combine. The 1i,j entry of the matrix product is the dot product of row i of the
left matrix with column j of the right one. For instance, here a second row and
a third column combine to make a 2,3 entry.

11 46 ) 2 13 17 5

(573)25 7 123

10 4 6 8 2
We can view this as the left matrix acting by multiplying its rows into the
columns of the right matrix. Or, it is the right matrix using its columns to act
on the rows of the left matrix. Below, we will examine actions from the left and

from the right for some simple matrices.
Simplest is the zero matrix.
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3.1 Example Multiplying by a zero matrix from the left or from the right results
in a zero matrix.

00 T 3 2} (000 2 3y ({0 0y (0 O
0 0/\=1 1 —=1) {0 0 0 1 4/\0 o/ \o o
The next easiest matrices are the ones with a single nonzero entry.

3.2 Definition A matrix with all 0’s except for a 1 in the i,j entry is an 1i,j unat
matrix (or matriz unit).

3.3 Example This is the 1,2 unit matrix with three rows and two columns,
multiplying from the left.
0 1
5 ¢ 7 8
0 0 2 g = 0 0
0 0 0 0

Acting from the left, an i,j unit matrix copies row j of the multiplicand into
row i of the result. From the right an 1i,j unit matrix picks out column 1i of the
multiplicand and copies it into column j of the result.

12 3 0 1 0 1
4 5 6 0 0|=10 4
7 8 9 0 0 0 7

3.4 Example Rescaling unit matrices simply rescales the result. This is the action
from the left of the matrix that is twice the one in the prior example.

0 2 14 16
o 0| (2 5) -0 ¢
0 0 0 0

Next in complication are matrices with two nonzero entries.

3.5 Example There are two cases. If a left-multiplier has entries in different rows
then their actions don’t interact.

10 0 1 2 3
0 0 2 4 5 6
0 00 7 8 9

12 3 0 0
=0 0 O]+ |14 16 18
000 0 0 ©
1 2 3
=\|14 16 18



236 Chapter Three. Maps Between Spaces

But if the left-multiplier’s nonzero entries are in the same row then that row of
the result is a combination.

o o =
o O O
S O N
AN N
o Ul Mo
O O W
Il
o O =
o O O
o O O
_|_
oS O O
o O O
S O N
N A =
o Ul N
O O W

0 0 ©
15 18 21
=0 0 O
0 0 ©

Right-multiplication acts in the same way, but with columns.

3.6 Example Consider the columns of the product of two 2x 2 matrices.

g g1.2) (g hi2) _ (giihin+gizhan giihia+gi2han
g2,1 922/ \ha1 ha> g2,1hu 1 +922h2 1 g21hi 2 +9g2.2hs 2
Each column is the result of multiplying G by the corresponding column of H.

hit\  (g1,1hi1+91,2ha; hi2\  [g1,1hi2+91,2h2

G = G =
ha1 g2,1h1,1 +922ha hz 2 g2, 2 +9g22h2 2

3.7 Lemma In a product of two matrices G and H, the columns of GH are formed

by taking G times the columns of H

—

G-|hy - Ral=|GH - G-

SR
3

and the rows of GH are formed by taking the rows of G times H

s Gy o 2ao (G o1H] asa

cac Gy co 205 Ghpo il aco

(ignoring the extra parentheses).

Proor We will check that in a product of 2x2 matrices, the rows of the product
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equal the product of the rows of G with the entire matrix H.

91,0 g2\ (higp hig) (g1,1 g1,2)H
921 922/ \hz21 ha> (92,1 92,2)H

_ (g +gi2hen giihia + g12ha2)
(92,1h1,1 +92,2h21 g2,1ha,2 4+ g2,2h22)

We leave the more general check as an exercise. QED

An application of those observations is that there is a matrix that just copies
out the rows and columns.

3.8 Definition The main diagonal (or principle diagonal or diagonal) of a
square matrix goes from the upper left to the lower right.

3.9 Definition An identity matriz is square and every entry is O except for 1's
in the main diagonal.

1 0 ... 0

0 1 0
Inxn = .

0 0 1

3.10 Example Here is the 2x2 identity matrix leaving its multiplicand unchanged
when it acts from the right.

1 -2 1 -2
o 2| (1 o) |o -2
1 —1|\o 1) [1 =1
4 3 4 3

3.11 Example Here the 3x3 identity leaves its multiplicand unchanged both from
the left

100 2 3 6 2 3 6
010 1 3 8|=|1 3 8
0 0 1 —7 1 0 —7 1 0
and from the right.
2 3 6 10 0 2 3 6
1 3 8 O 1T 0f=]1 3 8
—7 1 0 0 0 1 —7 1 0
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In short, an identity matrix is the identity element of the set of n xn matrices
with respect to the operation of matrix multiplication.

We can generalize the identity matrix by relaxing the ones to arbitrary reals.
The resulting matrix rescales whole rows or columns.

3.12 Definition A diagomnal matriz is square and has 0’s off the main diagonal.

an 0 0
0 az 2 0
0 0 Qn,n

3.13 Example From the left, the action of multiplication by a diagonal matrix is
to rescales the rows.

2 0\ (2 14 <1\ (4 2 8 =2
0o —1/\=1 34 4a) {1 =3 -4 4

From the right such a matrix rescales the columns.

(121)328_(342)

2 2 2 N 4 —4

0 0 -2 6

We can also generalize identity matrices by putting a single one in each row

and column in ways other than putting them down the diagonal.

3.14 Definition A permutation matriz is square and is all 0’s except for a single 1
in each row and column.

3.15 Example From the left these matrices permute rows.

0 0 1 1 2 3 7 8 9

1 00 4 5 6|=1|1 2 3

010 7 8 9 4 5 6
From the right they permute columns.

1 2 3 0 0 1 2 3 1

4 5 6 1 0 0]=1|5 6 4

7 8 9 010 8§ 9 7

We finish this subsection by applying these observations to get matrices that
perform Gauss’s Method and Gauss-Jordan reduction. We have already seen
how to produce a matrix that rescales rows, and a row swapper.
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3.16 Example Multiplying by this matrix rescales the second row by three.

100 o 2 1 1 02 1 1
0 30 o131 —-1|=101 3 =3
0 0 1 1T 0 2 0 1.0 2 0

3.17 Example This multiplication swaps the first and third rows.

0 0 1 02 1 1 1.0 2 0
010 013 3|=1013 =3
10 0 1.0 2 0 0 2 1 1

To see how to perform a row combination, we observe something about those
two examples. The matrix that rescales the second row by a factor of three
arises in this way from the identity.

10 0 10 0
o1 0| 2 (o3 o0
00 1 0 0 1

Similarly, the matrix that swaps first and third rows arises in this way.

10 0 00 1
01 o] "2 o 1 0
00 1 10 0

10 0 , 1 0 0
o1 of =2 1o 1 o0
0 0 1 0 —2 1

will, when it acts from the left, perform the combination operation —2p; + p3.

1 0 O 1.0 2 0 10 2 0
0 1 0 013 =3|]=|01T 3 =3
0 =21 02 1 1 00 =5 7

3.19 Definition The elementary reduction matrices (or just elementary matri-
ces) result from applying a one Gaussian operation to an identity matrix.

Pi

()T — Mj(k) for k#0

(2) 1 "Z8 py;fori#j

=

(3) 1 25 (k) for i
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3.20 Lemma Matrix multiplication can do Gaussian reduction.

(1) H *®% G then M;(k)H = G.

2) fH °ZY G then P;;H =G.

=~

(3) IfH %Y G then Cy;(k)H =G.

Proor Clear. QED

3.21 Example This is the first system, from the first chapter, on which we
performed Gauss’s Method.

3X3 =9
X1 +5%x; —2x3 =2
(1/3)x71 + 2x; =3
We can reduce it with matrix multiplication. Swap the first and third rows,
0 0 1 9 1/3 2 0 |3
010 5 —2 21=11 5 =212
100 1 / 3 2 3 0o 0 3|9
triple the first row,
300 1/3 2 0 |3 16 019
010 1 5 =2|2|=]|15 -2]|2
0 0 1 0O 0 3|9 00 3|9
and then add —1 times the first row to the second.
1 0 0 16 019 1T 6 0 9
-1 1 0 15 =2|2=(0 -1 =2|-7
0 0 1 00 319 0O 0 3 9

Now back substitution will give the solution.

3.22 Example Gauss-Jordan reduction works the same way. For the matrix ending
the prior example, first turn the leading entries to ones,

1 0 0 1 6 0 9 16 0|9
0 -1 0 0 -1 =2|—-7|=|(0 1 2|7
0 0 1/3 o 0 3 9 0 0 1|3
then clear the third column, and then the second column.
1 —6 0 10 O 1 6 0|9 10 03
0o 1 0 o1 =2 01 2(7]1=101 0]1
0 0 1 0 0 1 0 0 13 0 0 1/3
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3.23 Corollary For any matrix H there are elementary reduction matrices Ry, ...,
R, such that R, - R,_7---Ry - H is in reduced echelon form.

Until now we have taken the point of view that our primary objects of study
are vector spaces and the maps between them, and we seemed to have adopted
matrices only for computational convenience. This subsection show that this
isn't the entire story.

Understanding matrices operations by understanding the mechanics of how
the entries combine is also useful. In the rest of this book we shall continue to
focus on maps as the primary objects but we will be pragmatic —if the matrix
point of view gives some clearer idea then we will go with it.

Exercises

v' 3.24 Predict the result of each multiplication by an elementary reduction matrix,
and then check by multiplying it out.

@CC) w0 w0
@G D6 1) @60

3.25 Predict the result of each multiplication by a diagonal matrix, and then check

o

by multiplying it out.
3 0\/1 2 4 0\ /1 2
(@) <o o) (3 4) (b) (o z) (3 4)
3.26 Produce each.
(a) a 3x3 matrix that, acting from the left, swaps rows one and two
(b) a 2x2 matrix that, acting from the right, swaps column one and two

v 3.27 This table gives the number of hours of each type done by each worker, and
the associated pay rates. Use matrices to compute the wages due.

reqular  overtime wage
Alan 40 12 regular $25.00
Betty 35 6 overtime | $45.00
Catherine 40 18
Donald 28 0

Remark. This illustrates that in practice we often want to compute linear combi-
nations of rows and columns in a context where we really aren’t interested in any
associated linear maps.

3.28 Find the product of this matrix with its transpose.
cos® —sinb
sin® cos©
v 3.29 The need to take linear combinations of rows and columns in tables of numbers
arises often in practice. For instance, this is a map of part of Vermont and New
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York.

Swanton

In part because of Lake Champlain, @
there are no roads directly connect-

ing some pairs of towns. For in-
stance, there is no way to go from
Winooski to Grand Isle without go-
ing through Colchester. (To sim-
plify the graph many other roads
and towns have been omitted. From

top to bottom of this map is about {}
forty miles.)

Grand Isle
N

C’olc‘hester

Winoosk:
Burlington

(a) The adjacency matriz of a map is the square matrix whose 1,j entry is the
number of roads from city i to city j. Produce the incidence matrix of this map
(take the cities in alphabetical order).

(b) A matrix is symmetric if it equals its transpose. Show that an adjacency
matrix is symmetric. (These are all two-way streets. Vermont doesn’t have many
one-way streets.)

(c) What is the significance of the square of the incidence matrix? The cube?

v 3.30 Prove that the diagonal matrices form a subspace of M, ,. What is its
dimension?
3.31 Does the identity matrix represent the identity map if the bases are unequal?
3.32 Show that every multiple of the identity commutes with every square matrix.
Are there other matrices that commute with all square matrices?
3.33 Prove or disprove: nonsingular matrices commute.
v' 3.34 Show that the product of a permutation matrix and its transpose is an identity
matrix.
3.35 Show that if the first and second rows of G are equal then so are the first and
second rows of GH. Generalize.

3.36 Describe the product of two diagonal matrices.

3.37 Write
1 0
-3 3

as the product of two elementary reduction matrices.

v* 3.38 Show that if G has a row of zeros then GH (if defined) has a row of zeros. Does
that work for columns?

3.39 Show that the set of unit matrices forms a basis for M, ..
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3.40 Find the formula for the n-th power of this matrix.

(o)

v 3.41 The trace of a square matrix is the sum of the entries on its diagonal (its
significance appears in Chapter Five). Show that Tr(GH) = Tr(HG).

v' 3.42 A square matrix is upper triangular if its only nonzero entries lie above, or
on, the diagonal. Show that the product of two upper triangular matrices is upper
triangular. Does this hold for lower triangular also?

3.43 A square matrix is a Markov matriz if each entry is between zero and one and
the sum along each row is one. Prove that a product of Markov matrices is Markov.

v' 3.44 Give an example of two matrices of the same rank and size with squares of
differing rank.

3.45 Combine the two generalizations of the identity matrix, the one allowing entries
to be other than ones, and the one allowing the single one in each row and column
to be off the diagonal. What is the action of this type of matrix?

3.46 On a computer multiplications have traditionally been more costly than ad-
ditions, so people have tried to in reduce the number of multiplications used to
compute a matrix product.

(a) How many real number multiplications do we need in the formula we gave for
the product of a mxr matrix and a rxn matrix?

(b) Matrix multiplication is associative, so all associations yield the same result.
The cost in number of multiplications, however, varies. Find the association
requiring the fewest real number multiplications to compute the matrix product
of a 5x 10 matrix, a 10 x20 matrix, a 20 x5 matrix, and a 5x 1 matrix.

(c) (Very hard.) Find a way to multiply two 2 x 2 matrices using only seven
multiplications instead of the eight suggested by the naive approach.

? 3.47 [Putnam, 1990, A-5] If A and B are square matrices of the same size such that
ABAB =0, does it follow that BABA =07

3.48 [Am. Math. Mon., Dec. 1966] Demonstrate these four assertions to get an al-
ternate proof that column rank equals row rank.

(@ §-y=0iff g =0.

(b) AX =0 iff ATAX =0.

(c) dim(Z(A)) = dim(Z(ATA)).

(d) col rank(A) = col rank(AT) = row rank(A).

3.49 [Ackerson] Prove (where A is an nxn matrix and so defines a transformation of
any n-dimensional space V with respect to B, B where B is a basis) that dim(Z(A)N
N (A)) =dim(Z(A)) — dim(Z(A?)). Conclude

(@) A (A) c Z(A) iff dim(A(A)) = dim(Z(A)) — dim(Z(A?));

(b) Z(A) C AN (A) iff A% =0;

(c) #Z(A) = A4 (A) iff A2 =0 and dim(.#(A)) = dim(Z(A)) ;

(d) dim(2(A) N A (A)) =0 iff dim(Z(A)) = dim(Z(A?)) ;

(e) (Requires the Direct Sum subsection, which ts optional.) V = Z(A) & A (A)
iff dim(Z(A)) = dim(Z(A?)).
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IV.4 Inverses

We finish this section by considering how to represent the inverse of a linear
map.

We first recall some things about inverses. Where 7: R3 — R? is the projec-
tion map and 1: R? — R3 is the embedding

X X
y | — <X> <X> — |y
z Y Y 0

then the composition 7o t is the identity map 7o 1 = id on R2.

X L x . [x
— Yy —
<y> 0 (y)
We say that t is a right tnverse of 7 or, what is the same thing, that 7 is a

left 1nverse of .. However, composition in the other order t o 7t doesn’t give the
identity map—here is a vector that is not sent to itself under 1o 7.

In fact, 7w has no left inverse at all. For, if f were to be a left inverse of 7t then

X X
s X f
y|— — 1Y

(U) z

z

we would have

for all of the infinitely many z's. But a function f cannot send a single argument
(;‘) to more than one value.

So a function can have a right inverse but no left inverse, or a left inverse
but no right inverse. A function can also fail to have an inverse on either side;
one example is the zero transformation on R2.

Some functions have a two-stded inverse, another function that is the inverse
both from the left and from the right. For instance, the transformation given by
V +— 2 -V has the two-sided inverse V — (1/2) - V. The appendix shows that a
function has a two-sided inverse if and only if it is both one-to-one and onto.
The appendix also shows that if a function f has a two-sided inverse then it is
unique, so we call it ‘the’ inverse and write .

In addition, recall that we have shown in Theorem II.2.20 that if a linear
map has a two-sided inverse then that inverse is also linear.
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Thus, our goal in this subsection is, where a linear h has an inverse, to find
the relationship between Repg p(h) and Repp g(h™').

4.1 Definition A matrix G is a left inverse matriz of the matrix H if GH is the
identity matrix. It is a right tnverse if HG is the identity. A matrix H with
a two-sided inverse is an invertible matriz. That two-sided inverse is denoted
H-.

Because of the correspondence between linear maps and matrices, statements
about map inverses translate into statements about matrix inverses.

4.2 Lemma If a matrix has both a left inverse and a right inverse then the two
are equal.

4.3 Theorem A matrix is invertible if and only if it is nonsingular.

Proor (For both results.) Given a matrix H, fix spaces of appropriate dimension
for the domain and codomain and fix bases for these spaces. With respect to
these bases, H represents a map h. The statements are true about the map and
therefore they are true about the matrix. QED

4.4 Lemma A product of invertible matrices is invertible: if G and H are invertible
and GH is defined then GH is invertible and (GH)~' = H~'G~".

Proor Because the two matrices are invertible they are square, and because
their product is defined they must both be n xn. Fix spaces and bases—say,
R™ with the standard bases—to get maps g, h: R™ — R™ that are associated
with the matrices, G = Repg,_ ¢, (g) and H=Repg ¢ (h).

Consider h~'g~'. By the prior paragraph this composition is defined. This
map is a two-sided inverse of gh since (h"'g~')(gh) =h~'(idjh=h"Th =id
and (gh)(h~'g~ ") = g(id)g~' = gg~! = id. The matrices representing the
maps reflect this equality. QED

This is the arrow diagram giving the relationship between map inverses and
matrix inverses. It is a special case of the diagram relating function composition
to matrix multiplication.

ert C

V h!
H H-?

id
Vwrt B I Vwrt B
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Beyond its place in our program of seeing how to represent map operations,
another reason for our interest in inverses comes from linear systems. A linear
system is equivalent to a matrix equation, as here.

X1 +x%x2=3 — 1 1 X1\ 3
2X17X2:2 2 -1 X2 h 2

By fixing spaces and bases (for instance, R?,R? with the standard bases), we
take the matrix H to represent a map h. The matrix equation then becomes
this linear map equation.

h(X) =d

-

If we had a left inverse map g then we could apply it to both sides goh(X) = g(d)
to get X = g(a). Restating in terms of the matrices, we want to multiply by the
inverse matrix Repc 5(g) - Repc(&) to get Repg (X).

4.5 Example We can find a left inverse for the matrix just given

(r ()0

by using Gauss’s Method to solve the resulting linear system.

m+2n =1
m— n =0
p+2q=0
p— q=1

Answer: m=1/3, n=1/3, p=2/3, and q = —1/3. (This matrix is actually
the two-sided inverse of H; the check is easy.) With it, we can solve the system
from the prior example.

SR ATHE

4.6 Remark Why do inverse matrices when we have Gauss’s Method? Beyond
the conceptual appeal of representing the map inverse operation, solving linear
systems this way has two advantages.

First, once we have done the work of finding an inverse then solving a
system with the same coefficients but different constants is fast: if we change
the constants on the right of the system above then we get a related problem

)60
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that our inverse method solves quickly.

o) 55 0)-C)

Another advantage of inverses is that we can explore a system’s sensitivity
to changes in the constants. For example, tweaking the 3 on the right of the

prior example’s system to
1 1 x1) (3.0
2 -1 x2) \ 2

and solving with the inverse

1/3 1/3 3.01\  ((1/3)(3.01) + (1/3)(2)
2/3 —1/3 2 )\ (2/3)(3.01) —(

shows that the first component of the solution changes by 1/3 of the tweak,

—_
>~
w
N

while the second component moves by 2/3 of the tweak. This is sensitivity
analysis. We could use it to decide how accurately we must specify the data in
a linear model to ensure that the solution has a desired accuracy.

4.7 Lemma A matrix H is invertible if and only if it can be written as the product
of elementary reduction matrices. We can compute the inverse by applying to
the identity matrix the same row steps, in the same order, that Gauss-Jordan
reduce H.

Proor The matrix H is invertible if and only if it is nonsingular and thus
Gauss-Jordan reduces to the identity. By Corollary 3.23 we can do this reduction
with elementary matrices.

Ry Ry q...Ry-H=1 (%)

For the first sentence of the result, note that elementary matrices are invertible
because elementary row operations are reversible, and that their inverses are also
elementary. Apply R;' from the left to both sides of (*). Then apply R:l], etc.
The result gives H as the product of elementary matrices H = Rﬂ ROTL
(The I there covers the case r =0.)

For the second sentence, group (x) as (Ry - Ry—1...Ry)-H =1 and recognize
what’s in the parentheses as the inverse H™! = R, - R,_;...Ry - I. Restated:

applying R; to the identity, followed by R;, etc., yields the inverse of H. QED
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4.8 Example To find the inverse of

)

do Gauss-Jordan reduction, meanwhile performing the same operations on
the identity. For clerical convenience we write the matrix and the identity

side-by-side and do the reduction steps together.
1 111 0 7214;;;2 1 1 1 0
2 110 1 0 -3|-2 1
*E}pz 1 1 1 0
0 1(2/3 —-1/3
—P2+pP1 10 ]/3 1/3
- <o 1123 -1/3
This calculation has found the inverse.
—1
1 1 _(1/3 1/3
2 -1 - \2/3 —1/3

4.9 Example This one happens to start with a row swap.

0 3 —1]1 0 0 1 0 1]0 1 0
T 0 110 1 o] "2 Jo 3 1|1 0 0
1T =1 0]0 0 1 1T =1 0]0 0 1

1.0 0] 1/4 1/4 3/4
— o 1 0| 1/4 1/4 —1/4
0 0 1|-=1/4 3/4 —3/4

4.10 Example This algorithm detects a non-invertible matrix when the left half

won'’t reduce to the identity.

1110—214;;)21110
2 210 1 0 0]—-2 1

With this procedure we can give a formula for the inverse of a general 2x2

matrix, which is worth memorizing.
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4.11 Corollary The inverse for a 2 x 2 matrix exists and equals

-1
a b B 1 d -b
c d ~ad—bc\—c a
if and only if ad — bc # 0.

Proor This computation is Exercise 21. QED

We have seen in this subsection, as in the subsection on Mechanics of Matrix
Multiplication, how to exploit the correspondence between linear maps and
matrices. We can fruitfully study both maps and matrices, translating back and
forth to use whichever is handiest.

Over the course of this entire section we have developed an algebra system
for matrices. We can compare it with the familiar algebra of real numbers.
Matrix addition and subtraction work in much the same way as the real number
operations except that they only combine same-sized matrices. Scalar multipli-
cation is in some ways an extension of real number multiplication. We also have
a matrix multiplication operation and its inverse that are somewhat like the
familiar real number operations (associativity, and distributivity over addition,
for example), but there are differences (failure of commutativity). This section
provides an example that algebra systems other than the usual real number one
can be interesting and useful.

Exercises

4.12 Supply the intermediate steps in Example 4.9.

v' 4.13 Use Corollary 4.11 to decide if each matrix has an inverse.

() < _2] 1) (b) (? _43) (c) (_24 _63)

v' 4.14 For each invertible matrix in the prior problem, use Corollary 4.11 to find its
inverse.

v' 4.15 Find the inverse, if it exists, by using the Gauss-Jordan Method. Check the
answers for the 2x2 matrices with Corollary 4.11.
1

1
0Q) Wl () e (s
-1 1 0
0 1 5 2 2 3
(e) (O -2 4) (f) (1 -2 3)
2 3 =2 4 -2 -3
v’ 4.16 What matrix has this one for its inverse?

:3)

w
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4.17 How does the inverse operation interact with scalar multiplication and addition
of matrices?

(a) What is the inverse of TH?

(b) Is (H+G) ' =H'4+ G717

v 418 Is (TX)1 = (T 1)k?
4.19 Is H! invertible?
4.20 For each real number 0 let to: R? — R? be represented with respect to the
standard bases by this matrix.
cos® —sinb
(sin 0 cos6 )

Show that te, 6, = te, - te,. Show also that te ! =t_g.
4.21 Do the calculations for the proof of Corollary 4.11.
4.22 Show that this matrix

1 0 1
H=
(0 1 O)

has infinitely many right inverses. Show also that it has no left inverse.
4.23 In the review of inverses example, starting this subsection, how many left
inverses has (7
4.24 If a matrix has infinitely many right-inverses, can it have infinitely many
left-inverses? Must it have?
4.25 Assume that g: V — W is linear. One of these is true, the other is false. Which
is which?
(a) If f: W — V is a left inverse of g then f must be linear.
(b) If f: W — V is a right inverse of g then f must be linear.
v’ 4.26 Assume that H is invertible and that HG is the zero matrix. Show that G is a
zero matrix.
4.27 Prove that if H is invertible then the inverse commutes with a matrix GH™! =
H~'G if and only if H itself commutes with that matrix GH = HG.
v 4.28 Show that if T is square and if T* is the zero matrix then (I-T)~" = [+ T+T2+T3.
Generalize.
v 429 Let D be diagonal. Describe D2, D3, ..., etc. Describe D', D2, ..., etc.
Define D appropriately.
4.30 Prove that any matrix row-equivalent to an invertible matrix is also invertible.
431 The first question below appeared as Ezercise 29.
(a) Show that the rank of the product of two matrices is less than or equal to the
minimum of the rank of each.
(b) Show that if T and S are square then TS = I if and only if ST =1
4.32 Show that the inverse of a permutation matrix is its transpose.
4.33 The first two parts of this question appeared as Ezercise 26.
(a) Show that (GH)" = HTGT.
(b) A square matrix is symmetric if each i,j entry equals the j, i entry (that is,
if the matrix equals its transpose). Show that the matrices HHT and HTH are
symmetric.
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(c) Show that the inverse of the transpose is the transpose of the inverse.
(d) Show that the inverse of a symmetric matrix is symmetric.
v 4.34 The items starting this question appeared as Ezercise 31.
(a) Prove that the composition of the projections 7y, m,: R®> — R? is the zero
map despite that neither is the zero map.
(b) Prove that the composition of the derivatives d?/dx?, d3/dx>: P4 — P, is the
zero map despite that neither map is the zero map.
(c) Give matrix equations representing each of the prior two items.
When two things multiply to give zero despite that neither is zero, each is said to
be a zero divisor. Prove that no zero divisor is invertible.

4.35 In real number algebra, there are exactly two numbers, 1 and —1, that are
their own multiplicative inverse. Does H? = I have exactly two solutions for 2x2
matrices?

4.36 Is the relation ‘is a two-sided inverse of’ transitive? Reflexive? Symmetric?

4.37 [Am. Math. Mon., Nov. 1951] Prove: if the sum of the elements of each row
of a square matrix is k, then the sum of the elements in each row of the inverse
matrix is 1/k.
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V Change of Basis

Representations vary with the bases. For instance, with respect to the bases &£,

= ()(4)

€1 € R? has these different representations.

Rep., (€1) = (é) Repy (¢1) = (}ﬁ)

The same holds for maps: with respect to the basis pairs €;,,&, and &;, B, the
identity map has these representations.

Repe, ¢, (id) = ((1) ?) Repe, p(id) = <1§§ —11//22>

This section shows how to translate among the representations. That is, we will
compute how the representations vary as the bases vary.

V.1 Changing Representations of Vectors

In converting Repg (V) to Repp (V) the underlying vector ¥ doesn’t change. Thus,
the translation between these two ways of expressing the vector is accomplished
by the identity map on the space, described so that the domain space vectors are
represented with respect to B and the codomain space vectors are represented

with respect to D.
Vw'r't B

o

Vwrt D
(This diagram is vertical to fit with the ones in the next subsection.)

1.1 Definition The change of basis matriz for bases B,D C V is the representa-
tion of the identity map id: V — V with respect to those bases.

-

RepB,D(id): RepD(61) -+ Repp(Pn)
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1.2 Remark A better name would be ‘change of representation matrix’ but the
above name is standard.

The next result supports the definition.

1.3 Lemma Left-multiplication by the change of basis matrix for B, D converts
a representation with respect to B to one with respect to D. Conversely, if
left-multiplication by a matrix changes bases M - Repg (V) = Repp (V) then M is
a change of basis matrix.

Proor The first sentence holds because matrix-vector multiplication represents
a map application and so Repg p(id) - Repg (V) = Repp (id(V) ) = Repp (V) for
each V. For the second sentence, with respect to B, D the matrix M represents
a linear map whose action is to map each vector to itself, and is therefore the
identity map. QED

1.4 Example With these bases for R?,
—1 1

2 1
()
because
Repo(id(G))) - (;/22) Repo(id(c)) )= (ﬂ/j)
D D

the change of basis matrix is this.

-1/2 —-1/2
Repg p(id) = ( 3//2 1//2 )

For instance, this is the representation of €,

o ()3

and the matrix does the conversion.

12 <12\ (1) _ (12
32 12 ) \=2) 12

Checking that vector on the right is Repp (€3) is easy.

We finish this subsection by recognizing the change of basis matrices as a
familiar set.
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1.5 Lemma A matrix changes bases if and only if it is nonsingular.

Proor For the ‘only if’ direction, if left-multiplication by a matrix changes
bases then the matrix represents an invertible function, simply because we can
invert the function by changing the bases back. Because it represents a function
that is invertible, the matrix itself is invertible, and so is nonsingular.

For ‘if’ we will show that any nonsingular matrix M performs a change of
basis operation from any given starting basis B (having n vectors, where the
matrix is nxn) to some ending basis.

If the matrix is the identity I then the statement is obvious. Otherwise
because the matrix is nonsingular Corollary IV.3.23 says there are elementary
reduction matrices such that R, ---R; - M =1 with r > 1. Elementary matrices
are invertible and their inverses are also elementary so multiplying both sides of
that equation from the left by R, ', then by R._; ', etc., gives M as a product
of elementary matrices M = R, T qu.

We will be done if we show that elementary matrices change a given basis to
another basis, since then RT_1 changes B to some other basis B, and R;_; -1
changes B, to some B,_;, etc. We will cover the three types of elementary
matrices separately; recall the notation for the three.

C1 C1 C1 C1
C1 C1
: : Ci C]' Ci Ci
Mi(k) | ci | = | kes Pij| | =] Cijl) |+ | = :
: : Cj Ci Cj kci + ¢j
Cn Cn :
Cn Cn Cn Cn

Applying a row-multiplication matrix M;(k) changes a representation with
respect to (B1,...,Pi,---, Pn) to one with respect to (B1,...,(1/K)Pi,..., BPn).

6201'g1+"'+Ci'l§i+"'+Cn'f§n
= oer Bt ke (/KB + 4 en Bn =V

The second one is a basis because the first is a basis and because of the k # 0
restriction in the definition of a row-multiplication matrix. Similarly, left-
multiplication by a row-swap matrix P; ; changes a representation with respect
to the basis <ﬁ1,...,[§i,...,B},...,ﬁ@ into one with respect to this basis
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V=0 'gl+"'+Ci'f§i+"’+cjf§j+"'+Cn'gn
— C1 ‘61+"'+Cj'gj+"'+ci'gi+"'+cn'6n:v
And, a representation with respect to <{§1,...,[§i,...,B},...,E@ changes via

left-multiplication by a row-combination matrix Cj ;(k) into a representation
with respect to (B1,...,Bi —kBj,..., Bj,.-, Bn)

V=ci-Bi+-Fci-BitBj+-+cnBn
e Bt (Bi— kB 4+ (ke o) B+ ten Ba =V

(the definition of C; (k) specifies that i # j and k # 0). QED

1.6 Corollary A matrix is nonsingular if and only if it represents the identity map
with respect to some pair of bases.

Exercises
v 1.7 In R?, where

o=((3)-(3)

find the change of basis matrices from D to &, and from &, to D. Multiply the
two.
v 1.8 Find the change of basis matrix for B,D C R2.

(a) B=2¢&,,D = (e,¢&) (b)B=2¢&,D= (G), l))

5= () (o wo- (). (0-().)

v' 1.9 Find the change of basis matrix for each B,D C P,.
(@) B= <1,X,X2>,D = <X2,1,X> (b) B= <1,X,X2>,D = (1,1 +x,1 +X+X2>
(c) B=(2,2%,x*),D = (1 +x%1—x*x+x?)
1.10 For the bases in Exercise 8, find the change of basis matrix in the other direction,
from D to B.
v 1.11 Decide if each changes bases on R?. To what basis is £, changed?

oG o) o[ @)

1.12 Find bases such that this matrix represents the identity map with respect to

those bases.
3 1 4
2 =1 1
o 0 4

1.13 Consider the vector space of real-valued functions with basis (sin(x), cos(x)).
Show that (2sin(x) + cos(x),3 cos(x)) is also a basis for this space. Find the change
of basis matrix in each direction.
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1.14 Where does this matrix

sin(20) —cos(20)
send the standard basis for R?? Any other bases? Hint. Consider the inverse.
v/ 1.15 What is the change of basis matrix with respect to B, B?
1.16 Prove that a matrix changes bases if and only if it is invertible.
1.17 Finish the proof of Lemma 1.5.
v' 1.18 Let H be an n xn nonsingular matrix. What basis of R™ does H change to the
standard basis?
v 1.19  (a) In P3 with basis B = (14+x, 1—x,x?+x3,x>—x3) we have this representation.
0
1
1

(cos(Ze) sin(20) )

Repg (1 —x +3x* —x3) =

2

B
Find a basis D giving this different representation for the same polynomial.
1

0
Repp (1 —x 4 3x* —x3) = N
0/ b
(b) State and prove that we can change any nonzero vector representation to any

other.
Hint. The proof of Lemma 1.5 is constructive —it not only says the bases change,
it shows how they change.
1.20 Let V, W be vector spaces, and let B, B be bases for V and D, D be bases for

W. Where h: V — W is linear, find a formula relating Repg p(h) to Repg p5(h).
v’ 1.21 Show that the columns of an n xn change of basis matrix form a basis for

R™. Do all bases appear in that way: can the vectors from any R™ basis make the
v' 1.22 Find a matrix having this effect.

1 4
)~ (5)
That is, find a M that left-multiplies the starting vector to yield the ending vector.
Is there a matrix having these two effects?
1 1 2 -1 1 1 2 —1
@ ()-0) (5)=() ©G)-6) ()-()

Give a necessary and sufficient condition for there to be a matrix such that v; — W,
and \_)'2 — \7\)2.

columns of a change of basis matrix?

V.2 Changing Map Representations

The first subsection shows how to convert the representation of a vector with
respect to one basis to the representation of that same vector with respect to
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another basis. We next convert the representation of a map with respect to one
pair of bases to the representation with respect to a different pair —we convert
from Repg p(h) to Repgyﬁ(h). Here is the arrow diagram.

h
Vwrt B T) Wu/rt D

o o

vwrt B % ert D
To move from the lower-left to the lower-right we can either go straight over,
or else up to Vg then over to Wp and then down. So we can calculate H =
Repg (h) either by directly using B and D, or else by first changing bases with
Repg g (id) then multiplying by H = Repg p(h) and then changing bases with
Repp, (id).

H =Repp p(id) - H - Repg g(id) (%)

2.1 Example The matrix

T cos(n/6) —sin(n/6)\  (V3/2 —1/2
~ \sin(n/6)  cos(m/6) 172 V3)2

represents, with respect to &, &5, the transformation t: R — R? that rotates
vectors through the counterclockwise angle of 71/6 radians.

| j<;> \Jmﬁ;g)
-

Translate T to a representation with respect to these

()G o= (6

by using the arrow diagram and formula (x) above.

2
wrt €3

RZ

wrt €3

idl idl T = Rep,, p(id) - T+ Repy ¢, (id)

t
2 — 5 R? .
wrt B T wrt D

t
—)T R
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Note that we can compute Rep,, p(id) as the matrix inverse of Repp ¢, (id).

12\ (V32 12\ (1 o
Rep@ﬁ(t)‘(o 3) (1/2 \/§/2> (1 2)
((5-V3)/6 (3+2V3)/3

N +Vv3)/6 V3/3

The matrix is messier but the map that it represents is the same. For instance,
to replicate the effect of t in the picture, start with B,

SENG)

(5-v3)/6 (3+2V3)/3 1\ ((11+3V3)/6
(1+v3)/6 V3/3 ap g (1+3v3)/6 5

apply T,

and check it against D.

1M+3vV3 (1 1+3v3 (2)  [(=3+V3)/2
¢ (o) 37 lu+3v3n2

2.2 Example Changing bases can make the matrix simpler. On R3 the map

X y+z
y LN X+z
z X+y

is represented with respect to the standard basis in this way.

011
Repgm&(t): 1 O ]
1 10
Representing it with respect to
1 1 1
B=(|-1(,]1 1 1|,]1])
0 —2 1
gives a matrix that is diagonal.
-1 0 O

RepB‘B(t) - 0 —1 0
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Naturally we usually prefer representations that are easier to understand.
We say that a map or matrix has been diagonalized when we find a basis B such
that the representation is diagonal with respect to B, B, that is, with respect
to the same starting basis as ending basis. Chapter Five finds which maps and
matrices are diagonalizable.

The rest of this subsection develops the easier case of finding two bases B, D
such that a representation is simple. Recall that the prior subsection shows that
a matrix is a change of basis matrix if and only if it is nonsingular.

2.3 Definition Same-sized matrices H and H are matriz equivalent if there are
nonsingular matrices P and Q such that H = PHQ.

2.4 Corollary Matrix equivalent matrices represent the same map, with respect
to appropriate pairs of bases.

Proor This is immediate from equation (*) above. QED

Exercise 19 checks that matrix equivalence is an equivalence relation. Thus
it partitions the set of matrices into matrix equivalence classes.

All matrices: . .
H matrix equivalent

to H

We can get insight into the classes by comparing matrix equivalence with row
equivalence (remember that matrices are row equivalent when they can be
reduced to each other by row operations). In Fl = PHQ, the matrices P and Q
are nonsingular and thus each is a product of elementary reduction matrices
by Lemma IV.4.7. Left-multiplication by the reduction matrices making up P
performs row operations. Right-multiplication by the reduction matrices making
up Q performs column operations. Hence, matrix equivalence is a generalization
of row equivalence —two matrices are row equivalent if one can be converted to
the other by a sequence of row reduction steps, while two matrices are matrix
equivalent if one can be converted to the other by a sequence of row reduction
steps followed by a sequence of column reduction steps.

Consequently, if matrices are row equivalent then they are also matrix
equivalent since we can take Q to be the identity matrix. The converse, however,
does not hold: two matrices can be matrix equivalent but not row equivalent.

2.5 Example These two are matrix equivalent

b)) o)
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because the second reduces to the first by the column operation of taking —1
times the first column and adding to the second. They are not row equivalent
because they have different reduced echelon forms (both are already in reduced
form).

We close this section by giving a set of representatives for the matrix equiva-
lence classes.

2.6 Theorem Any mxn matrix of rank k is matrix equivalent to the mxn matrix
that is all zeros except that the first k diagonal entries are ones.

10 ... 00 ... 0
0 1 00 ... 0
00 1 0 0
00 00 0
00 . 00 0

This is a block partial-identity form.

ar

Proor Gauss-Jordan reduce the given matrix and combine all the row reduction
matrices to make P. Then use the leading entries to do column reduction and
finish by swapping the columns to put the leading ones on the diagonal. Combine
the column reduction matrices into Q. QED

2.7 Example We illustrate the proof by finding P and Q for this matrix.

12 1 -1
00 1 —1
2 4 2 =2
First Gauss-Jordan row-reduce.
1T =10 1 0 0 12 1 =1 12 0 0
o 1 0 0O 10 001 —1]=|0 01 —1
0 0 1 -2 0 1 2 4 2 -2 0 00 O
Then column-reduce, which involves right-multiplication.
120 0 1 =2 0 0 10 0 0 100 0
0o 1 00 01 00
0 0 1 —1 =0 0 1T 0
00 0 0 0 0 1T 0 0 0 1 1 00 0 0
0 0 01 0 0 0 1
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Finish by swapping columns.

10 00 2) 8 (1) g 10 00
0 01T O 01 0 ol = 01 00
0 0 00 00 0 1 0 0 0O

Finally, combine the left-multipliers together as P and the right-multipliers
together as Q to get PHQ.

1—10121—13)8_]28 100 0
o1ooo1—10]0]:o1oo
-2 0 1)\2 42 2/ {5 o o 00 00

2.8 Corollary Matrix equivalence classes are characterized by rank: two same-sized
matrices are matrix equivalent if and only if they have the same rank.

Proor Two same-sized matrices with the same rank are equivalent to the same
block partial-identity matrix. QED

2.9 Example The 2x 2 matrices have only three possible ranks: zero, one, or two.
Thus there are three matrix equivalence classes.

00
All 2x2 matrices: |~ (c0) “(59) )
Three equivalence

. ( ! ?> classes

Each class consists of all of the 2 x2 matrices with the same rank. There is
only one rank zero matrix. The other two classes have infinitely many members;
we’ve shown only the canonical representative.

One nice thing about the representative in Theorem 2.6 is that we can
completely understand the linear map when it is expressed in this way: where
the bases are B = <[§1 yeens §n> and D = <§1 yeens §m> then the map’s action is

ciBr+-+ckPrtcpiBrir+ o FCnPn = 181+ A ekd +0+---40

where k is the rank. Thus we can view any linear map as a projection.

C1 C1
Cx Cx
Ck+1 0
Cn 0
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Exercises

v' 2.10 Decide if these matrices are matrix equivalent.
(a) 1 3 0 2 2 1
2 3 0/)°\0 5 -1
0 3 4 0
o )6 s)
1 3 1 3
@ oG %)

v' 2.11 Find the canonical representative of the matrix equivalence class of each ma-

trix.
01 0 2
(a)<j;g) b (11 0 4
30303 -

2.12 Suppose that, with respect to

o)1)

the transformation t: R? — R? is represented by this matrix.

G 3

Use change of basis matrices to represent t with respect to each pair.

08 () (o ()0)
o3 (o= ()-6)

v 2.13 What sizes are P and Q in the equation H = PHQ?
v' 2.14 Use Theorem 2.6 to show that a square matrix is nonsingular if and only if it
is equivalent to an identity matrix.
v 2.15 Show that, where A is a nonsingular square matrix, if P and Q are nonsingular
square matrices such that PAQ =1 then QP = A,
v/ 2.16 Why does Theorem 2.6 not show that every matrix is diagonalizable (see
Example 2.2)7
2.17 Must matrix equivalent matrices have matrix equivalent transposes?
2.18 What happens in Theorem 2.6 if k = 0?
v' 2.19 Show that matrix equivalence is an equivalence relation.
v' 2.20 Show that a zero matrix is alone in its matrix equivalence class. Are there
other matrices like that?
2.21 What are the matrix equivalence classes of matrices of transformations on R'?
R3?
2.22 How many matrix equivalence classes are there?
2.23 Are matrix equivalence classes closed under scalar multiplication? Addition?
2.24 Let t: R™ — R™ represented by T with respect to &,,, En.
(a) Find Repg 3(t) in this specific case.

T= (; _11) B= <(l) ) (j>>
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(b) Describe Repg (t) in the general case where B = (f§1 yeens [§H>

2.25 (a) Let V have bases B; and B, and suppose that W has the basis D. Where
h:V — W, find the formula that computes Repg, p(h) from Repg, p(h).
(b) Repeat the prior question with one basis for V and two bases for W.

2.26 (a) If two matrices are matrix equivalent and invertible, must their inverses
be matrix equivalent?
(b) If two matrices have matrix equivalent inverses, must the two be matrix
equivalent?
(c) If two matrices are square and matrix equivalent, must their squares be matrix
equivalent?
(d) If two matrices are square and have matrix equivalent squares, must they be
matrix equivalent?

v’ 2.27 Square matrices are similar if they represent the same transformation, but
each with respect to the same ending as starting basis. That is, Repg, 5, (t) is
similar to Repg, 5, (t)-

(a) Give a definition of matrix similarity like that of Definition 2.3.

(b) Prove that similar matrices are matrix equivalent.

(c) Show that similarity is an equivalence relation.

(d) Show that if T is similar to T then T2 is similar to T2, the cubes are similar,
etc. Contrast with the prior ezercise.

(e) Prove that there are matrix equivalent matrices that are not similar.
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VI Projection

Thas section is optional. It is a prerequisite only for the final two sections
of Chapter Five, and some Topics.

We have described projection from R3 into its xy-plane subspace as a shadow
map. This shows why but it also shows that some shadows fall upward.

So perhaps a better description is: the projection of V' is the vector p in the plane
with the property that someone standing on  and looking straight up or down —
that is, looking orthogonally to the plane —sees the tip of V. In this section we
will generalize this to other projections, orthogonal and non-orthogonal.

VI.1 Orthogonal Projection Into a Line

We first consider orthogonal projection of a vector V into a line {. This shows
a figure walking out on the line to a point p such that the tip of V is directly
above them, where “above” does not mean parallel to the y-axis but instead
means orthogonal to the line.

Since the line is the span of some vector { = {c- 5| c € R}, we have a coefficient
cs with the property that v — c§ is orthogonal to cs5.
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To solve for this coefficient, observe that because V — c5§ is orthogonal to a
scalar multiple of §, it must be orthogonal to § itself. Then (V—cy5)8=0
gives that ¢y =V+5/5.5.

1.1 Definition The orthogonal projection of V into the line spanned by a
nonzero § is this vector.

<!
|

proj[g] (\7) = 3. -5

«ny

(That says ‘spanned by §’ instead the more formal ‘span of the set {5'}. This
more casual phrase is common.)

1.2 Example To orthogonally project the vector @) into the line y = 2x, first
pick a direction vector for the line.

The calculation is easy.

-5 @ B (186//55)

1.3 Example In R3, the orthogonal projection of a general vector

X
Y
z
into the y-axis is
X 0
Yyl
z 0 (1) 0
=1Y
111
0 0

which matches our intuitive expectation.

The picture above showing the figure walking out on the line until V's tip is
overhead is one way to think of the orthogonal projection of a vector into a line.
We finish this subsection with two other ways.
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1.4 Example A railroad car left on an east-west track without its brake is pushed
by a wind blowing toward the northeast at fifteen miles per hour; what speed

—= =]
/; /‘

Z

will the car reach?

For the wind we use a vector of length 15 that points toward the northeast.

(347

The car is only affected by the part of the wind blowing in the east-west
direction —the part of ¥ in the direction of the x-axis is this (the picture has
the same perspective as the railroad car picture above).

nmﬁ (15,172
P=L o

7

east

So the car will reach a velocity of 15,/1/2 miles per hour toward the east.

Thus, another way to think of the picture that precedes the definition is that
it shows V as decomposed into two parts, the part p with the line, and the part
that is orthogonal to the line (shown above on the north-south axis). These
two are non-interacting in the sense that the east-west car is not at all affected
by the north-south part of the wind (see Exercise 10). So we can think of the
orthogonal projection of V into the line spanned by s as the part of V that lies
in the direction of §.

Still another useful way to think of orthogonal projection into a line is to
have the person stand on the vector, not the line. This person holds a rope
looped over the line. As they pull, the loop slides on the line.

When it is tight, the rope is orthogonal to the line. That is, we can think of the

projection P as being the vector in the line that is closest to V (see Exercise 16).

1.5 Example A submarine is tracking a ship moving along the line y = 3x + 2.
Torpedo range is one-half mile. If the sub stays where it is, at the origin on the
chart below, will the ship pass within range?
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east

The formula for projection into a line does not immediately apply because the
line doesn’t pass through the origin, and so isn’t the span of any §. To adjust
for this, we start by shifting the entire map down two units. Now the line is
y = 3x, a subspace. We project to get the point P on the line closest to

G 0
S \=2
the sub’s shifted position.

- 06

The distance between Vv and { is about 0.63 miles. The ship will never be in
range.

Exercises

v 1.6 Project the first vector orthogonally into the line spanned by the second vec-
tor.

0 () w00 o)) @) ()

v' 1.7 Project the vector orthogonally into the line.

2 -3 1
(a) (1) , {c ( 1 ) lceR} (b) (71), the line y = 3x
4 -3 a

1.8 Although pictures guided our development of Definition 1.1, we are not restricted
to spaces that we can draw. In R* project this vector into this line.
1 —1
2 1
1 b=l
3 1
v 1.9 Definition 1.1 uses two vectors § and V. Consider the transformation of R?
resulting from fixing
(1)
1

and projecting V into the line that is the span of §. Apply it to these vec-
tors.

|ceR}

<l
Il
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@ () o)

Show that in general the projection transformation is this.

(X]) s ((X1 +3X2)/10)
X2 (3X] +9X2)/1O

Express the action of this transformation with a matrix.

1.10 Example 1.4 suggests that projection breaks V' into two parts, proj;;(V) and
V — projg(V), that are non-interacting. Recall that the two are orthogonal. Show
that any two nonzero orthogonal vectors make up a linearly independent set.

1.11 (a) What is the orthogonal projection of ¥ into a line if V is a member of that

line?
(b) Show that if V is not a member of the line then the set {V,V — proj(V)} is
linearly independent.

1.12 Definition 1.1 requires that § be nonzero. Why? What is the right definition
of the orthogonal projection of a vector into the (degenerate) line spanned by the
zero vector?

1.13 Are all vectors the projection of some other vector into some line?

v' 1.14 Show that the projection of V into the line spanned by s has length equal to
the absolute value of the number v« § divided by the length of the vector §'.

1.15 Find the formula for the distance from a point to a line.

1.16 Find the scalar ¢ such that the point (csq,cs,) is a minimum distance from the
point (vy,v;) by using calculus (i.e., consider the distance function, set the first
derivative equal to zero, and solve). Generalize to R™.

v' 1.17 Prove that the orthogonal projection of a vector into a line is shorter than the
vector.

v' 1.18 Show that the definition of orthogonal projection into a line does not depend
on the spanning vector: if §'is a nonzero multiple of d then (V+5/5+5) - § equals
(Veq/q-q)-q.

v' 1.19 Consider the function mapping the plane to itself that takes a vector to its
projection into the line y = x. These two each show that the map is linear, the first
one in a way that is coordinate-bound (that is, it fixes a basis and then computes)
and the second in a way that is more conceptual.

(a) Produce a matrix that describes the function’s action.

(b) Show that we can obtain this map by first rotating everything in the plane
7t/4 radians clockwise, then projecting into the x-axis, and then rotating 7t/4 ra-
dians counterclockwise.

1.20 For a, b € R™ let ¥; be the projection of @ into the line spanned by b, let ¥, be
the projection of V; into the line spanned by d, let V3 be the projection of V, into
the line spanned by 5, etc., back and forth between the spans of @ and 6. That is,
Vi+1 is the projection of V; into the span of @ if 1+ 1 is even, and into the span
of b if i+ 1 is odd. Must that sequence of vectors eventually settle down —must
there be a sufficiently large i such that Vi, equals V; and V;, 3 equals V.17 If so,
what is the earliest such i?
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V1.2 Gram-Schmidt Orthogonalization

The prior subsection suggests that projecting Vv into the line spanned by §
decomposes that vector into two parts

v V — proj g (P) . 4
_— V = projis (V) + (\7— PIojs (\7))
PIojg )

that are orthogonal and so are “non-interacting.” We now develop that suggestion.

2.1 Definition Vectors vy,...,Vx € R™ are mutually orthogonal when any two
are orthogonal: if i # j then the dot product V; - Vj is zero.

2.2 Theorem If the vectors in a set {V,...,Vx} C R™ are mutually orthogonal
and nonzero then that set is linearly independent.

Proor Consider 0 = ¢1V; + caVa + -+ - + Ci V. For i € {1,..,k}, taking the dot
product of V; with both sides of the equation Vi« (c1Vy +caVa+- - - +cy Vi) = \71-6,
which gives c; - (Vi « Vi) = 0, shows that ¢; = 0 since V; # 0. QED

2.3 Corollary In a k dimensional vector space, if the vectors in a size k set are
mutually orthogonal and nonzero then that set is a basis for the space.

Proor Any linearly independent size k subset of a k dimensional space is a
basis. QED

Of course, the converse of Corollary 2.3 does not hold —not every basis of
every subspace of R™ has mutually orthogonal vectors. However, we can get
the partial converse that for every subspace of R™ there is at least one basis
consisting of mutually orthogonal vectors.

2.4 Example The members B’ 1 and B’z of this basis for R? are not orthogonal.

We will derive from B a new basis for the space (K1, K2) consisting of mutually
orthogonal vectors. The first member of the new basis is just B1.
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For the second member of the new basis, we subtract from 62 the part in the
direction of ;. This leaves the part of B, that is orthogonal to §;.

o= () (D -()-0)- ) ﬁ\/

By the corollary (g7, k) is a basis for R?.

2.5 Definition An orthogonal basis for a vector space is a basis of mutually
orthogonal vectors.

2.6 Example To produce from this basis for R3

1\ [0\ [1
B=(|1]|,|2]|,lo])
1) \o/ \3

Get K, by subtracting from 62 its part in the direction of K;.

0 0 0 2/3 -2/3
Ko=|2|—projg (|2])=12]|—-12/3|=]| 4/3
0 0 0 2/3 —2/3

Find K3 by subtracting from (_5' 3 the part in the direction of K7 and also the part
in the direction of K5.

) —proj[,gz](

w o —
w o —
I
o

1
K3 =10 fproj[z”(
3

As above, the corollary gives that the result is a basis for R3.

1 -2/3\ (-1
(1L, 43 |,10]
1 -2/3 1
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2.7 Theorem (Gram-Schmidt orthogonalization) If (31,...By) is a basis for a sub-
space of R™ then the vectors

R1 = B

K2 = B2 — projz,(B2)

K3 = 3 — Projz,;(B3) — projz,;(B3)

Ky = fgk*PrOJ.[.z]](fgk)*"'*Proj[.zk,,](fgk)

form an orthogonal basis for the same subspace.

2.8 Remark This is restricted to R™ only because we have not given a definition
of orthogonality for other spaces.

Proor We will use induction to check that each K; is nonzero, is in the span of
<[§1 yee B}), and is orthogonal to all preceding vectors K1+K; = --- = K;_1+Ky = 0.
Then Corollary 2.3 gives that (Kj,... Kx) is a basis for the same space as is the
starting basis.

We shall only cover the cases up to i = 3, to give the sense of the argument.
The full argument is Exercise 25.

The 1 = 1 case is trivial; taking &; to be [§ 1 makes it a nonzero vector since
ﬁ 1 is a member of a basis, it is obviously in the span of <[§ 1), and the ‘orthogonal
to all preceding vectors’ condition is satisfied vacuously.

In the 1 = 2 case the expansion

L 7 T z  Paekr 5 P2kl &
K2 = P2 —projg, (B2) =P2—— K1 =P2— = 1
K1 * Kq K1 * Kq

shows that K # 0 or else this would be a non-trivial linear dependence among
the f’s (it is nontrivial because the coefficient of (3, is 1). It also shows that &,
is in the span of ([§ 1y 62> And, K, is orthogonal to the only preceding vector

R1+R2 = Ry + (B2 — projiz,;(B2)) =0
because this projection is orthogonal.
The i = 3 case is the same as the i = 2 case except for one detail. As in the
i = 2 case, expand the definition.

. B3R B3R
123:[33—@3 41.21_[33 2R,
K1« Ky K2 K2
= B3R 5 B3eR2 ,x B2eR1 s
=p3— “B1— (B2 — 1)

Al
.
AL
Al
N

.
~
K8 1
AL
.
AL
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By the first line K3 # 0, since B3 isn’t in the span [B1, B2] and therefore by the
inductive hypothesis it isn’t in the span [K7,K>]. By the second line K3 is in
the span of the first three [§ ’s. Finally, the calculation below shows that K3 is
orthogonal to K;.

Ky oKz =Ky ( 63 —PIOj[z1](g3) —Proj[zz](g3) )

—

1+ (B3 — projz,1(B3)) — K1+ projz, (B3)

(Here is the difference with the i = 2 case: as happened for i = 2 the first term
is 0 because this projection is orthogonal, but here the second term in the second
line is 0 because K; is orthogonal to K; and so is orthogonal to any vector in
the line spanned by K».) A similar check shows that K3 is also orthogonal to K.
QED

In addition to having the vectors in the basis be orthogonal, we can also

normalize each vector by dividing by its length, to end with an orthonormal
baszs..

2.9 Example From the orthogonal basis of Example 2.6, normalizing produces
this orthonormal basis.

1/V3\ [—1/V6\ [-1/V2
(vl 2ve |, o |)
1/v3) \-1/v6 1/v2

Besides its intuitive appeal, and its analogy with the standard basis &, for
R™, an orthonormal basis also simplifies some computations. Exercise 19 is an
example.

Exercises
2.10 Perform the Gram-Schmidt process on each of these bases for R?.
1 2 0 -1 0 —1
@(}).Gp o(D).Gy @) Q)
Then turn those orthogonal bases into orthonormal bases.
v 2.11 Perform the Gram-Schmidt process on each of these bases for R3.

OO T

Then turn those orthogonal bases into orthonormal bases.
v 2.12 Find an orthonormal basis for this subspace of R3: the plane x —y +z = 0.

2.13 Find an orthonormal basis for this subspace of R*.
X

[ x—y—z+w=0and x+2z=0}

S n e



Section VI. Projection 273

2.14 Show that any linearly independent subset of R™ can be orthogonalized without
changing its span.

2.15 What happens if we try to apply the Gram-Schmidt process to a finite set that
is not a basis?

v' 2.16 What happens if we apply the Gram-Schmidt process to a basis that is already

orthogonal?
2.17 Let (Ry,...,Kx) be a set of mutually orthogonal vectors in R™.
(a) Prove that for any V in the space, the vector V— (projz, (V) +- - - +proj, (V)
is orthogonal to each of K, ..., Kx.

(b) Tlustrate the prior item in R3 by using &; as ¥, using €, as K, and taking v
to have components 1, 2, and 3.

(c) Show that projz, (V) +-- - + projy, (V) is the vector in the span of the set of
K’s that is closest to V. Hint. To the illustration done for the prior part, add a
vector d;Ky + d;K, and apply the Pythagorean Theorem to the resulting triangle.

2.18 Find a nonzero vector in R3 that is orthogonal to both of these.

1 2
5 2
—1 0

v 2.19 One advantage of orthogonal bases is that they simplify finding the representa-
tion of a vector with respect to that basis.
(a) For this vector and this non-orthogonal basis for R?

=) =)0

first represent the vector with respect to the basis. Then project the vector into
the span of each basis vector [(31} and [62}.
(b) With this orthogonal basis for R?

<= ()(4)

represent the same vector V with respect to the basis. Then project the vector
into the span of each basis vector. Note that the coefficients in the representation
and the projection are the same.

(c) Let K=(Kj,...,Rx) be an orthogonal basis for some subspace of R". Prove
that for any V in the subspace, the i-th component of the representation Repy (V)
is the scalar coefficient (V+K;)/(K; « ki) from proj,;(V).

(d) Prove that ¥ = projz, (V) + - - - + projjz, (V).

2.20 Bessel’s Inequality. Consider these orthonormal sets
By ={e1} Ba={&1,&2} B3 ={&,&,e3} By={&1,€2¢8¢}

along with the vector v € R* whose components are 4, 3, 2, and 1.
(a) Find the coefficient c¢; for the projection of v into the span of the vector in
B;. Check that [[¥[|* > |c1|*.
(b) Find the coefficients ¢y and c, for the projection of V into the spans of the
two vectors in B,. Check that H{;”Z > lerl? + leal?
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(c) Find c4, ¢, and c3 associated with the vectors in B3, and ¢4, ¢z, c3, and
¢4 for the vectors in By. Check that [[7]* > et/ +--- + [c3|* and that [[v]|* >
jer I + -+ + leal.

Show that this holds in general: where {Kq,...,Ky} is an orthonormal set and c; is
coefficient of the projection of a vector v from the space then ||V Hz >l P 4 e
Hint. One way is to look at the inequality 0 < ||¥ — (1% + - - - + ciRy)||* and
expand the c’s.

2.21 Prove or disprove: every vector in R™ is in some orthogonal basis.

2.22 Show that the columns of an nxn matrix form an orthonormal set if and only
if the inverse of the matrix is its transpose. Produce such a matrix.

2.23 Does the proof of Theorem 2.2 fail to consider the possibility that the set of
vectors is empty (i.e., that k =0)?

2.24 Theorem 2.7 describes a change of basis from any basis B = (f1,..., ) to
one that is orthogonal K = (Kj,...,Ky). Consider the change of basis matrix
Repg « (id).

(a) Prove that the matrix Repy (id) changing bases in the direction opposite to
that of the theorem has an upper triangular shape —all of its entries below the
main diagonal are zeros.

(b) Prove that the inverse of an upper triangular matrix is also upper triangular
(if the matrix is invertible, that is). This shows that the matrix Repg i (id)
changing bases in the direction described in the theorem is upper triangular.

2.25 Complete the induction argument in the proof of Theorem 2.7.

V1.3 Projection Into a Subspace

This subsection uses material from the optional earlier subsection on Com-
bining Subspaces.

The prior subsections project a vector into a line by decomposing it into two
parts: the part in the line projz(V) and the rest vV — projz)(V). To generalize
projection to arbitrary subspaces we will follow this decomposition idea.

3.1 Definition Let a vector space be a direct sum V = M & N. Then for any
V €V with Vv =mM + 7 where m € M, 1@ € N, the projection of V into M along
N is projp n (V) = 1.

This definition applies in spaces where we don’t have a ready definition
of orthogonal. (Definitions of orthogonality for spaces other than the R™ are
perfectly possible but we haven't seen any in this book.)
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3.2 Example The space My of 2x2 matrices is the direct sum of these two.

M:{(S g)la,beR} N:{(S g>c,deR}

()

into M along N, we first fix bases for the two subspaces.

m=i(y 0 (o) w3050

Their concatenation

_ 1 0\ (o 1)\ (o 0o\ (o0 0
B=Bm BN:<<0 o)’(o o>’<1 o)’(o 1>>

is a basis for the entire space because M, is the direct sum. So we can use it

To project

to represent A.

)= G o) o) (e )

The projection of A into M along N keeps the M part and drops the N part.

. 3 1 1 0 0 1 31
PrOJM,N(<O 4>)_3.<0 O>+1.<0 0>_<O O)

3.3 Example Both subscripts on proja, N (V) are significant. The first subscript
M matters because the result of the projection is a member of M. For an
example showing that the second one matters, fix this plane subspace of R3 and

its basis.
X 1 0
M={ly|ly=2z=0} Bm=(|0],[2])
z 0 1

We will compare the projections of this element of R3

<!
Il
[S1 1 I N
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into M along these two subspaces (verification that R = M@®N and R3 = MaN

is routine).

0 0
N={k|0||keR} N={k| 1 ]|keR}
1 -2
Here are natural bases for N and N.
0 0
Bu=(|o]) Ba=(| 1]
1 -2

To project into M along N, represent v with respect to the concatenation By By

2 1 0 0
21 =2-10)+1-]2|+4-]0
5 0 1 1

and drop the N term.
1 0
projyn(V)=2- [0 +1-|2] =
0 1

— NN

To project into M along N represent v with respect to BMABN

2 1 0 0
21 =210 +(9/5)-12|—(8/5) | 1
5 0 1 -2
and omit the N part.
1 0 2
projy (V) =2- [0 [ +(9/5)- | 2] =]18/5
0 1 2/5

So projecting along different subspaces can give different results.
These pictures compare the two maps. Both show that the projection is

indeed ‘into’ the plane and ‘along’ the line.
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Notice that the projection along N is not orthogonal since there are members
of the plane M that are not orthogonal to the dotted line. But the projection
along N is orthogonal.

We have seen two projection operations, orthogonal projection into a line as
well as this subsections’s projection into an M and along an N, and we naturally
ask whether they are related. The right-hand picture above suggests the answer —
orthogonal projection into a line is a special case of this subsection’s projection;
it is projection along a subspace perpendicular to the line.

3.4 Definition The orthogonal complement of a subspace M of R™ is
Mt ={¥ € R" | ¥V is perpendicular to all vectors in M}

(read “M perp”). The orthogonal projection proja (V) of a vector is its projec-
tion into M along M*.

3.5 Example In R3, to find the orthogonal complement of the plane

X
P={|y|I3x+2y—2z=0}
z
we start with a basis for P.
1 0
B=(|0o],|1])
3 2

Any v perpendicular to every vector in B is perpendicular to every vector in the
span of B (the proof of this is Exercise 19). Therefore, the subspace P+ consists
of the vectors that satisfy these two conditions.

1 V1 0 V1
0fl- %) =0 1 | V2 =0
3 V3 2 V3

Those conditions give a linear system.

A% V1
1 0 3 0
1 —
P=={]v2 || (O 1 2) v2 | = (())}
V3 V3
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We are thus left with finding the null space of the map represented by the matrix,
that is, with calculating the solution set of the homogeneous linear system.

-3
Pr={k|-2]||keR}
1

Vi +3v3 =0
vy +2v3 =0

3.6 Example Where M is the xy-plane subspace of R, what is M+? A common
first reaction is that M* is the yz-plane but that’s not right because some
vectors from the yz-plane are not perpendicular to every vector in the xy-plane.

()-C)

Instead M= is the z-axis, since proceeding as in the prior example and taking

1-04+1-3+0-2

N Vi ) &~ 0.94 rad

|
|
! 0 = arccos(
|

the natural basis for the xy-plane gives this.

X X X
1 0 0 0
Mt ={ y (O I O) y :<O>}:{ y|Ix=0andy =0}
z z

z

3.7 Lemma If M is a subspace of R™ then its orthogonal complement M+ is also
a subspace. The space is the direct sum of the two R™ = M & M. And, for
any v € R™ the vector V — projy, (V) is perpendicular to every vector in M.

Proor First, the orthogonal complement M™ is a subspace of R™ because, as
noted in the prior two examples, it is a null space.

Next, to show that the space is the direct sum of the two, start with any
basis Bpy = (fi1,..., Hx) for M and expand it to a basis for the entire space.
Apply the Gram-Schmidt process to get an orthogonal basis K = (Ky,...,Kn)
for R™. This K is the concatenation of two bases: (Ki,...,Ky) with the same
number of members k as By, and (R 1,...,Kn). The first is a basis for M so
if we show that the second is a basis for M+ then we will have that the entire
space is the direct sum.

Exercise 19 from the prior subsection proves this about any orthogonal
basis: each vector V in the space is the sum of its orthogonal projections into
the lines spanned by the basis vectors.

V = projg,;(V) +--- + projg, () (*)
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To check this, represent the vector as Vv =11&y 4+ - -+ + r, Ky, apply K; to both
sides V« K; = (T]E] +~--+rn|2'n)-|21 =T -O+-«-+ri-(Ei-ﬁi)+~-~+rn-0,
and solve to get 1y = (V+K;)/(K; < Ky), as desired.

Since obviously any member of the span of (Kx1,...,K,) is orthogonal to
any vector in M, to show that this is a basis for M we need only show the
other containment—that any W € M' is in the span of this basis. The prior
paragraph does this. Any w € M gives this on projections into basis vectors
from M: projig,; (W) = 0,..., pProjg, (W) = 0. Therefore equation (x) gives
that W is a linear combination of Kyx1,...,Kn. Thus this is a basis for M+ and
R™ is the direct sum of the two.

The final sentence of the lemma is proved in much the same way. Write
V = projg,;(V) + - - + projg, ;(v). Then projy, (V) keeps only the M part and
drops the M+ part projy (V) = projiz, ,,)(¥) + -+ + projg, (V). Therefore
V — projy (V) consists of a linear combination of elements of M+ and so is
perpendicular to every vector in M. QED

Given a subspace, we could compute the orthogonal projection into that
subspace by following the steps of that proof: finding a basis, expanding it
to a basis for the entire space, applying Gram-Schmidt to get an orthogonal
basis, and projecting into each linear subspace. However we will instead use a
convenient formula.

3.8 Theorem Let M be a subspace of R™ with basis <(§1 yeees B’k> and let A be
the matrix whose columns are the [§’s. Then for any Vv € R™ the orthogonal
projection is projy (V) = ¢4 [§1 4+ -+ Ckﬁk, where the coefficients c; are the
entries of the vector (ATA)"TAT . V. That is, projy (V) = A(ATA)TAT . 4.

Proor The vector projy, (V) is a member of M and so is a linear combination
of basis vectors ¢ - 6'1 44 cx - {gk. Since A’s columns are the [_5"5, there is a
¢ € R* such that proj,, (V) = A¢. To find ¢ note that the vector v — projy, (V)
is perpendicular to each member of the basis so

0=AT(V—Ac) =ATv-ATAC
and solving gives this (showing that ATA is invertible is an exercise).
c=(ATA) AT ¥
Therefore projy (V) = A-¢=A(ATA) TAT . ¥, as required. QED
3.9 Example To orthogonally project this vector into this subspace

1 X
V= |-1 P={|uy|lx+2z=0}
1 z
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first make a matrix whose columns are a basis for the subspace

and then compute.

0 1
T 1 0) (o1 o
AATA) AT =T ° (o 1/2) (1 0 1

0
12 0 —1/2
= o 1 o0
~1/2 0 12

With the matrix, calculating the orthogonal projection of any vector into P is
easy.

1/2 0 —1/2 1 0
projp (V) = 0 1 0 -1 =1]-1
-1/2 0 1)2 1 0

Note, as a check, that this result is indeed in P.

Exercises

v' 3.10 Project the vectors into M along N.
3 X X
@ (3) m=((3)ixry=0n N=((¥)1x-2=0)

(b) (;) M:{(:) lx—y =0), N:{(;) 2x+y=0)

3 X 1
(c) (0)» M—*[(H)IXJH_J—O}, N—{C~(O>|CER}
1 z 1

v 3.11 Find M*.
(a) M = {(;‘) xty=0) (b) M= {(;‘) | —2x +3y=0)

(©) M:{@ x—y=0} (@M={5) (o M:{(;) x =0

X X
(f)M:{(y>|x+3y+z:O} (g)M:{(g)lx:Oanderz:O}
z z
3.12 This subsection shows how to project orthogonally in two ways, the method of
Example 3.2 and 3.3, and the method of Theorem 3.8. To compare them, consider
the plane P specified by 3x + 2y —z = 0 in R3.
(a) Find a basis for P.
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(b) Find P+ and a basis for P+.
(c) Represent this vector with respect to the concatenation of the two bases from
the prior item.

1

v=|[1

2
(d) Find the orthogonal projection of ¥ into P by keeping only the P part from
the prior item.
(e) Check that against the result from applying Theorem 3.8.

v 3.13 We have three ways to find the orthogonal projection of a vector into a line,
the Definition 1.1 way from the first subsection of this section, the Example 3.2
and 3.3 way of representing the vector with respect to a basis for the space and
then keeping the M part, and the way of Theorem 3.8. For these cases, do all three

ways.

@v=("y), Mm=((})ixru=0
3 y
0 X

b)yv=|[1], M={[y]|Ix+z=0andy=0}
2 z

3.14 Check that the operation of Definition 3.1 is well-defined. That is, in Exam-
ple 3.2 and 3.3, doesn’t the answer depend on the choice of bases?

3.15 What is the orthogonal projection into the trivial subspace?
3.16 What is the projection of V into M along N if Vv € M?

3.17 Show that if M C R™ is a subspace with orthonormal basis (Kj,...,Kn) then
the orthogonal projection of V into M is this.

—

(Vo) K1+ -+ (VeRpn) Kn

v' 3.18 Prove that the map p: V — V is the projection into M along N if and only
if the map id —p is the projection into N along M. (Recall the definition of the
difference of two maps: (id —p) (V) =id(V) —p(¥) =V —p(¥).)

v' 3.19 Show that if a vector is perpendicular to every vector in a set then it is
perpendicular to every vector in the span of that set.

3.20 True or false: the intersection of a subspace and its orthogonal complement is
trivial.

3.21 Show that the dimensions of orthogonal complements add to the dimension of
the entire space.

v 3.22 Suppose that v;,V, € R™ are such that for all complements M, N C R", the
projections of V; and Vv, into M along N are equal. Must V; equal v,? (If so, what
if we relax the condition to: all orthogonal projections of the two are equal?)

v 3.23 Let M, N be subspaces of R". The perp operator acts on subspaces; we can
ask how it interacts with other such operations.

(a) Show that two perps cancel: (M+)+ =M.
(b) Prove that M C N implies that N* € M+,
(c) Show that (M + N)+ = M+ NN+,
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v' 3.24 The material in this subsection allows us to express a geometric relationship
that we have not yet seen between the range space and the null space of a linear
map.

(a) Represent f: R® — R given by

Vi
vy | = vy +2v; 4+ 3v3
V3
with respect to the standard bases and show that
1
2
3

is a member of the perp of the null space. Prove that .4/(f)* is equal to the
span of this vector.

(b) Generalize that to apply to any f: R™ — R.

(c) Represent f: R® — R?

:; (1\11 +2v; +SV3>
4vq 4+ 5v; + 6v3
V3
with respect to the standard bases and show that
1 4
21,15
3 6

are both members of the perp of the null space. Prove that .4/ (f)* is the span

of these two. (Hint. See the third item of Exercise 23.)

(d) Generalize that to apply to any f: R™ — R™.
In [Strang 93] this is called the Fundamental Theorem of Linear Algebra

3.25 Define a projection to be a linear transformation t: V — V with the property

that repeating the projection does nothing more than does the projection alone: (to
t) (V) =t(¥) forallve V.

(a) Show that orthogonal projection into a line has that property.

(b) Show that projection along a subspace has that property.

(c) Show that for any such t there is a basis B = (5] yeeny ﬁn) for V such that

(B — {@’ ?: L2, .1
0 i=r+1Lr+2,...,n

where 1 is the rank of t.

(d) Conclude that every projection is a projection along a subspace.

(e) Also conclude that every projection has a representation

Repg g(t) = <; ;)

in block partial-identity form.

3.26 A square matrix is symmetric if each i,j entry equals the j,1 entry (i.e., if the
matrix equals its transpose). Show that the projection matrix A(ATA) AT is
symmetric. [Strang 80] Hint. Find properties of transposes by looking in the index
under ‘transpose’.



Tospic

Line of Best Fit

This Topic requires the formulas from the subsections on Orthogonal Pro-
jection Into a Line and Projection Into a Subspace.

Scientists are often presented with a system that has no solution and they
must find an answer anyway. More precisely, they must find a best answer.
For instance, this is the result of flipping a penny, including some intermediate
numbers.

number of flips ‘ 30 60 90
number of heads ‘ 16 34 51

Because of the randomness in this experiment we expect that the ratio of heads
to flips will fluctuate around a penny’s long-term ratio of 50-50. So the system
for such an experiment likely has no solution, and that’s what happened here.

30m =16
60m =34
20m =51

That is, the vector of data that we collected is not in the subspace where theory
has it.

16 30
M4l g{m|60]|meR}
51 90

However, we have to do something so we look for the m that most nearly works.
An orthogonal projection of the data vector into the line subspace gives this
best guess.

16 30
34|60
51 90 30 7110 30
T 10 = 1300 0 | €0
30 30 90 9
60 | + | 60

20 90
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The estimate (m = 7110/12600 =~ 0.56) is a bit more than one half, but not
much more than half, so probably the penny is fair enough.
The line with the slope m = 0.56 is the line of best fit for this data.

heads

Minimizing the distance between the given vector and the vector used as the
right-hand side minimizes the total of these vertical lengths, and consequently
we say that the line comes from fitting by least-squares.

This diagram exaggerates the vertical scale by a factor of ten to make the lengths
more visible.

In the above equation the line must pass through (0, 0), because we take it
to be the line whose slope is this coin’s true proportion of heads to flips. We
can also handle cases where the line need not pass through the origin.

Here is the progression of world record times for the men’s mile race
[Oakley & Baker|. In the early 1900’s many people wondered when, or if, this
record would fall below the four minute mark. Here are the times that were in
force on January first of each decade through the first half of that century.

year ‘ 1870 1880 1820 1900 1910 1920 1930 1940 1950
secs ‘ 268.8 264.5 2584 255.6 255.6 252.6 2504 2464 2414

We can use this to give a circa 1950 prediction of the date for 240 seconds, and
then compare that to the actual date. As with the penny data, these numbers
do not line in a perfect line. That is, this system does not have an exact solution
for the slope and intercept.

b+ 1870m =268.8
b+ 1880m =264.5

b+ 1950m =2414

We find a best approximation by using orthogonal projection.
(Comments on the data. Restricting to the times at the start of each decade
reduces the data entry burden, smooths the data to some extent, and gives much
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the same result as entering all of the dates and records. There are different
sequences of times from competing standards bodies but the ones here are from
[Wikipedia, Mens Mile]. We’ve started the plot at 1870 because at one point
there were two classes of records, called ‘professional’ and ‘amateur’, and after a
while the first class stopped being active so we’ve followed the second class.)

Write the linear system’s matrix of coefficients and also its vector of constants,
the world record times.

1 1870 268.8

1 1880 264.5
= v =

1 1950 2414

The ending result in the subsection on Projection into a Subspace gives the
formula for the the coefficients b and m that make the linear combination of
A’s columns as close as possible to V. Those coefficients are the entries of the
vector (ATA)TAT . 9.

Sage can do the computation for us.

sage: year = [1870, 1880, 1890, 1900, 1910, 1920, 1930, 1940, 1950]
sage: secs = [268.8, 264.5, 258.4, 255.6, 255.6, 252.6, 250.4, 246.4, 241.4]
sage: var('a, b, t')

(a, b, t)

sage: model(t) = axt+b

sage: data = zip(year, secs)

sage: fit = find_fit(data, model, solution_dict=True)

sage: model.subs(fit)

t |--> -0.3048333333333295xt + 837.0872222222147

sage: g=points(data)+plot(model.subs(fit), (t,1860,1960),color="red',
50008 figsize=3,fontsize=7,typeset="latex')
sage: g.save("four_minute_mile.pdf")

sage: g

270 |
265 |-
260 |
255 |
250 |

245 |

. - I
1880

. -
1900

. -
1920

. -
1940

1960

1860

The progression makes a surprisingly good line. From the slope and intercept we
predict 1958.73; the actual date of Roger Bannister’s record was 1954-May-06.

The final example compares team salaries from US major league baseball
against the number of wins the team had, for the year 2002. In this year the
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Oakland Athletics used mathematical techniques to optimize the players that

they fielded for the money that they could spend, as told in the film Moneyball.

(Salaries are in millions of dollars and the number of wins is out of 162 games).
To do the computations we again use Sage.

sage: sal = [40, 40, 39, 42, 45, 42, 62, 34, 41, 57, 58, 63, 47, 75, 57, 78, 80, 50, 60, 93,
ceat 77, 55, 95, 103, 79, 76, 108, 126, 95, 106]

sage: wins = [103, 94, 83, 79, 78, 72, 99, 55, 66, 81, 80, 84, 62, 97, 73, 95, 93, 56, 67,
cooo8 101, 78, 55, 92, 98, 74, 67, 93, 103, 75, 72]

sage: var('a, b, t')

(a, b, t)

sage: model(t) = axt+b

sage: data = zip(sal,wins)

sage: fit = find_fit(data, model, solution_dict=True)

sage: model.subs(fit)

t |--> 0.2634981251436269+t + 63.06477642781477

sage: p = points(data,size=25)+plot(model.subs(fit), (t,30,130),color="red',typeset="'latex')
sage: p.save('moneyball.pdf')

The graph is below. The team in the upper left, who paid little for many
wins, is the Oakland A’s.

Judging this line by eye would be error-prone. So the equations give us a
certainty about the ‘best’ in best fit. In addition, the model’s equation tells us
roughly that by spending an additional million dollars a team owner can expect
to buy 1/4 of a win (and that expectation is not very sure, thank goodness).

Exercises

The calculations here are best done on a computer. Some of the problems require
data from the Internet.
1 Use least-squares to judge if the coin in this experiment is fair.
fips | 8 16 24 32 40
heads | 4 9 13 17 20
2 For the men’s mile record, rather than give each of the many records and its exact
date, we've “smoothed” the data somewhat by taking a periodic sample. Do the
longer calculation and compare the conclusions.

3 Find the line of best fit for the men’s 1500 meter run. How does the slope compare
with that for the men’s mile? (The distances are close; a mile is about 1609 meters.)
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4 Find the line of best fit for the records for women’s mile.
5 Do the lines of best fit for the men’s and women’s miles cross?

6 (This illustrates that there are data sets for which a linear model is not right,
and that the line of best fit doesn’t in that case have any predictive value.) In a
highway restaurant a trucker told me that his boss often sends him by a roundabout
route, using more gas but paying lower bridge tolls. He said that New York State
calibrates the toll for each bridge across the Hudson, playing off the extra gas to
get there from New York City against a lower crossing cost, to encourage people to
go upstate. This table, from [Cost Of Tolls] and [Google Maps], lists for each toll
crossing of the Hudson River, the distance to drive from Times Square in miles
and the cost in US dollars for a passenger car (if a crossings has a one-way toll
then it shows half that number).

Crossing Distance  Toll
Lincoln Tunnel 2 6.00
Holland Tunnel 7 6.00
George Washington Bridge 8 6.00
Verrazano-Narrows Bridge 16 6.50
Tappan Zee Bridge 27 2.50
Bear Mountain Bridge 47 1.00
Newburgh-Beacon Bridge 67 1.00
Mid-Hudson Bridge 82 1.00
Kingston-Rhinecliff Bridge 102 1.00
Rip Van Winkle Bridge 120 1.00

Find the line of best fit and graph the data to show that the driver was practicing
on my credulity.

7 When the space shuttle Challenger exploded in 1986, one of the criticisms made
of NASA'’s decision to launch was in the way they did the analysis of number of
O-ring failures versus temperature (O-ring failure caused the explosion). Four
O-ring failures would be fatal. NASA had data from 24 previous flights.

temp °F | 53 75 57 58 63 70 70 66 67 67 67
falures | 3 2 1 1 1 1 1 0 0 0 0
|68 69 70 70 72 73 75 76 76 78 79 80 81
o o 0o 0o 0 0 0 O O 0 O 0 0

The temperature that day was forecast to be 31°F.
(a) NASA based the decision to launch partially on a chart showing only the
flights that had at least one O-ring failure. Find the line that best fits these
seven flights. On the basis of this data, predict the number of O-ring failures
when the temperature is 31, and when the number of failures will exceed four.
(b) Find the line that best fits all 24 flights. On the basis of this extra data,
predict the number of O-ring failures when the temperature is 31, and when the
number of failures will exceed four.

Which do you think is the more accurate method of predicting? (An excellent

discussion is in [Dalal, et. al.].)
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8 This table lists the average distance from the sun to each of the first seven planets,
using Earth'’s average as a unit.
Mercury Venus Earth Mars Jupiter Saturn Uranus
0.39 0.72 1.00 1.52 5.20 9.54 19.2
(a) Plot the number of the planet (Mercury is 1, etc.) versus the distance. Note
that it does not look like a line, and so finding the line of best fit is not fruitful.
(b) It does, however look like an exponential curve. Therefore, plot the number
of the planet versus the logarithm of the distance. Does this look like a line?
(c) The asteroid belt between Mars and Jupiter is what is left of a planet that
broke apart. Renumber so that Jupiter is 6, Saturn is 7, and Uranus is 8, and
plot against the log again. Does this look better?
(d) Use least squares on that data to predict the location of Neptune.
(e) Repeat to predict where Pluto is.
(f) Is the formula accurate for Neptune and Pluto?
This method was used to help discover Neptune (although the second item is
misleading about the history; actually, the discovery of Neptune in position 9
prompted people to look for the “missing planet” in position 5). See [Gardner, 1970]
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Geometry of Linear Maps

These pairs of pictures contrast the geometric action of the nonlinear maps
f1(x) = e* and fy(x) = x?

WA,
N

with the linear maps hq(x) = 2x and h,(x) = —x.

/TN

Each of the four pictures shows the domain R on the left mapped to the codomain
R on the right. Arrows trace where each map sends x =0, x=1,x =2, x = —1,
and x = —2.
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The nonlinear maps distort the domain in transforming it into the range. For
instance, f1(1) is further from f;(2) than it is from f;(0) — this map spreads the
domain out unevenly so that a domain interval near x = 2 is spread apart more
than is a domain interval near x = 0. The linear maps are nicer, more regular,
in that for each map all of the domain spreads by the same factor. The map h;
on the left spreads all intervals apart to be twice as wide while on the right h,
keeps intervals the same length but reverses their orientation, as with the rising
interval from 1 to 2 being transformed to the falling interval from —1 to —2.

The only linear maps from R to R are multiplications by a scalar but in
higher dimensions more can happen. For instance, this linear transformation of
R? rotates vectors counterclockwise.

x\ xcos® —ysind
y xsin® +ycosO

The transformation of R3 that projects vectors into the xz-plane is also not
simply a rescaling.

-
|
|
|
|
|
|
|
|
|
|
|
|
|
(%
v

Despite this additional variety, even in higher dimensions linear maps behave
nicely. Consider a linear h: R™ — R™ and use the standard bases to represent
it by a matrix H. Recall that H factors into H = PBQ where P and Q are
nonsingular and B is a partial-identity matrix. Recall also that nonsingular
matrices factor into elementary matrices PBQ = T,y T,y - - - TsBTs_q - - - Ty, which
are matrices that come from the identity I after one Gaussian row operation, so
each T matrix is one of these three kinds

kpy PirpP;j kpi+p;j
iat == —

I M; (k) I Pi; I Cy,j(k)

with 1 # j, k # 0. So if we understand the geometric effect of a linear map
described by a partial-identity matrix and the effect of the linear maps described
by the elementary matrices then we will in some sense completely understand
the effect of any linear map. (The pictures below stick to transformations of R?

for ease of drawing but the principles extend for maps from any R™ to any R™.)
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The geometric effect of the linear transformation represented by a partial-
identity matrix is projection.

1.0 0
X (o 1 o) X
00 o0
Y E— y
z 0

The geometric effect of the M;(k) matrices is to stretch vectors by a factor
of k along the i-th axis. This map stretches by a factor of 3 along the x-axis.

If 0 <k < 1orif k <0 then the i-th component goes the other way, here to the

Either of these stretches is a dilation.
A transformation represented by a P; ; matrix interchanges the i-th and j-th
axes. This is reflection about the line x; = x;.

Permutations involving more than two axes decompose into a combination of

swaps of pairs of axes; see Exercise 5.
The remaining matrices have the form C; ;(k). For instance C; >(2) performs

201 + p2.
X G X
y 2x+y

In the picture below, the vector U with the first component of 1 is affected less
than the vector v with the first component of 2. The vector U is mapped to a
h(d) that is only 2 higher than U while h(V) is 4 higher than V.
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Any vector with a first component of 1 would be affected in the same way as
U: it would slide up by 2. And any vector with a first component of 2 would
slide up 4, as was V. That is, the transformation represented by C; (k) affects
vectors depending on their i-th component.

Another way to see this point is to consider the action of this map on the
unit square. In the next picture, vectors with a first component of 0, such as the
origin, are not pushed vertically at all but vectors with a positive first component
slide up. Here, all vectors with a first component of 1, the entire right side of
the square, slide to the same extent. In general, vectors on the same vertical
line slide by the same amount, by twice their first component. The resulting
shape has the same base and height as the square (and thus the same area) but
the right angle corners are gone.

i (;) ’ (Mi y)

For contrast, the next picture shows the effect of the map represented by
C,,1(2). Here vectors are affected according to their second component: (;‘)
slides horizontally by twice y.

I

-

In general, for any Cj j(k), the sliding happens so that vectors with the same
i-th component are slid by the same amount. This kind of map is a shear.

With that we understand the geometric effect of the four types of matrices
on the right-hand side of H =T, ,T,,_y --- T;BT;_7 --- Ty and so in some sense we
understand the action of any matrix H. Thus, even in higher dimensions the
geometry of linear maps is easy: it is built by putting together a number of
components, each of which acts in a simple way.

We will apply this understanding in two ways. The first way is to prove
something general about the geometry of linear maps. Recall that under a linear
map, the image of a subspace is a subspace and thus the linear transformation
h represented by H maps lines through the origin to lines through the origin.
(The dimension of the image space cannot be greater than the dimension of the
domain space, so a line can’t map onto, say, a plane.) We will show that h maps
any line—not just one through the origin —to a line. The proof is simple: the
partial-identity projection B and the elementary T;’s each turn a line input into
a line output; verifying the four cases is Exercise 6. Therefore their composition
also preserves lines.
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The second way that we will apply the geometric understanding of linear
maps is to elucidate a point from Calculus. Below is a picture of the action of
the one-variable real function y(x) = x*> + x. As with the nonlinear functions
pictured earlier, the geometric effect of this map is irregular in that at different
domain points it has different effects; for example as the input x goes from 2 to
—2, the associated output f(x) at first decreases, then pauses for an instant, and
then increases.

N

\

7

But in Calculus we focus less on the map overall and more on the local effect
of the map. Below we look closely at what this map does near x = 1. The
derivative is dy/dx = 2x + 1 so that near x = 1 we have Ay ~ 3- Ax. That is, in
a neighborhood of x = 1, in carrying the domain over this map causes it to grow
by a factor of 3—it is, locally, approximately, a dilation. The picture below
shows this as a small interval in the domain (1 — Ax.. 1+ Ax) carried over to an
interval in the codomain (2 — Ay..2 4+ Ay) that is three times as wide.

In higher dimensions the core idea is the same but more can happen. For a
function y: R™ — R™ and a point X € R™, the derivative is defined to be the
linear map h: R™ — R™ that best approximates how y changes near y(x). So
the geometry described above directly applies to the derivative.

We close by remarking how this point of view makes clear an often misun-
derstood result about derivatives, the Chain Rule. Recall that, under suitable
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conditions on the two functions, the derivative of the composition is this.

d(gof)
—a ™

_dg) 4

= (f(x))- 3.0

For instance the derivative of sin(x? + 3x) is cos(x? 4 3x) - (2x + 3).
Where does this come from? Consider f,g: R — R.

[/

X’E/‘

[g(f(X))

The first map f dilates the neighborhood of x by a factor of

df
a(x)
and the second map g follows that by dilating a neighborhood of f(x) by a factor
of q
g
—(f
D (f(x))
and when combined, the composition dilates by the product of the two. In
higher dimensions the map expressing how a function changes near a point is
a linear map, and is represented by a matrix. The Chain Rule multiplies the
matrices.

Exercises

1 Let h: R?> — R? be the transformation that rotates vectors clockwise by 71/4 radi-
ans.
(a) Find the matrix H representing h with respect to the standard bases. Use
Gauss’s Method to reduce H to the identity.
(b) Translate the row reduction to a matrix equation T;T;_y --- TyH = I (the prior
item shows both that H is similar to I, and that we need no column operations
to derive I from H).
(c) Solve this matrix equation for H.
(d) Sketch how H is a combination of dilations, flips, skews, and projections (the
identity is a trivial projection).
2 What combination of dilations, flips, skews, and projections produces a rotation
counterclockwise by 27t/3 radians?
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3 What combination of dilations, flips, skews, and projections produces the map
h: R3 — R3 represented with respect to the standard bases by this matrix?

1 2 1
3 6 0
1 2 2

4 Show that any linear transformation of R' is the map that multiplies by a scalar
X = kx.

5 Show that for any permutation (that is, reordering) p of the numbers 1, ..., n,
the map
X1 Xp(1)
X2 Xp(2)
—
Xn Xp(n)

can be done with a composition of maps, each of which only swaps a single pair of
coordinates. Hint: you can use induction on n. (Remark: in the fourth chapter we
will show this and we will also show that the parity of the number of swaps used is
determined by p. That is, although a particular permutation could be expressed in
two different ways with two different numbers of swaps, either both ways use an
even number of swaps, or both use an odd number.)

6 Show that linear maps preserve the linear structures of a space.

(a) Show that for any linear map from R™ to R™, the image of any line is a line.
The image may be a degenerate line, that is, a single point.

(b) Show that the image of any linear surface is a linear surface. This generalizes
the result that under a linear map the image of a subspace is a subspace.

(c) Linear maps preserve other linear ideas. Show that linear maps preserve
“betweeness”: if the point B is between A and C then the image of B is between
the image of A and the image of C.

7 Use a picture like the one that appears in the discussion of the Chain Rule to
answer: if a function f: R — R has an inverse, what’s the relationship between how
the function —locally, approximately —dilates space, and how its inverse dilates
space (assuming, of course, that it has an inverse)?
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Magic Squares

A Chinese legend tells the story of a flood by the Lo river. People offered
sacrifices to appease the river. Each time a turtle emerged, walked around the
sacrifice, and returned to the water. Fuh-Hi, the founder of Chinese civilization,
interpreted this to mean that the river was still cranky. Fortunately, a child
noticed that on its shell the turtle had the pattern on the left below, which is
today called Lo Shu (“river scroll”).

<> e 1192

|+
& 816

The dots make the matrix on the right where the rows, columns, and diagonals

w
9]
~

add to 15. Now that the people knew how much to sacrifice, the river’s anger
cooled.

A square matrix is magzic if each row, column, and diagonal add to the same
number, the matrix’s magic number.

Another magic square appears in the engraving Melencolia I by Diirer.
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One interpretation is that it depicts melancholy, a depressed state. The figure,
genius, has a wealth of fascinating things to explore including the compass, the
geometrical solid, the scale, and the hourglass. But the figure is unmoved; all of
the things lie unused. One of the potential delights, in the upper right, is a 4x4
matrix whose rows, columns, and diagonals add to 34.

16| 3| 2 |13
S|10111] 8
216 |7 |12
4 | 15114 | 1

The middle entries on the bottom row give 1514, the date of the engraving.
The above two squares are arrangements of 1 ... n%. They are normal. The
1x1 square whose sole entry is 1 is normal, Exercise 2 shows that there is no nor-
mal 2x2 magic square, and there are normal magic squares of every other size; see
[Wikipedia, Magic Square]. Finding how many normal magic squares there are of
each size is an unsolved problem,; see [Online Encyclopedia of Integer Sequences].
If we don’t require that the squares be normal then we can say much more.
Every 1x1 square is magic, trivially. If the rows, columns, and diagonals of a

(£

add tosthena+b=s,c+d=s,a+c=s,b+d=s,a+d=s,and b+c=s.
Exercise 2 shows that this system has the unique solution a=b=c=d =s/2.
So the set of 2 x2 magic squares is a one-dimensional subspace of M.

2x 2 matrix

A sum of two same-sized magic squares is magic and a scalar multiple of a
magic square is magic so the set of n xn magic squares ./, is a vector space,
a subspace of M 1x,. This Topic shows that for n > 3 the dimension of .#;, is
n?2 —n. The set Mn 0 of nxn magic squares with magic number 0 is another
subspace and we will verify the formula for its dimension also: n? —2n — 1 when
n>3.

We will first prove that dim.#,, = dim.#, o + 1. Define the trace of a
matrix to be the sum down its upper-left to lower-right diagonal Tr(M) =
mi,1 + -+ Mmpn. Consider the restriction of the trace to the magic squares
Tr: . #, — R. The null space .4 (Tr) is the set of magic squares with magic
number zero .#;, 0. Observe that the trace is onto because for any r in the
codomain R the nxn matrix whose entries are all r/n is a magic square with
magic number r. Theorem Two.II.2.14 says that for any linear map the dimension
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of the domain equals the dimension of the range space plus the dimension of the
null space, the map’s rank plus its nullity. Here the domain is .#,,, the range
space is R and the null space is .#, o, so we have that dim .Z, = 14 dim .#,, 0.

We will finish by finding the dimension of the vector space .#; 0. For n =1
the dimension is clearly 0. Exercise 3 shows that dim .#}, ¢ is also O for n = 2.

That leaves showing that dim .#, o = n2 —2n—1 for n > 3. The fact that
the squares in this vector space are magic gives us a linear system of restrictions,
and the fact that they have magic number zero makes this system homogeneous:
for instance consider the 3x3 case. The restriction that the rows, columns, and
diagonals of

a b c

d e f

g h i

add to zero gives this (2n 4 2) xn? linear system.

a+b+c =0
d+e+f =0
g+h+1i=0
a +d +g =0
b +e +h =0
c +f +1=0
a +e +1i=0
c +e +g =0

We will find the dimension of the space by finding the number of free variables
in the linear system.

The matrix of coefficients for the particular cases of n = 3 and n = 4 are
below, with the rows and columns numbered to help in reading the proof. With
respect to the standard basis, each represents a linear map h: R — R2n+2,
The domain has dimension n? so if we show that the rank of the matrix is 2n +1
then we will have what we want, that the dimension of the null space .#, o is
nZ2—(2n+1).

123 456 7 829
/[T 11 000 000
5l000 111 000
510 00 000 1 11
fal1 00 100 100
ps1001 0 010 010
fsl0 01 001 00 1
711 00 010 00 1
Psl0 01 010 100
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1234 56 7 8 911112 13141516
gif1 111 0000 00O0O0 OO0 OO
/0000 1T 111 0000 0000
P30 000 0000 1T 11T 1 0000
F2/0 000 0000 0000 1 1 11
P51 000 1000 1000 1000
B0 100 01 00 0100 0100
710010 0010 00710 0010
Ps|0 001 0001 0001 0001
fol1 000 0100 0071 0 0001
flo/0O0OO0OT 0010 0100 1000

We want to show that the rank of the matrix of coefficients, the number of
rows in a maximal linearly independent set, is 2n + 1. The first n rows of the
matrix of coefficients add to the same vector as the second n rows, the vector of
all ones. So a maximal linearly independent must omit at least one row. We will
show that the set of all rows but the first {0 ... p2n2} is linearly independent.
So consider this linear relationship.

C2P2 + -+ CanPan + C2nr1P2ns1 + Cong2Pani2 =0 (%)

Now it gets messy. Focus on the lower left of the tables. Observe that in the
final two rows, in the first n columns, is a subrow that is all zeros except that it
starts with a one in column 1 and a subrow that is all zeros except that it ends
with a one in column n.

First, with p; omitted, both column 1 and column n contain only two ones.
Since the only rows in (%) with nonzero column 1 entries are rows 1 and
P2n+1, which have ones, we must have cyn.1 = —cny1. Likewise considering
the n-th entries of the vectors in (x) gives that coni2 = —Can.

Next consider the columns between those two—in the n = 3 table this
includes only column 2 while in the n = 4 table it includes both columns 2
and 3. Each such column has a single one. That is, for each column index
j €{2 ... n—2} the column consists of only zeros except for a one in row n + j,
and hence ¢, 4j = 0.

On to the next block of columns, from n + 1 through 2n. Column n + 1 has
only two ones (because n > 3 the ones in the last two rows do not fall in the first
column of this block). Thus ¢, = —cn 1 and therefore ¢, = ¢opn1. Likewise,
from column 2n we conclude that ¢ = —c, and so ¢ = cony2.

Because n > 3 there is at least one column between column n + 1 and
column 2n — 1. In at least one of those columns a one appears in psn1. If a one
also appears in that column in P52 then we have c; = —(coni1+Can2) since
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Cnyj =0forje{2...n—2} If a one does not appear in that column in f2n 2
then we have c; = —cyn 1. In either case c; =0, and thus cyn.1 =coni2 =0
and ¢y =con = 0.

If the next block of n-many columns is not the last then similarly conclude
from its first column that c3 =cnq =0.

Keep this up until we reach the last block of columns, those numbered
(n —1)n + 1 through n?. Because ¢4 =+ = C2n = 0 column n? gives that
Cn = —Con+1 = 0.

Therefore the rank of the matrix is 2n + 1, as required.

The classic source on normal magic squares is [Ball & Coxeter]. More on the
Lo Shu square is at [Wikipedia, Lo Shu Square]. The proof given here began
with [Ward].

Exercises

1 Let M be a 3 x3 magic square with magic number s.
(a) Prove that the sum of M’s entries is 3s.
(b) Prove that s =3-m, ;.
(c) Prove that m, is the average of the entries in its row, its column, and in
each diagonal.
(d) Prove that m, is the median of M’s entries.
2 Solve the system a+b=s,c+d=s,a+c=s,b+d=s,a+d=s,and b+c=s.
3 Show that dim .45, = 0.
4 Let the trace function be Tr(M) = my ; + -+ + M, n. Define also the sum down
the other diagonal Tr* (M) =my n + -+ My 1.
(a) Show that the two functions Tr, Tr*: M,»,, — R are linear.
(b) Show that the function 0: M, — R? given by 8(M) = (Tr(M), Tr*(m)) is
linear.
(c) Generalize the prior item.
5 A square matrix is semitmagic if the rows and columns add to the same value,
that is, if we drop the condition on the diagonals.
(a) Show that the set of semimagic squares .77, is a subspace of M.
(b) Show that the set J4, o of nxn semimagic squares with magic number 0 is
also a subspace of M« -
6 [Beardon] Here is a slicker proof of the result of this Topic, when n > 3. See the
prior two exercises for some definitions and needed results.
(a) First show that dim .4, o = dim %, o + 2. To do this, consider the function
0: M,, — R? sending a matrix M to the ordered pair (Tr(M), Tr*(M)). Specifi-
cally, consider the restriction of that map 8: %, — R? to the semimagic squares.
Clearly its null space is .#,, 0. Show that when n > 3 this restriction 0 is onto.
(Hint: we need only find a basis for R? that is the image of two members of 3(,,)
(b) Let the function ¢: Myuxn — Mm—_1)x(n—1) be the identity map except that
it drops the final row and column: ¢(M) = M where my; = my,; for all
i,j € {1 ... n—1}. The check that ¢ is linear is easy. Consider ¢’s restriction to
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the semimagic squares with magic number zero ¢: I, o — M(n_1)x(n—1). Show
that ¢ is one-to-one

(c) Show that ¢ is onto.

(d) Conclude that .7, o has dimension (n— 1)2.

(e) Conclude that dim(.#,) =n? —n
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Markov Chains

Here is a simple game: a player bets on coin tosses, a dollar each time, and the
game ends either when the player has no money or is up to five dollars. If the
player starts with three dollars, what is the chance that the game takes at least
five flips? Twenty-five flips?

At any point, this player has either $0, or $1, ..., or $5. We say that the
player is in the state sg, s1, ..., or s5. In the game the player moves from state
to state. For instance, a player now in state s3 has on the next flip a 0.5 chance
of moving to state s, and a 0.5 chance of moving to s4. The boundary states
are different; a player never leaves state sy or state ss.

Let pi(n) be the probability that the player is in state s; after n flips. Then
for instance the probability of being in state so after flipn+1is po(n+1) =
po(n) 4+ 0.5 py(n). This equation summarizes.

1.0 05 0.0 0.0 0.0 0.0\ /po(n) Po(n+1)
0.0 0.0 05 0.0 00 00| [pi(n) pin+1)
0.0 05 00 05 00 00| |p2n)| [p2n+1)
0.0 0.0 05 00 05 00| |ps)|~ [pstn+1)
0.0 0.0 0.0 05 0.0 0.0/ |pa(n) pan+1)
0.0 0.0 00 00 05 1.0/ \psn) ps(m+1)

Sage will compute the evolution of this game.

sage: M = matrix(RDF, [[1.0, 0.5, 0.0, 0.0, 0.0, 0.0],
boaof [0.5, 0.0, 0.5, 0.0, 0.0, 0.0],
ceaat [o.o, 0.5, 0.0, 0.5, 0.0, 0.01,
boaof [0.0, 0.0, 0.5, 0.0, 0.5, 0.0],
Bnood [o.o, 0.0, 0.0, 0.5, 0.0, 0.5],
noood [0.0, 0.0, 0.0, 0.0, 0.5, 1.011)

sage: M = M.transpose()

sage: v0 = vector(RDF, [0.0, 0.0, 0.0, 1.0, 0.0, 0.0])
sage: vl = vO*M

sage: vl

(0.0, 0.0, 0.5, 0.0, 0.5, 0.0)

sage: v2 = vlzM

sage: v2

(0.0, 0.25, 0.0, 0.5, 0.0, 0.25)
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(Two notes: (1) Sage can use various number systems to make the matrix entries
and here we have used Real Double Float, and (2) Sage likes to do matrix
multiplication from the right, as VM instead of our usual MV, so we needed to
take the matrix’s transpose.)

These are components of the resulting vectors.

n=0|n=1 n=2 n=3 n=4 n=24
0 0 0 0.125 0.125 0.396 00
0 0 0.25 0 0.1875 0.00276
0 0.5 0 0.375 0 0
1 0 0.5 0 0.3125 0.00447
0 0.5 0 0.25 0 0
0 0 0.25 0.25 0.375 0.59676

This game is not likely to go on for long since the player quickly moves to an
ending state. For instance, after the fourth flip there is already a 0.50 probability
that the game is over.

This is a Markov chain. Each vector is a probability vector, whose entries
are nonnegative real numbers that sum to 1. The matrix is a transition matriz
or stochastic matriz, whose entries are nonnegative reals and whose columns
sum to 1.

A characteristic feature of a Markov chain model is that it is historyless in
that the next state depends only on the current state, not on any prior ones.
Thus, a player who arrives at s, by starting in state s3 and then going to state s;
has exactly the same chance of moving next to s3 as does a player whose history
was to start in s3 then go to s4 then to s3 and then to s;.

Here is a Markov chain from sociology. A study ([Macdonald & Ridge],
p. 202) divided occupations in the United Kingdom into three levels: executives
and professionals, supervisors and skilled manual workers, and unskilled workers.
They asked about two thousand men, “At what level are you, and at what level
was your father when you were fourteen years old?” Here the Markov model
assumption about history may seem reasonable —we may guess that while a
parent’s occupation has a direct influence on the occupation of the child, the
grandparent’s occupation likely has no such direct influence. This summarizes
the study’s conclusions.

.60 .29 .16 pu(n) pu(n+1)
26 37 27| |pm() | = pm(n+1)
14 34 57 pL(n) pLm+1)

For instance, looking at the middle class for the next generation, a child of an
upper class worker has a 0.26 probability of becoming middle class, a child of
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a middle class worker has a 0.37 chance of being middle class, and a child of a
lower class worker has a 0.27 probability of becoming middle class.
Sage will compute the successive stages of this system (the current class

distribution is V).

sage: M = matrix(RDF, [[0.60, 0.29, 0.16],

[0.26, 0.37, 0.271,

- [0.14, 0.34, 0.5711)

sage: M = M.transpose()

sage: v0 = vector(RDF, [0.12, 0.32, 0.56])

sage: v0=M

(0.2544, 0.3008, 0.4448)

sage: v0=MA2

(0.31104, 0.297536, 0.391424)

sage: v0=MA3

(0.33553728, 0.2966432, 0.36781952)
Here are the next five generations. They show upward mobility, especially in

the first generation. In particular, lower class shrinks a good bit.

n=0|n=1 n=2 n=3 n=4 n=5
12 .25 31 .34 .35 .35
.32 .30 .30 .30 .30 30
.56 44 .39 .37 .36 .35

One more example. In professional American baseball there are two leagues,
the American League and the National League. At the end of the annual season
the team winning the American League and the team winning the National
League play the World Series. The winner is the first team to take four games.
That means that a series is in one of twenty-four states: 0-0 (no games won
yet by either team), 1-0 (one game won for the American League team and no
games for the National League team), etc.

Consider a series with a probability p that the American League team wins
each game. We have this.

0 0 0 0 Poo(n) Poo(m+1)
P 0 0o 0 P1o(n) Pro(m+1)
IT-p O 0 0 Po-1(1) Po1(m+1)
0 P 0 0 p2-o(n) | = [ p2o(n+T1)
0 I-p p O p1-1(n) pra(n+1)
0 0 T—-p O Po-2(1) Po2(n+1)

An especially interesting special case is when the teams are evenly matched,
p = 0.50. This table below lists the resulting components of the n = 0 through
n = 7 vectors.

Note that evenly-matched teams are likely to have a long series —there is a
probability of 0.625 that the series goes at least six games.
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n=0 n=1 n=2 n=3 n=4 n=>5 n==6 n=7
0—-0 1 0 0 0 0 0 0 0
1-0 0 0.5 0 0 0 0 0 0
0—1 0 0.5 0 0 0 0 0 0
2—-0 0 0 0.25 0 0 0 0 0
1-1 0 0 0.5 0 0 0 0 0
0-2 0 0 0.25 0 0 0 0 0
3—-0 0 0 0 0.125 0 0 0 0
2—1 0 0 0 0.375 0 0 0 0
1-2 0 0 0 0.375 0 0 0 0
0—-3 0 0 0 0.125 0 0 0 0
4—0 0 0 0 0 0.0625 0.0625 0.0625 0.0625
3—1 0 0 0 0 0.25 0 0 0
2-2 0 0 0 0 0.375 0 0 0
1-3 0 0 0 0 0.25 0 0 0
0—4 0 0 0 0 0.0625 0.0625 0.0625 0.0625
4—1 0 0 0 0 0 0.125 0.125 0.125
3-2 0 0 0 0 0 0.3125 0 0
2-3 0 0 0 0 0 0.3125 0 0
1—4 0 0 0 0 0 0.125 0.125 0.125
4-—2 0 0 0 0 0 0 0.15625 0.15625
3-3 0 0 0 0 0 0 0.3125 0
2—4 0 0 0 0 0 0 0.15625 0.15625
4—3 0 0 0 0 0 0 0 0.15625
3—4 0 0 0 0 0 0 0 0.15625

Markov chains are a widely used application of matrix operations. They
also give us an example of the use of matrices where we do not consider the
significance of the maps represented by the matrices. For more on Markov chains,
there are many sources such as [Kemeny & Snell] and [losifescu].

Exercises

1 These questions refer to the coin-flipping game.

(a) Check the computations in the table at the end of the first paragraph.

(b) Consider the second row of the vector table. Note that this row has alternating
0’s. Must p;(j) be O when j is odd? Prove that it must be, or produce a
counterexample.

(c) Perform a computational experiment to estimate the chance that the player
ends at five dollars, starting with one dollar, two dollars, and four dollars.

2 [Feller] We consider throws of a die, and say the system is in state s; if the largest
number yet appearing on the die was i.
(a) Give the transition matrix.
(b) Start the system in state sy, and run it for five throws. What is the vector at
the end?



306 Chapter Three. Maps Between Spaces

3 [Kelton] There has been much interest in whether industries in the United States
are moving from the Northeast and North Central regions to the South and West,
motivated by the warmer climate, by lower wages, and by less unionization. Here
is the transition matrix for large firms in Electric and Electronic Equipment.

NE NC S w Z
NE 0.787 0 0 0.111 0.102
NC 0 0.966 0.034 0 0
S 0 0.063 0.937 0 0
w 0 0 0.074 0.612 0.314
Z 0.021 0.009 0.005 0.010 0.954

For example, a firm in the Northeast region will be in the West region next
year with probability 0.111. (The Z entry is a “birth-death” state. For instance,
with probability 0.102 a large Electric and Electronic Equipment firm from the
Northeast will move out of this system next year: go out of business, move abroad,
or move to another category of firm. There is a 0.021 probability that a firm in the
National Census of Manufacturers will move into Electronics, or be created, or
move in from abroad, into the Northeast. Finally, with probability 0.954 a firm
out of the categories will stay out, according to this research.)

(a) Does the Markov model assumption of lack of history seem justified?
(b) Assume that the initial distribution is even, except that the value at Z is 0.9.
Compute the vectors for n = 1 through n =4.
(c) Suppose that the initial distribution is this.
NE NC S w Z

0.0000 0.6522 0.3478 0.0000 0.0000
Calculate the distributions for n = 1 through n =4.
(d) Find the distribution for n =50 and n = 51. Has the system settled down to
an equilibrium?

4 [Wickens] Here is a model of some kinds of learning The learner starts in an
undecided state sy. Eventually the learner has to decide to do either response A
(that is, end in state s ) or response B (ending in sg). However, the learner doesn’t
jump right from undecided to sure that A is the correct thing to do (or B). Instead,
the learner spends some time in a “tentative-A” state, or a “tentative-B” state,
trying the response out (denoted here t5 and tg). Imagine that once the learner has
decided, it is final, so once in s5 or sg, the learner stays there. For the other state
changes, we can posit transitions with probability p in either direction.

(a) Construct the transition matrix.

(b) Take p = 0.25 and take the initial vector to be 1 at sy;. Run this for five steps.
What is the chance of ending up at sp?

(c) Do the same for p = 0.20.

(d) Graph p versus the chance of ending at sa. Is there a threshold value for p,
above which the learner is almost sure not to take longer than five steps?

5 A certain town is in a certain country (this is a hypothetical problem). Each year
ten percent of the town dwellers move to other parts of the country. Each year one
percent of the people from elsewhere move to the town. Assume that there are two
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states s, living in town, and sc, living elsewhere.

(a) Construct the transition matrix.

(b) Starting with an initial distribution st = 0.3 and sc = 0.7, get the results for
the first ten years.

(c) Do the same for st = 0.2.

(d) Are the two outcomes alike or different?

6 For the World Series application, use a computer to generate the seven vectors for
p =0.55 and p = 0.6.

(a) What is the chance of the National League team winning it all, even though
they have only a probability of 0.45 or 0.40 of winning any one game?

(b) Graph the probability p against the chance that the American League team
wins it all. Is there a threshold value—a p above which the better team is
essentially ensured of winning?

7 Above we define a transition matrix to have each entry nonnegative and each
column sum to 1.

(a) Check that the three transition matrices shown in this Topic meet these two
conditions. Must any transition matrix do so?

(b) Observe that if AVy =V, and AV; =V, then A? is a transition matrix from
Vo to V. Show that a power of a transition matrix is also a transition matrix.

(c) Generalize the prior item by proving that the product of two appropriately-
sized transition matrices is a transition matrix.
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Orthonormal Matrices

In The Elements, Euclid considers two figures to be the same if they have the
same size and shape. That is, while the triangles below are not equal because
they are not the same set of points, they are, for Euclid’s purposes, essentially
indistinguishable because we can imagine picking the plane up, sliding it over
and rotating it a bit, although not warping or stretching it, and then putting it
back down, to superimpose the first figure on the second. (Euclid never explicitly
states this principle but he uses it often [Casey].)

P>

i Q2
Py P, Qi Q
Qs

In modern terms “picking the plane up ...”

is taking a map from the plane to
itself. Euclid considers only transformations that may slide or turn the plane but
not bend or stretch it. Accordingly, define a map f: R*> — R? to be distance-
preserving or a rigid motion or an isometry if for all points Py, P, € R?, the
distance from f(P;) to f(P;) equals the distance from P; to P,. We also define a
plane figure to be a set of points in the plane and we say that two figures are
congruent if there is a distance-preserving map from the plane to itself that
carries one figure onto the other.

Many statements from Euclidean geometry follow easily from these definitions.
Some are: (i) collinearity is invariant under any distance-preserving map (that is,
if Py, P2, and P3 are collinear then so are f(Py), f(P2), and f(P3)), (ii) betweeness
is invariant under any distance-preserving map (if P, is between Py and P; then
so is f(P2) between f(Py) and f(P3)), (iii) the property of being a triangle is
invariant under any distance-preserving map (if a figure is a triangle then the
image of that figure is also a triangle), (iv) and the property of being a circle is
invariant under any distance-preserving map. In 1872, F. Klein suggested that
we can define Euclidean geometry as the study of properties that are invariant
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under these maps. (This forms part of Klein’s Erlanger Program, which proposes
the organizing principle that we can describe each kind of geometry — Euclidean,
projective, etc. —as the study of the properties that are invariant under some
group of transformations. The word ‘group’ here means more than just ‘collection’
but that lies outside of our scope.)

We can use linear algebra to characterize the distance-preserving maps of
the plane.

To begin, observe that there are distance-preserving transformations of the
plane that are not linear. The obvious example is this translation.

) = G0

However, this example turns out to be the only one, in that if f is distance-
preserving and sends 0 to Vo then the map V — (V) —Vp is linear. That will
follow immediately from this statement: a map t that is distance-preserving
and sends 0 to itself is linear. To prove this equivalent statement, consider the
standard basis and suppose that

for some a,b,c,d € R. To show that t is linear we can show that it can be
represented by a matrix, that is, that t acts in this way for all x,y € R.

L [(x\ t [ax+cy
V= (y) — <bx+dy> )

Recall that if we fix three non-collinear points then we can determine any point
by giving its distance from those three. So we can determine any point V in the
domain by its distance from 6, €1, and €5. Similarly, we can determine any point
(V) in the codomain by its distance from the three fixed points t(0), t(&;), and
t(&,) (these three are not collinear because, as mentioned above, collinearity is
invariant and 6, €1, and €, are not collinear). Because t is distance-preserving
we can say more: for the point V in the plane that is determined by being the
distance dy from 6, the distance d; from €7, and the distance d, from ¢, its
image t(V) must be the unique point in the codomain that is determined by
being do from t(0), d from t(&;), and d, from t(&>). Because of the uniqueness,
checking that the action in (*) works in the doy, di, and d, cases

' x\ ~ . x SN ax+cy\ =
dist( <y> ,0) = dist(t( (y) ), 1(0)) = dist( <bx + dy> 0
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(we assumed that t maps 0 to itself)

dist( <:> L&) = dist(t( (;‘) ), (&) = dist( (S:I ;‘;) , <§> )
dist( (:) [&)) = dist(t( (;‘) ),1(82)) = dist( (g;‘j_ 3‘;) , (3) )

suffices to show that (*) describes t. Those checks are routine.

Thus any distance-preserving f: R> — R? is a linear map plus a translation,
f(V) = t(V) + V for some constant vector vV, and linear map t that is distance-
preserving. So in order to understand distance-preserving maps what remains is

and

to understand distance-preserving linear maps.

Not every linear map is distance-preserving. For example vV — 2V does not
preserve distances.

But there is a neat characterization: a linear transformation t of the plane
is distance-preserving if and only if both |[t(€1)] = |[t(&2)| = 1, and t(&;) is
orthogonal to t(€2). The ‘only if’ half of that statement is easy —because t
is distance-preserving it must preserve the lengths of vectors and because t
is distance-preserving the Pythagorean theorem shows that it must preserve
orthogonality. To show the ‘if’ half we can check that the map preserves lengths
of vectors because then for all p and g the distance between the two is preserved
It(p — @Il = [[t(p) — (@) = | — . For that check let

and with the ‘if’ assumptions that a? + b%? =c? +d? =1 and ac +bd =0 we
have this.

[t = (@x + cy)? + (bx + dy)?
= a’x? + 2acxy + c*y? + b?x? + 2bdxy + d*y?
=x%(a® +b%) +y2(c? + d?) + 2xy(ac + bd)
— 2 4 y?

One thing that is neat about this characterization is that we can easily
recognize matrices that represent such a map with respect to the standard
bases: the columns are of length one and are mutually orthogonal. This is an
orthonormal matriz (or, more informally, orthogonal matriz since people
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often use this term to mean not just that the columns are orthogonal but also
that they have length one).

We can leverage this characterization to understand the geometric actions
of distance-preserving maps. Because |[t(V)| = ||V||, the map t sends any V
somewhere on the circle about the origin that has radius equal to the length of
V. In particular, €; and €, map to the unit circle. What’s more, once we fix the
unit vector €; as mapped to the vector with components a and b then there
are only two places where €, can go if its image is to be perpendicular to the
first vector’s image: it can map either to one where €, maintains its position a
quarter circle clockwise from €,

(2)

a

- G)
b a —b
\‘/v R’epfiz»gz(t) - <b )
!
or to one where it goes a quarter circle counterclockwise.

0 o

|
k Repg, ¢, (t) = (b
(%)

The geometric description of these two cases is easy. Let 0 be the counter-

clockwise angle between the x-axis and the image of €;. The first matrix above
represents, with respect to the standard bases, a rotation of the plane by 0

radians.
—b
a

x) t [xcos®—ysind
— .
y xsin 0 4+ ycosO

The second matrix above represents a reflection of the plane through the line
bisecting the angle between €; and t(é7).

(b
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(+)
L’ x\ t [xcos®+ysind
) (i)

\
h y xsin® —ycos O
A
—a

(This picture shows €; reflected up into the first quadrant and €, reflected down
into the fourth quadrant.)

Note: in the domain the angle between €; and €, runs counterclockwise, and
in the first map above the angle from t(€7) to t(€) is also counterclockwise,
so it preserves the orientation of the angle. But the second map reverses the
orientation. A distance-preserving map is direct if it preserves orientations and
opposite if it reverses orientation.

With that, we have characterized the Euclidean study of congruence. It
considers, for plane figures, the properties that are invariant under combinations
of (i) a rotation followed by a translation, or (ii) a reflection followed by a
translation (a reflection followed by a non-trivial translation is a glide reflection).

Another idea encountered in elementary geometry, besides congruence of
figures, is that figures are stmilar if they are congruent after a change of scale.
The two triangles below are similar since the second is the same shape as the
first but 3/2-ths the size.

P, Q2

Q o

Qs

From the above work we have that figures are similar if there is an orthonormal
matrix T such that the points g on one figure are the images of the points p on
the other figure by = (kT)V+ Po for some nonzero real number k and constant
vector Po.

Although these ideas are from Euclid, mathematics is timeless and they are
still in use today. One application of the maps studied above is in computer
graphics. We can, for example, animate this top view of a cube by putting
together film frames of it rotating; that’s a rigid motion.

9 8 D

Frame 1 Frame 2 Frame 3
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We could also make the cube appear to be moving away from us by producing
film frames of it shrinking, which gives us figures that are similar.

7 9 s

Frame 1: Frame 2: Frame 3:

Computer graphics incorporates techniques from linear algebra in many other
ways (see Exercise 4).

A beautiful book that explores some of this area is [Weyl]. More on groups,
of transformations and otherwise, is in any book on Modern Algebra, for instance
[Birkhoff & MacLane]|. More on Klein and the Erlanger Program is in [Yaglom).

Exercises

1 Decide if each of these is an orthonormal matrix.

() (1/\/5 4/&)

-1/vV2 —-1/V2

1/V3  —1/V3
(&) (4/«5 4/%5)

—V2/V3  —1/V3

2 Write down the formula for each of these distance-preserving maps.

(a) the map that rotates 71/6 radians, and then translates by &,

(b) the map that reflects about the line y = 2x
(c) the map that reflects about y = —2x and translates over 1 and up 1

3 (a) The proof that a map that is distance-preserving and sends the zero vector

to itself incidentally shows that such a map is one-to-one and onto (the point
in the domain determined by do, di, and d, corresponds to the point in the
codomain determined by those three). Therefore any distance-preserving map
has an inverse. Show that the inverse is also distance-preserving.

(b) Prove that congruence is an equivalence relation between plane figures.

4 In practice the matrix for the distance-preserving linear transformation and the
translation are often combined into one. Check that these two computations yield
the same first two components.

a c) (x e a c ¢ x
GI06 (i)
0 0 1 1
(These are homogeneous coordinates; see the Topic on Projective Geometry).

5 (@) Verify that the properties described in the second paragraph of this Topic as

invariant under distance-preserving maps are indeed so.

(b) Give two more properties that are of interest in Euclidean geometry from
your experience in studying that subject that are also invariant under distance-
preserving maps.

(c) Give a property that is not of interest in Euclidean geometry and is not
invariant under distance-preserving maps.



