Theorem 1.1 (Cancellation Law for Vector Addition). If z, y, and
z are vectors in a vector space V such that z + 2z =y + z, then x = y.

Proof. There exists a vector v in 'V such that z+v =0 (VS 4). Thus

r=24+0=x+(z4+v)=(x+2z)+v=(y+2z)+v=y+(z+Vv)=y+0=y

by (VS 2) and (VS 3).

Corollary 1. The vector 0 described in (VS 3) is unique.

Corollary 2. The vector y described in (VS 4) is unique.



Theorem 1.2. In any vector space V the following statements are true:
(a) 0x = 0O for each z € V.

(b) (—a)xr = —(ax) = a(—x) for each a € F' and each x € V.

(c) a0 = 0 for each a € F.

Proof. a. By (VS 8), (VS 3), and (VS 1) it follows that

0z + 0z = (04 0)x = 0x = 0x + 0.

Hence Oz = 0 by Theorem 1.1.

b. The vector —(az) is the unique element of V such that
ax+|—(ax)] = 0. Thus if ax+ (—a)z = 0, Corollary 2 to Theorem 1.1 implies
that (—a)x = —(az). But by (VS 8).

ar + (—a)r =[ja+ (—a)lr =0z =0

by (a). Consequently (—a)z = —(az). In particular (—1)x = —z. So by

c. By (VS 3) and (VS 7) it follows that

a0 + a0 = a(0 +0) = a0 = a0 + 0.

Hence a0 = 0 by Theorem 1.1.



Theorem 1.3. Let V be a vector space and W be a subset of V. Then
W is a subspace of V if and only if the following three conditions hold for
the operations defined in V:

(a) 0 € W.
(b) (x +y) € W whenever z,y € W.
(¢) cx € W whenever ¢ € F and x € W.

Proof. We begin by assuming that W is a subspace of V; then W is a
vector space with the operations of addition and scalar multiplication defined
on V. Hence conditions (b) and (c) hold, and there exists a vector 0y, € W
such that 0, +x = x for each x € W. But also x4+ 0 = x, and thus Oy, = 0
by Theorem 1.1. So condition (a) holds.

Next suppose that conditions (a), (b), and (c) hold, then by the discussion
on pg 17, W is a subspace of V if the additive inverse of each vector in W
lies in W. But if x € W, then (—1)z € W by condition (c), and —z = (—1)x
by Theorem 1.2. Hence W is a subspace of V.



Theorem 1.4. Any intersection of subspaces of a vector space V is a
subspace of V.

Proof. Let C be a collection of subspaces of V and let W denote the
intersection of the subspaces of C. Since every subspace contains the zero
vector, 0 € W. Let a € F'and z,y € W. Then = and y are contained in each
subspace of C. Because each subspace is closed under addition and scalar
multiplication, it follows that = + y and ax are contained in each subspace
of C'. Hence x + y and ax are also contained in W, so that W is a subspace
of V by Theorem 1.3.



Theorem 1.5. The span of any subset S of a vector space V is a sub-
space of V. Moreover, any subspace of V that contains S must also contain
the span of S.

Proof. The result is immediate if S = ¢ because span(¢) = {0}, which is
a subspace contained in any subspace of V.

If S # ¢, then S contains a vector z. So 0z = 0 is in span(S). Let

x,y € span(S). Then there exists vectors wuy, uy, ..., Up, V1, V2, ..., 0, in S
and scalars aq, as, ..., apy, b1, ba, ..., b, such that

T = ayuy + asus + -+ - + Ay, Yy = byvy + bovg + - - - + bpu,.
Then

T4y = aju; + agg + -+ + AUy, + byvg 4 bovy + - - - 4 by,

and for any scalar c,

cx = (cay)uy + (cag)ug + -+ + (cam)um

are clearly linear combinations of vectors in S; so x+y and cx are in span(S).
Thus span(S) is a subspace of V.

Now let W denote any subspace of V that contains S. If w € span(S),
then w has the form w = ciwi+cows+- - -+cpwy, for some vectors wy, ws, . . ., wy
in S and some scalars ¢, ¢, ..., c,. Since S C W, we have wy, ws, ..., w; €
W. Therefore w = cywy + cowy + - - - + cwy, is in W by exercise 20 of Section
1.3. Because w, an arbitrary vector in span(S), belongs to W, it follows that
span(S) C W.



Theorem 1.6. Let V be a vector space, and let S C S, C V. If 57 is
linearly dependent, then S is linearly dependent.

Proof. If S} is linearly dependent, then there exist vectors uy, us, ..., U,
in S7 and nonzero scalars aq, as, . .., a,, such that

a1uy + asug + - - + anuy, = 0.

Since S; C S5, the vectors uy, us, ..., u,, are also elements of Sy, so that by
definition, S5 is linearly dependent.

Corollary. Let V be a vector space, and let S; C Sy C V. If S5 is
linearly independent, then S is linearly independent.

Proof. Suppose to the contrary that 5 is linearly dependent; by Theorem
1.6, this implies that S, is linearly dependent which is a contradiction. Hence
S is linearly independent.



Theorem 1.7. Let S be a linearly independent subset of a vector space
V, and let v be a vector in V that is not in S. Then S U {v} is linearly
dependent if and only if v € span(S).

Proof. We begin by assuming that S U {v} is linearly dependent; then
there are vectors wuy, ug, ..., U, in S U{v} such that

a1u1 + asus + -+ - + Gty =0

for some nonzero scalars aq,as,...,a,. Because S is linearly independent,
one of the w;’s, say u, equals v. Thus

a1v + agug + -+ + Aty = 0,

and so
v=a; (—aguy — - — amiy) = — (a7 ag)uy — - — (a7 am)tum

Since v is a linear combination of us, ..., u,, which are in S, we have
v € span(S).

Next assume that v € span(S). Then there exists vectors vy, v, ..., U,
in S and scalars by, bs, ..., b, such that

v = b1U1 + bg’Ug + -+ bmvm.
Hence
0= b1V1 + bQVQ —+ -+ mem + (—1)V.

Since v # v; for i = 1,2, ..., m, the coefficient of v in this linear combination
is nonzero, and so the set {vy,..., v, v} is linearly dependent. Therefore

S U {v} is linearly dependent by Theorem 1.6.



Theorem 1.8. Let V be a vector space and § = {uy,us,...,u,} be
a subset of V. Then 3 is a basis for V if and only if each v € V can be
uniquely expressed as a linear combination of the vectors of (3, that is, can
be expressed in the form

V= a1u1 + QU + -+ Aply
for unique scalars aq, as, . .., ay,.
Proof. Let 3 be a basis for V. If v € V, then v € span(/3) because

span(f) = V. Thus v is a linear combination of the vectors of 3. Suppose
that

V= aiu + agls + - -+ + apuy, v =biu; + boyus + - - + byu,

are two such representations of v. Subtracting the second equation from the
first gives

0 = (a; — by)u; + (ag — ba)ug + - - + (an — by)uy.

Since ( is linearly independent, it follows that

al—blzag—bgz---:an—bn:O.

Hence, ay = by,a3 = by,---,a, = b,, and so v is uniquely expressible as a
linear combination of the vectors of (.

Next suppose that each v € V can be uniquely expressed as a linear
combination of the vectors of 3. Clearly the vectors in 3 generate V. For
to be a basis we must show that the vectors in [ are linearly independent.

Since the zero vector is in V, it also has a unique representation of the form

0= ajlu; + agug + - - - + ayuy.

It is obvious that we can write

0=0u; +0uy+---+0u,

and that this must therefore be the unique representation; hence by defini-
tion, the vectors of (3 are linearly independent and thus a basis of V.



Theorem 1.9. If a vector space V is generated by a finite set S, then
some subset of S is a basis for V. Hence, V has a finite basis.

Proof. If S = ¢ or S = {0}, then V = {0} and S = ¢ is a subset of S that
is a basis for V. Otherwise S contains a nonzero vector u;. By item 2 on page
37, {u1} is a linearly independent set. Continue if possible choosing vectors
Usg, ..., u in S such that {uy, us, ..., u} is linearly independent. Since S is
a finite set, we must eventually reach a stage at which 5 = {uy,us,...,uz}
is a linearly independent subset of S but adjoining to # any vector in S not
in # produces a linearly dependent set. We claim that § is a basis for V.
Because f is linearly independent by construction it is sufficient to show that
B spans V. By Theorem 1.5 we need to show that S C span(3). Let v € S.
If v € 3, then clearly v € span(3). Otherwise, if v ¢ 3, then the preceding
construction shows that 5 U {v} is linearly dependent. So v € span(f) by
Theorem 1.7. Thus S C span(/).



Theorem 1.10 (Replacement Theorem). Let V be a vector space
that is generated by a set G containing exactly n vectors, and let L be a
linearly independent subset of V containing exactly m vectors. Then m < n
and there exists a subset H of GG containing exactly n —m vectors such that
L U H generates V.

Proof. The proof is by mathematical induction on m. The induction be-
gins with m = 0; in this case L = ¢, and so taking H = G gives the desired
result.

Now suppose that the theorem is true for some integer m > 0. We prove
that the theorem is true for m + 1. Let L = {vy,va,...,Ums1} be a lin-
early independent set of V consisting of m + 1 vectors. By the Corollary to
Theorem 1.6, {v1,vs,...,v,} is linearly independent, and so we may apply
the induction hypothesis to conclude that m < n and that there is a subset
{uy, ug, ..., uy_pm} of G such that {vy,vo, ..., v} U{us,ugy... tuyr} gen-
erates V. Thus there exists scalars aq, as, ..., am,b1,bs,...,b,_,, such that

a1v1 + AoV + « -+ + QU + bty + botts + -+ - + by Un—y = U1

Note that n—m > 0, lest v,,,1 be a linear combination of vy, vs, ..., v, which
by theorem 1.7 contradicts the assumption that L is linearly independent.
Hence n > m; that is n > m + 1. Moreover, some b;, say b; is nonzero, for
otherwise we obtain the same contradiction. Solving for u; gives

Uy = (_bl_lal)vl—i_(_bl_laZ)vQ_'—' : '+<_bl_1am)vm+(bl_l)Um+l+<_bl_162)u2+' : '+<_b1_1bnfm)unfm-

Let H = {ug, ..., up_m}. Then uy € span(LUH ), and because vy, Vg, . .., U, Uz, -+« Up—m
are clearly in span(L U H), it follows that

{V1,Vay .o\, Vi, U, Ugy . .., Uy b € span(L U H).

Because {vy,va, ..., Up, Us, U, . .., Uy } generates V, Theorem 1.5 implies
that span(L U H) = V. Since H is a subset of G that contains
(n —m)—1=mn— (m+ 1) vectors, the theorem is true for m + 1. This

completes the induction.
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Corollary 1. Let V be a vector space having a finite basis. Then every
basis for V contains the same number of vectors.

Proof. Suppose that [ is a finite basis for V that contains exactly n
vectors and let v be any other basis for V. If v contains more that n vectors,
then we can select a subset Sof v containing exactly n + 1 vectors. Since S
is linearly independent and ( generates V, the replacement theorem implies
that n + 1 < n, a contradiction. Therefore v is finite, and the number m of
vectors in 7y satisfies m < n. Reversing the roles of # and + and arguing as
above, we obtain n < m. Hence m = n.

Corollary 2. Let V be a vector space with dimension n.
(a) Any finite generating set for V contains at least n vectors, and a gener-
ating set for V that contains exactly n vectors is a basis for V.
(b) Any linearly independent subset of V that contains exactly n vectors is
a basis for V.
(c) Every linearly independent subset of V can be extended to a basis for V.

Proof. Let (3 be a basis for V.
(a) Let G be a finite generating set for V. By Theorem 1.9 some subset H
of G is a basis for V. Corollary 1 implies that H contains exactly n vectors.
Since a subset of G contains n vectors, G must contain at least n vectors.
Moreover, if G contains exactly n vectors, then we must have H = G, so that

(G is a basis for V.

(b) Let L be a linearly independent subset of V containing exactly n
vectors. It follows from the replacement theorem that there is a subset H of
[ containing n — n = 0 vectors such that L U H generates V. Thus H = ¢,
and L generates V. Since L is also linearly independent, L is a basis for V.

(c) If L is a linearly independent subset of V containing m vectors, then
the replacement theorem asserts that there is a subset H of ( containing
exactly n —m vectors such that L U H generates V. Now L U H contains at
most n vectors; therefore (a) implies that L U H contains exactly n vectors
and that L U H is a basis for V.
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Theorem 1.11. Let W be a subspace of a finite-dimensional vector
space V. Then W is finite-dimensional and dim(W) < dim(V). Moreover if
dim(W) = dim(V), then W = V.

Proof. Let dim(V) = n. If W= {0}, then W is finite dimensional and
dim(W) = 0 < n. Otherwise, W contains a nonzero vector xy; so {x1} is
a linearly independent set. Continue choosing vectors, x1, s, ..., x; in W
such that {x1, 2y, ..., 2} is linearly independent. Since no linearly indepen-
dent subset of V can contain more than n vectors, this process must stop
at a stage where k < n and {x,zs,..., 2} is linearly independent but ad-
joining any other vector from Wproduces a linearly dependent set. Theorem

1.7 implies that {zy,xs,..., 2} generates W, and hence is a basis for W.
Therefore dim(W) =k < n.

If dim(W) = n, then a basis for W is a linearly independent subset of V
containing n vectors. But by Corollary 2 of the replacement theorem implies
that this basis for W is also a basis for V; so W= V.

Corollary. If W is a subspace of a vector space V, then any basis for
W can be extended to a basis for V.

Proof. Let S be a basis for W. Because S is a linearly independent sub-

set of V, Corollary 2 of the replacement theorem guarantees that S can be
extended to a basis for V.
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Theorem 2.1. Let V and W be vector spaces and T: V— W be linear.
Then N(T) and R(T) are subspaces of V and W, respectively.

Proof. To clarify the notation, we use the symbols Oy and Ow to denote
the zero vectors of V and W, respectively.

Since T(0v) = Ow, we have that Oy € N(T). Let z,y € N(T) and
¢ € F. Then T(z +y) = T(z) + T(y) = Ow + Ow = Ow, and T(cz) =
cT(z) = cOw = Ow. Hence 2 +y € N(T) and cx € N(T), so that N(T) is
a subspace of V.

Because T(0y) = Ow, we have that Ow € R(T). Now let z,y € R(T)
and ¢ € F. Then there exist v and w in V such that T(v) = x and
T(w) =y. So T(v+w) = T(v) + T(w) =z +y, and T(cv) = ¢ T(v) = cz.
Thus z +y € R(T) and cx € R(T), so R(T) is a subspace of W.
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Theorem 2.2. Let V and W be vector spaces, and T: V— W be
linear. If 8 = {v1,vq,...,v,} is a basis for V, then R(T) = span(T(3)) =
span({T(v1),T(vs),... T(v,)}).

Proof. Clearly T(v;) € R(T) for each i. Because R(T) is a subspace,
R(T) contains span({T(vy),T(v2),...,T(v,)}) = span(T(3)) by Theorem 1.5.

Now suppose that w € R(T). Then w = T(v) for some v € V. Because
[ is a basis for V, we have

n
vV = Z a;V;
i=1
for some ay,as,...,a, € F. Since T is linear, it follows that

w="Tw) =X>",aT(v;) € span(T(5)).

So R(T) is contained in span(T(f3)).
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Theorem 2.3 (Dimension Theorem). Let V and W be vector spaces,
and T: V— W be linear. If V is finite-dimensional then

nullity(T) + rank(T) = dim(V).
Proof. Suppose that dim(V) = n, dim(IN(T)) = k, and {vy,va, ..., vk}
is a basis for N(T). By the corollary to Theorem 1.11, we may extend
{v1,v9,..., v} to a basis § = {vy,vs,..., 0k, Vgt1,...,0,} for V. We claim

that S = {T(vgs1),T(vks2), .., T(vn)} is a basis for R(T).

First we prove that S generates R(T). Using Theorem 2.2 and the fact
that T(v;) = 0 for 1 <i < k, we have

R(T) = span({T(v1),T(vs),...,T(v,)})
=span({T(vi+1),T(vks2),. ., T(vn)}) = span(9).

Now we prove that S is linearly independent. Suppose that

Z sz(VI) =0 for bk-i—la bk+2, S ,bn eF.

i=k+1

Using the fact that T is linear, we have

T( zn: bivi> =0.

i=k+1
So
n
i=k+1
Hence there exists ¢y, co, ..., c; € F such that

n k k n
Z biv; = chi or Z(—c,;)vi + Z biv; = 0.
i=1 i=1

i=k+1 i=k+1

Since (3 is a basis for V, we have b; = 0 for all 2. Hence S is linearly inde-
pendent. Notice that this argument also shows that T(vg11), T (vg12),. .., T(vy,)
are distinct; therefore rank(T) =n — k.
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Theorem 2.4. Let V and W be vector spaces, and T: V— W be linear.
Then T is one-to-one if and only if N(T) = {0}.

Proof. Suppose that T is one-to-one and x € N(T). Then
T(x) = 0 = T(0). Since T is one-to-one, we have x = 0. Hence N(T) = {0}.

Now assume that N(T) = {0}, and suppose that T(x) = T(y). Then

0 =T(x)—T(y) = T(x—y) since T is linear. Therefore x—y € N(T) = {0}.
Sox —y =0 or x =y. This means that T is one-to-one.

16



Theorem 2.5. Let V and W be vector spaces of equal (finite) dimen-
sion, and T: V— W be linear. Then the following are equivalent.
(a) T is one-to-one.
(b) T is onto.
(c) rank(T) = dim(V).

Proof. From the dimension theorem, we have
nullity(T) + rank(T) = dim(V).
Now with the use of Theorem 2.4, we have that T is one-to-one if and
only if N(T) = {0}, if and only if nullity(T) = 0, if and only if
rank(T) = dim(V), if and only if rank(T) = dim(W), and if and only if

dim(R(T)) = dim(W). By Theorem 1.11, this equality is equivalent to
R(T) = W, the definition of T being onto.
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Theorem 2.6. Let V and W be vector spaces over F', and suppose that
{v1,v9,...,v,} is a basis for V. For wy, ws, ..., w, in W, there exists exactly
one linear transformation T: V— W such that T(v;) = w; fori =1,2,... n.

Proof. Let x € V. Then
xr = Z a;v;,
i=1

where ay,as,...,a, are unique scalars. Define
T:V-W by T => aw.
i=1

(a) T is linear: Suppose that u,v € V and d € F. Then we may write
u= Z b;v; and v = Z CiVi
i=1 i=1

for some scalars by, b, ...,b,,c1,¢Co,...,c,. Thus
du+v= Z(dbz + Ci)UZ'.
i=1
So

n

T(du+v) = (db; + ¢;)w; = dzn:biwi + zn: ciw; = dT(u) + T(v).

i=1 i=1 i=1

(b) Clearly
T(v;) =w; for i=1,2,... n.

(c) T is unique: Suppose that U: V— W is linear and U(v;)= w; for
1=1,2,...,n. Then for x € V with

n
Tr = Z a;v;,
i=1

we have

U(X) = iaiU(vi) = iaiwi = T(X)

18



Hence U =T.

Corollary. Let V and W be vector spaces, and suppose that V has a
finite basis {vy,vq,...,v,}. If UT: V— W are linear and U(v;) = T(v;) for
1=1,2,...,n, then U ="T.
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Theorem 2.7. Let V and W be vector spaces over a field F', and
T,U: V— W be linear.
(a) For all a € F, aT + U is linear.
(b) Using the operations of addition and scalar multiplication in the preced-
ing definition, the collection of all linear transformations from V to W is a
vector space over F.

Proof. (a) Let z,y € Vand ¢ € F. Then
(T +U)(ex+y) = aT(ex +y) + Ulex +y)
= a[T(cx +y)] + cU(x) + Uy)
= a[cT(x) + T(y)] + cU(x) 4+ U(y)
= acT(x) + cU(x) +aT(y) + U(y)

=c(aT 4 U)(x) + (aT + U)(y).
So aT + U is linear.

(b) Noting that Ty, the zero transformation, plays the role of the zero
vector, it is easy to verify that the axioms of a vector space are satisfied,
and hence that the collection of all linear transformations from V to W is a
vector space over F.
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Theorem 2.8. Let V and W be finite-dimensional vector spaces with
ordered bases ( and ~, respectively, and let T,U: V— W be linear transfor-
mations. Then
(a) [T + U]} = [T + U]}

(b) [aT]} = a[T]} for all scalars a.

Proof. (a) Let 8 = {v1,va,...,v,} and v = {wy,wy, ..., wy,}. There
exists unique scalars a;; and b;; (1 <i <m, 1 <j <mn) such that

T(vj) => ayzw; and U(vj) => byw; for 1<j<n.
i=1 i=1

Hence
Thus

([T + UJ});; = ayj + by = ([T + [U]})y-

So (a) is proved, and the proof of (b) is similar.
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Theorem 2.9. Let V, W, and Z be vector spaces over the same field
F,and let T: V— W and U: W— Z be linear. Then UT: V— Z is linear.

Proof. Let z,y € V and z € F'. Then

UT(ax+y) = U(T(ax +y)) = U(aT(x) + T(y))

— U(aT(x)) + U(T(y)) = aU(T(x)) + U(T(y)) = a(UT)(x) + (UT)(y).
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Theorem 2.10. Let V be a vector space. Let T, Uy, Us € L(V). Then
a) T(Ul + Uz) = TU1 + TU2 and (Ul + Uz)T = UlT + U2T
b) T(Ule) = (TUl)U2
c) TI=IT=T

(
E
(d) a(U,Usg) = (aUy)Uy = Uy (alUy) for all scalars a.

Proof. (a) Let x € V. Then

T(Ul + U2)(X) = T((Ul + Uz)(X)) = T(Ul(X) + U2(X))

= T(Ul (X)) + T(UQ(X)) = (TUI)(X) + (TUQ)(X) = TU1 (X) + TUz(X)

so that T(U1 + U2) = TUl + TU2

Likewise
(Ui 4+ Uz)T(x) = (Ur + Uz)(T(x)) = Us(T(x)) + U2(T(x))

= (U;T)(x) + (UT)(x) = U1 T(x) + UT(x)

so that (U; + Uy)T = U;T + U,T.

The proof of the other properties are developed in a similar manner.
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Theorem 2.11. Let V, W, and Z be finite-dimensional vector spaces
with ordered bases «, 3, and ~, respectively. Let T: V— W and U: W— Z
be linear transformations. Then

[UT]; = [UJ3[TL.

Proof. Let A = [U]}, B = [T];, and C = [UT]] where a = {vy, vy, ..., v},
B =A{wy,wy,...,wy}, and v = {21, 29,...,2,} are ordered bases for V, W,
and Z, respectively. We wish to determine the elements of the matrix [UT]?.
For 1 < j < n, we have

m m

(UT)(v;) = U(T () = U 3 Bgws ) = 3By Ulws)

m p m P

m p
=> Bkj(ZAikzi> => ( BijikZi> =3 BijAyz
k=1 i=1 1

k=1 \i= k=11i=1

m p

=YY BrjAinz=), (Z AikBk:j>Zz‘-

i=1 k=1 i=1 k=1

Hence Cj; = YjL, AixBrj = (AB);; where the final equality results from the
definition of matrix multiplication. Thus C' = AB or [UT]} = [UJ}[T]3.

«

Corollary. Let V be a finite-dimensional vector space with an ordered
basis §. Let T, U € L(V). Then [UT|z = [U]s[T]s-
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Theorem 2.12. Let Let A be a m xn matrix, B and C' be n x p matrices,
nd D and E be ¢ X m matrices. Then

) A(B+C) = AB + AC and (D + E)A = DA + EA.
a(AB) = (aA)B = A(aB) for any scalar a.
I,A=A=AI,.

)
)
) If V is an n-dimensional vector space with an ordered basis (3, then
v

(a
(b
(c
(d
[Lv]g = In.

Proof. The proof of the first half of (a) and (c) are given.

(a) We have

n n

[AB+O))ij = > Aw(B+ Oy = >, Aiw(Brj + Cij)

k=1 k=1
n

= > (AuByj+AiCyy) = Z AszkﬁZ AiCrj = (AB)i;+(AC);; = [AB+AC];;.

k=1 k=1

So A(B+C) = AB + AC.

(c) We have
(InA)ij = > (In)inArj = Y Ay = Ay
k=1 k=1
Corollary. Let A be an m x n matrix, By, B, ..., By be n X p matrices,
C1,Cs,...,C be ¢ x m matrices, and aq, as, ..., a; be scalars. Then

k k k k
A<ZGZBZ> = ZalABZ and <ZaiCj)A = ZaiCiA.
=1 i=1 i=1 i=1

Proof. Induction on k.
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Theorem 2.13. Let A be a m X n matrix, B be n x p matrix. For each

J (1 <j <p)let u; and v; denote the jth columns of AB and B respectively.
Then

(a) u; = Av;
(b) v; = Be;, where e; is the jth standard vector of FP.

Proof. The proof of the first half of (a) and (c) are given.

(a) We have
(AB)y; k=1 A1 By By,
u = (A?)zj _ | Zia A%Bkj 4 ng _ Ao,
(AB Jmj 2k=1 Akakj B;nj

Hence (a) is proved.

(b) The proof of (b) follows immediately if we substitute B for A and I,
for B into the result from (a).
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Theorem 2.14. Let V and W be finite-dimensional vector spaces having
ordered bases 3 and ~, respectively, and let T: V— W be linear. Then, for
each uv € V, we have

Proof. Fix u € V, and define the linear transformations f : F — V by
f(a) =auand g : F — W by g(a) = a(Tu) for all @ € F. Let a = {1} be
the standard ordered basis for F. Notice that ¢ = Tf. Identifying the column
vectors as matrices and using Theorem 2.11, we obtain

[T(w)], = [g(V)]}, = [gla = [T = [T[E]2 = [TI[EL)]s = [T]5[u]s.

Alternative Proof. Let f = {v1,ve,...,v,}, v = {wy,we,...,wy}, and
U = a1V, + aoUs + - - - + a,v,. Then

aq
[u]ﬂ = : )
Qp

T(u) =a;T(vq) +aT(ve) + -+ +a,T(vy),

and
[T(u)], = [a1T(v1) + a2 T(va) + - - - + a,T(va)]4

= a1[T(v1)]; + a2[T(v2)]; + - + &[T (vn)],

3]
ag

= ([T(V1)]v [T(v2)ly - [T(Vn)h)
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Theorem 2.15. Let A be an m x n matrix with entries form F. Then
the left-multiplication transformation Ly : F* — F™ is linear. Furthermore
if B is any other m x n matrix (with entries from F) and 5 and v are the
standard ordered bases for F™ and F™, respectively, then we have the follow-
ing properties.

(a) [La]} = A.

(b) Ly = Ly if and only if A = B.

(c) Layp = La + Lp and Loa = alis for all a € F.

(d) If T : F* — F™ is linear, then there exists a unique m x n matrix C' such
that T = Lc¢. In fact, C = [T]}.

(e) If E is an n x p matrix, then Lyg = LaLg.

(f) If m = n, then Lj, = Ipx.

Proof. The fact that L, is linear follows immediately from Theorem 2.12.
(a) The jth column of [La]} is equal to L (ej). However, L (e;) = Aej, which
is also the jth column of A by Theorem 2.13(b). So [LaJj = A.
(b) If Ly = Lg, then we may use (a) to write A = [La]} = [Lp]; = B. The
proof of the converse is trivial.
(¢) The proof is left as an exercise.
(d) Let C' = [T]}. By Theorem 2.14, we have [T (x)], = [T]}[x]g, or
T(x) = Cx = L¢(x) for all z € F*. So T = L¢. The uniqueness of C' follows
from (b).
(e) For any j (1 < j < p), we may apply Theorem 2,13 several times to note
that (AE)e; is the jth column of AE and that the jth column of AF is also
equal to A(Fe;). So (AE)e; = A(Ee;). Thus

Lag(ej) = (AE)ej = A(Eej) = La(Eej) = La(Lg(e;)).

Hence Lag = LaLg by the corollary to Theorem 2.6.
(f) The proof is left as an exercise.
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Theorem 2.16. Let A, B, and C be matrices such that A(BC) is de-
fined. Then (AB)C is also defined and A(BC) = (AB)C; that is matrix

multiplication is associative.

Proof. 1t is left to the reader to show that (AB)C' is defined. Using (e)
of Theorem 2.15 and the associativity of functional composition, we have

Larc) = LaLpe = La(LgLe) = (LaLp)Le = LagLc = Lap)c.

So from (b) of Theorem 2.15, it follows that A(BC) = (AB)C.

Alternative Proof. Let A be an m x n matrix, B be an n X p matrix, and
C be an p x ¢ matrix, all with components from the same field F'. Using the
definition of matrix multiplication we have

p
Z BstCtj)

t=1

(A(BO)),y = 3 Au(BC)y = A(

s=1 s

P p.n
= Z Z AisBstCtj = Z Z AisBstCtj

s=1t=1 t=1s=1

n p

= 3 (X AiBu )Gy = Y (AB)Cyy = (AB)C);

t=1 s=1 t=1

Hence, A(BC) = (AB)C.
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Theorem 2.17. Let V and W be vector spaces, and let T : V — W
be linear and invertible. Then T~1: W — V is linear.

Proof. Let y1,y2 € W and ¢ € F. Since T is onto and one-to-one, there
exists unique vectors x; and x5 such that T(x;) = y; and T(x3) = y2. Thus
1 =T (y;) and 25 = T (ys); so

T ey +y2) = T HcT(x)+T(x2)) = T HT(cx1+x2)) = exy4+x0 = Ty )+T (y2).
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Lemma. Let T be an invertible transformation from V to W. Then
V is finite-dimensional if and only if W is finite-dimensional. In this case,
dim(V) = dim(W).

Proof. Suppose V is finite dimensional. let 8 = {xy,2s,...,2,} be a
basis for V. By Theorem 2.2, T(() spans R(T) = W, hence W is finite
dimensional by Theorem 1.9. Conversely, if W is finite dimensional, then so
is V by a similar argument, using T!.

Now suppose that V and W are finite dimensional. Because T is one-
to-one and onto, we have

nullity(T) =0 and rank(T) = dim(R(T)) = dim(W).

So by the dimension theorem, if follows that dim(V) = dim(W).

Theorem 2.18. Let V and W be finite-dimensional vector spaces with
ordered bases 3 and ~ respectively. Let T : V. — W be linear. Then T is
invertible if and only if [T]} is invertible. Furthermore, [T~']% = ([T]})~".

Proof. Suppose that T is invertible. By the lemma, we have
dim(V) = dim(W). Let n = dim(V). So [T]} is an n x n matrix. Now
T-': W — V satisfies TT™! = Iy and T™'T = Iy. Thus

I = [Iv]s = [T7"T]; = [T7'J[T].

Y

Similarly, [T]3[T~']% = L. So [T]} is invertible and ([T]})~' = [T~']°.

Y

Now suppose that A = [T]} is invertible. Then there exists an nxn matrix
B such that AB = BA = I,. By Theorem 2.6, there exists U € L(W,V)
such that

U(w;) = ZBijVi forj=1,2,...,n.
i=1

where v = {wy, we, ..., w,} and § = {vy,vq,...,v,}. It follows that
[U]¥ = B. To show that U = T, observe that

[UT]s = [UJ[T]} = BA =L = [Iv],

y
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by Theorem 2.11. So UT = Iy, and similarly TU = Iw.

Corollary 1. Let V be a finite-dimensional vector space with an ordered
basis #, and let T : V — V be linear. Then T is invertible if and only if
[T is invertible. Furthermore, [T~!]5 = ([T]5)~".

Corollary 2. Let A be an n x n matrix. Then A is invertible if and only
if Ly is invertible. Furthermore, (L)™' = Lj-1.
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Theorem 2.19. Let V and W be finite-dimensional vector spaces (over
the same field). Then V is isomorphic to W if and only if dim(V) = dim(W).

Proof. Suppose that V is isomorphic to W and that T : V — W is an
isomorphism from V to W. By the lemma preceding Theorem 2.18, we have
that dim(V) = dim(W).

Now suppose that dim(V) = dim(W), and let 5 = {vy,vs,...,v,} and
v = {wy,wy,...,w,} be bases for V and W respectively. By Theorem

2.6, there exists T : V. — W such that T is linear and T(v;) = w; for
1=1,2,...,n. Using Theorem 2.2, we have

R(T) = span(T(3)) = span(y) = W.

So T is onto. From Theorem 2.5, we have T is also one-to-one. Hence T
is an isomorphism.

Corollary. Let V be a vector space over F'. Then V is isomorphic to
F™ if and only if dim(V) = n.
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Theorem 2.20. Let V and W be finite-dimensional vector spaces over
F of dimensions n and m, respectively, and let 3 and + be ordered bases
for V. and W respectively. Then the function ® : L(V, W) — M,,.,,(F),
defined by ®(T) = [T]} for T € L(V, W) is an isomorphism.

Proof. By Theorem 2.8, ® is linear. Hence we must show that ® is
one-to-one and onto. This is accomplished if we show that for every m x n
matrix A, there exists a unique linear transformation T : V. — W such that
®(T) =A. Let 8 ={vy,09,...,0,}, v ={wy,ws,...,w,}, and A be a given
m X n matrix. By Theorem 2.6, there exists a unique linear transformation
T :V — W such that

T(v;) = ZAijwi for 1 <j<n.

i=1

But this means that [T]; = A, or ®(T) = A. Thus ® is an isomorphism.

Corollary. Let V and W be finite-dimensional vector spaces of dimen-
sions n and m, respectively. Then L(V, W) is finite-dimensional of dimension
mn.

Proof. The proof follows from Theorems 2.20 and 2.19 and the fact that
dim(M,«, (F)) = mn.
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Theorem 2.21. For any finite-dimensional vector space V with ordered
basis (3, ¢3 is an isomorphism.

Proof. Let 3 = {vy,vy,...,v,} be an ordered basis for V, x,y € V, and
¢ € F with

T =a101 + Vs + -+ + a,v,, Y = bivy + bovg + -+ - + b v,.
Then
ds(cx +1y) = dg(c(arvy + agvg + -+ + a,v,) + (bvy + bave + -+ - + bvy,))

= ¢s((car + by)vy + (cag + ba)vg + - - - + (ca, + by)vy))

cay + by ay by
cay + by a9 ba

= : =c| |+ | .| =cos(x)+ ds(y)
ca, + b, an by

S0 ¢ is linear.

Next consider the null space of ¢3; let = be given as above and suppose
that z € N(¢3), then

ax 0
ooty =| ="
an, 0
so that by the equalities of n-tuples, a1 = ay = -+ = a,, = 0. Thus

N(¢g) = {0y} and nullity(N(¢g)) = 0. By Theorem 2.4, ¢4 is one-to-one
and since dim(V) = dim(F"), ¢4 is onto by Theorem 2.5. Hence ¢ is linear,
one-to-one, and onto and therefore, by definition, an isomorphism.
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Theorem 2.22. Let § and ' be two ordered bases for a finite-dimensional
vector space V, and let ) = [Iv]g,. Then
(a) @ is invertible.
(b) For any v € V|, [v]s = Q[v]s.

Proof. (a) Since Iy is invertible, @ is invertible by Theorem 2.18.
(b) For any v € V|

s = Iv(v)]s = [Iv]5 Vg = Q[v]s

by Theorem 2.14.
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Theorem 2.23. Let T be a linear operator on a finite-dimensional vector
space V, and let # and 3’ be ordered bases for V. Suppose that @ is the
change of coordinate matrix that changes (#’-coordinates into S-coordinates.
Then

[T]p = Q'[T]5Q.

Proof. Let I be the identity transformation on V. Then T = IT = TI;
hence by Theorem 2.11

QIT]y = [T3[T]j = AT]5 = [T} = [TI5I5 = [T]:Q.

Therefore, [T = Q7 [T]5Q.

Corollary. Let Let A € M, «,(F), and let v be an ordered basis for F".
Then [La], = Q TAQ, where @ is the n X n matrix whose jth column is the
Jth column vector of ~.
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Theorem 3.1. Let A € M,,.,(F), and suppose that B is obtained from
A by performing an elementary row [column| operation. Then there exists
an m x m [n X n] elementary matrix F such that B = EA [B = AE]. In fact
E is obtained from I, [I,] by performing the same elementary row [column]
operation as that which was performed on A to obtain B. Conversely, if E' is
an elementary m x m [n X n| matrix, then EA [AF] is the matrix obtained
from A by performing the same elementary row [column]| operation as that
which produces E from I,,, [I,,].

Proof. We will consider only the case where E is obtained from [, by
adding a scalar multiple a of row s to row ¢t. The matrix £ can be decomposed
as £ = I,,, + J where (J);; = a for i =t, j = s and the components of this
matrix are equal to zero otherwise. Therefore

EA=A+JA.

By the definition of matrix multiplication

(JA)ij = > JiwAj
k=1
so that by the above development, (JA);; = 0 for i # ¢t. Hence all the rows
of JA are identically zero with the possible exception of the tth row. The
elements in this row are of the form

(‘]A)t] = Z th:Akj = JtsAsj = aASj

k=1

which implies that tth row of J A is a times the sth row of A. Thus performing
the componentwise addition of the elements of the matrices A and JA we find
that, with the exception of the tth row, the rows of the matrix FA = A+ JA
are equal to the rows of the matrix A. The tth row of the product matrix is
the sum of the tth row of A and a times the sth row of A.
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Theorem 3.2. Elementary matrices are invertible, and the inverse of an
elementary matrix is an elementary matrix of the same type.

Proof. Let E be an elementary n x n matrix. Then E can be obtained by
an elementary row operation on [,,. By reversing the steps used to transform
I, into E, we can transform FE back into I,. The result is that I, can
be obtained from E by an elementary row operation of the same type. By
Theorem 3.1, there is an elementary matrix £ such that EE = I,,. Therefore

by Exercise 10 of section 2.4, E is invertible and £~ = FE.
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Lemma 1. Let V, W, and Z be finite dimensional vector spaces, with
V isomorphic to W, dim(V) = dim(W) = n, ¢: V— W an isomorphism,
and U: W— Z a linear transformation, then rank(U¢) = rank(U).

Proof. The Dimension Theorem gives

nullity(U¢) 4 rank(U¢) = dim(V) =n
nullity (U) + rank(U) = dim(W) = n.

Next suppose that d is a basis for N(U), then ¢~1(d) is a set of linearly inde-
pendent vectors in V and ¢~1(d) C N(U¢) so that nullity(U¢) > nullity(U).
Likewise, if 7 is a basis for N(U¢), then ¢(v) is a set of linearly independent
vectors in W and ¢(y) € N(U) so that nullity(U) > nullity(U¢). Hence
nullity (U) = nullity(U¢) and rewriting the above equations yields

rank(U¢) = n — nullity(U¢) = n — nullity(U) = rank(U).

Lemma 2. Let V, W, and Z be finite dimensional vector spaces, with
W isomorphic to Z, dim(V) = n, ¢: W— Z an isomorphism, and
U: V— W a linear transformation, then rank(¢U) = rank(U).

Proof. The Dimension Theorem gives

nullity(¢U) 4 rank(¢U) = dim(V) =n
nullity (U) + rank(U) = dim(V) = n.

Next suppose that v € N(U), then
oU(v) = ¢(U(v)) = ¢(0Ow) = Oz

so that v € N(¢U), N(U) C N(¢U), and nullity(U) < nullity(¢U).

Now suppose that v € N(¢U), then 0z = ¢U(v) = ¢(U(v)) so that
U(v) € N(¢); since ¢ is an isomorphism, N(¢) = {Ow} and thus v € N(U).
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Therefore N(¢U) C N(U) and nullity(¢U) < nullity(U). Combining the
above inequalites gives nullity(¢U) = nullity(U) and rewriting the equations
from the Dimension Theorem yields

rank(¢U) = n — nullity(¢U) = n — nullity(U) = rank(U).

Theorem 3.3. Let T: V— W be a linear transformation between finite-
dimensional vector spaces, and let 3 and + be ordered bases for V. and W
respectively. Then rank(T) = rank([T]}).

Proof. Let dim(V) = n and dim(W) = m and consider the following
diagram.

\% —T \%\%

¢ﬂl lgbw

Fn La Fm

where A = [T]}.
We know that La¢g, ¢, T : V — F™ and that La¢s = ¢,T so that

rank(La¢g) = rank(¢,T).

Since ¢g is an isomorphism, Lemma 1 and the definition of the rank of a
matrix gives

rank(La¢p) = rank(Ly) = rank([T]}).

Since ¢, is an isomorphism, Lemma 2 gives

rank(¢,T) = rank(T).
Combining these results gives
rank(T) = rank(¢,T) = rank(La¢g) = rank(La) = rank([T]}).
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Theorem 3.4. Let A be an m x n matrix. If P and @ are invertible
m X m and n X n matrices, respectively, then
(a) rank(AQ) = rank(A),
(b) rank(PA) = rank(A),
and therefore,
(c) rank(PAQ) = rank(A).

Proof. First observe that

R(Laq) = R(LaLq) = LaLq(F") = La(Lq(F")) = LA(F") = R(La)

since Lq is onto. Therefore

rank(AQ) = dim(R(Laq)) = dim(R(L4)) = rank(A).

This establishes (a). To establish (b), apply exercise 17 of section 2.4 to
T = Lp and obtain

rank(PA) = rank(Lpa) = dim(R(Lpa)) = dim(Lpa (F?))

= dim(Lp(La(F"))) = dim(L (F")) = dim(R(La)) = rank(Ly) = rank(A).

Finally applying (a) and (b), we have

rank(PAQ) = rank(PA) = rank(A).

Corollary. Elementary row and column operations on a matrix are rank-
preserving.

Proof. If B is obtained from a matrix A by an elementary row operation,
then there exists an elementary matrix £ such that B = FA. By Theorem
3.2, E is invertible and hence rank(B) = rank(A) by Theorem 3.4. The proof
that elementary column operations are rank preserving is left as an exercise.
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Theorem 3.5. The rank of any matrix equals the maximum number of
its linearly independent columns; that is, the rank of a matrix is the dimen-
sion of the subspace generated by its columns.

Proof. For any A € M., (F),

rank(A) = rank(Ly) = dim(R(L,)).

Let 3 be the standard ordered basis for F*. Then g spans F* and hence, by
Theorem 2.2,

R(La) = span(La()) = span({La(e;), La(es), ..., La(en)}).

But, for any j, we have seen in Theorem 2.13(b) that La(e;) = Ae¢; = ay,
where a; is the jth column of A. Hence

R(La) = span({a, ag, ..., an}).

Thus

rank(A) = dim(R(Lx)) = dim(span({ai, ag, ..., a,})).
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Theorem 3.6. Let A be an m X n matrix of rank . Then r < m, r <n,
and by means of a finite number of elementary row and column operations,
A can be transformed into the matrix

(L O
D‘(02 03)

where Oy, O,, and Os are zero matrices. Thus D;; = 1 for ¢« <r and D;; =0
otherwise.

Proof. See text.

Corollary 1. Let A be an m x n matrix of rank r. Then there exist
invertible matrices B and C' of sizes m x m and n X n, respectively, such that

D = BAC, where
(L, O
p=(0, 01)

is the m x n matrix in which O;, O,, and O3 are zero matrices.

Proof. By Theorem 3.6, A can be transformed by a means of a finite
number of elementary row and column operations into the matrix D. We
can appeal to Theorem 3.1 each time we perform an elementary operation.
Thus there exist elementary m X m matrices Iy, Fy, ..., E, and elementary
n X n matrices Gy, Gy, ..., G, such that

D = EpEp—l ce EQElAGlGQ cee Gq.

By Theorem 3.2, each F; and G| is invertible. Let B = E,F,_; --- ExE; and
C = GGy -G, Then B and C are invertible by exercise 4 of section 2.4,
and D = BAC.
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Corollary 2. Let A be an m x n matrix. Then
(a) rank(A") = rank(A).
(b) The rank of any matrix equals the maximum number of its linearly inde-
pendent rows; that is, the rank of a matrix is the dimension of the subspace
generated by its rows.
(c) The rows and columns of any matrix generate subspaces of the same di-
mension, numerically equal to the rank of the matrix.

Proof. (a) By Corollary 1, there exist invertible matrices B and C' such
that D = BAC, where D satisfies the stated conditions of the corollary.

Taking transposes, we have

D' = (BAC)' = C'A'B".

Since B and C' are invertible, so are B! and C" by exercise 5 of section 2.4.
Hence by Theorem 3.4,

rank(A") = rank(C*A'B") = rank(D").

Suppose that r = rank(A). Then D' is an n X m matrix with the form of the
matrix D in Corollary 1, and hence rank(D") = r by Theorem 3.5. Thus

rank(A") = rank(D") = r = rank(A).

This establishes (a).

The proofs of (b) and (c) are left as exercises.

Corollary 3. Every invertible matrix is a product of elementary matri-
ces.

Proof. If A is an invertible n X n matrix, then rank(A) = n. Hence the
matrix D in Corollary 1 equals I,,, and there exist invertible matrices B and
C such that I,, = BAC.

As in the proof of Corollary 1, note that B = E,E,_; --- E; and

C = GGy --- Gy, where the E;’s and G;’s are elementary matrices. Thus
A=B"',C~' =B 'C™! so that
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A=FE'Ey' - EJ'GIGL -G

The inverses of elementary matrices are elementary matrices, however, and
hence A is the product of elementary matrices.
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Theorem 3.7. Let T: V— W and U: W— Z be linear transformations
on finite-dimensional vector spaces V,W, and Z, and let A and B be matri-
ces such that the product AB is defined. Then
(a) rank(UT) < rank(U).

(b) rank(UT) < rank(T).
(c) rank(AB) < rank(A).
(c) rank(AB) < rank(B).

SRS

Proof. We prove these items in the order: (a), (c), (d), and (b).
(a) Clearly, R(T) C W. Hence

R(UT) =UT(V)=U(T(V)) = UR(T)) CUW) =R(U).
Thus
rank(UT) = dim(R(UT)) < dim(R(U)) = rank(U).
(c) By (a),

rank(AB) = rank(Lap) = rank(LaLp) < rank(La) = rank(A).

(d) By (c) and Corollary 2 to Theorem 3.6,

rank(AB) = rank((AB)") = rank(B'A") < rank(B") = rank(B).

(b) Let «, 3, and 7 be ordered bases for VW and Z, respectively, and
let A" = [U]} and B’ = [U]. Then A'B’ = [UT], by Theorem 2.11. Hence
by Theorem 3.3 and (d),

rank(UT) = rank(A'B’) < rank(B’) = rank(T).
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Theorem 3.8. Let Az = 0 be a homogeneous system of m linear equa-
tions in n unknowns over a field F. Let K denote the set of all solutions to
Az = 0. Then K = N(Ly); hence K is a subspace of F" of dimension
n— rank(Ly) = n— rank(A).

Proof. Clearly, K = {s € F* : As = 0} = N(L4). The second part now
follows from the dimension theorem.

Corollary. If m < n, the system Az = 0 has a nonzero solution.

Proof. Suppose that m < n. Then rank(A) = rank(L,) < m. Hence,

dim(K) =n —rank(Ly) >n—m > 0,

where K = N(Ly). Since dim(K) > 0, K # {0}. Thus there exists a nonzero

vector s € K; so s is a nonzero solution to Az = 0.
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Theorem 3.9. Let K be the solution set of a system of linear equations
Ax = b, and let Ky be the solution set of the corresponding homogeneous
system Ax = 0. Then for any solution s to Az = b

K:S+KH:{S+kk€KH}

Proof. Let s be any solution to Az = b. We must show that
K = {s} + Kg. If w € K, then Aw = b. Hence

Alw—3s)=Aw—As=b—b=0.

So w — s € Kg. Thus there exist k¥ € Ky such that w — s = k. It follows
that w = s + k € {s} + Ku, and therefore

Conversely, suppose that w € {s}+Kg; then w = s+k for some k € Ky.
But then Aw = A(s+ k) = As+ Ak = b+ 0 = b; so w € K. Therefore
s+ Kg C K, and thus K = s + Ky.
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Theorem 3.10. Let Az = b be a system of n linear equations in n un-
knowns. If A is invertible, then the system has exactly one solution, namely,
A~1b. Conversely, if the system has exactly one solution, then A is invertible.

Proof. Suppose A is invertible. Substituting A='b into the system, we
have A(A7'0) = (AA~1)b = b. Thus A~'b is a solution. If s is an arbitrary
solution then As = b. Multiplying both sides by A~! gives s = A~'b. Thus
the system has one and only one solution, namely, A~'b.

Conversely suppose that the system has exactly one solution s. Let Ky
denote the solution set for the corresponding homogeneous system Ax = 0.
By Theorem 3.9, {s} = {s} + Kg. But this is so only if Kg = 0. Thus
N(La) = {0}, and hence A is invertible.
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Theorem 3.11. Let Ax = b be a system of linear equations. Then the
system is consistent if and only if rank(A) = rank(A|b).

Proof. To say that Az = b has a solution is equivalent to saying
b€ R(Ly). (Exercise 9) In the proof of Theorem 3.5, we saw that

R(LA) = span({a, as,...,a,}),

the span of the columns of A. thus Az = b has a solution if and only
if b € span({ay,as,...,a,}). But b € span({ay,as,...,a,}) if and only
if span({ay,as,...,a,}) = span({ai,as,...,a,,b}). This last statement is
equivalent to

dim(span({a, as, ..., a,})) = dim(span({a;, as, ..., a,, b})).

So by Theorem 3.5, the preceding equation reduces to

rank(A) = rank(A|b).
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Theorem 3.13. Let Ar = b be a system of m linear equations in n
unknowns, and let C' be an invertible m x m matrix. Then the system
(CA)x = Cb is equivalent to Ax = b.

Proof. Let K be the solution set for Az = b and K’ the solution set for
(CA)x = Cb. If w € K, then Aw =b. So (CA)w = Cb, and hence w € K.
Thus K C K’.

Conversely, if w € K’, then (CA)w = Cb. Hence

Aw = C~Y(C'Aw) = C~H(Ch) = b;

sow € K. Thus K’ C K, and therefore, K = K'.

Corollary. Let Az = b be a system of m linear equations in n un-
knowns. If (A’[b') is obtained from (A|b) by a finite number of elementary
row operations, then the system A’z = ' is equivalent to the original system.

Proof. Suppose that (A’|l') is obtained from (A|b) by elementary row
operations. These may be executed by multiplying (A|b) by elementary mxm
matrices By, Es, ..., E,. Let C = E, --- E>E;; then

(A|V) = C(AJb) = (CA|CW).

Since each Ej; is invertible, so is C. Now A’ = CA and V' = Cb. Thus by
Theorem 3.13, the system A’x = b is equivalent to the system Ax = b.
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Theorem 3.14. Gaussian elimination transforms any matrix into its
reduced row echelon form.
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Theorem 3.15. Let Ax = b be a system of r nonzero equations in n
unknowns. Suppose that rank(A) = rank(A[b) and that (A[b) is in reduced
echelon form. Then
(a) rank(A) =r.

(b) If the general solution obtained by the procedure above (Gaussian elim-
ination) is of the form

s =89+ tiug +toug + -+ -+ tp_pUp_p

then {uy,us, ..., u,_.} is a basis for the solution set of the corresponding
homogeneous system, and sq is a solution to the original system.

Proof. Since (Ab) is in reduced echelon form, (A|b) must have r nonzero
rows. Clearly these rows are linearly independent by the definition of the
reduced row echelon form, and so rank(A|b) = r. Thus rank(A) = r.

Let K be the solution set for Ax = b, and let Ky be the solution set for
Ax = 0. Setting t| =t = --- =t,_,. = 0, we see that s = sy € K. But by
Theorem 3.9, K = {so} + Ku. Hence

Ky = —{so} + K =span({u;,ug, ..., u,_}).

Because rank(A) = r, we have dim(Kg) = n—r. Thus since dim(Kg) = n—r
and Ky is generated by a set {uj,us,...,u, .} containing at most n — r
vectors we conclude that this set is a basis for Ky.
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Theorem 3.16. Let Let A be an m x n matrix of rank r, where r > 0,
and let B be the reduced row echelon form of A. Then
(a) The number of nonzero rows in B is r.
(b) For each i =1,2,...,r, there is a column bj, of each B such that b;, = e;.
(c¢) The columns of A numbered ji, jo, ..., j, are linearly independent.
(d) For each k = 1,2,...,n, if column k of B is dye; + dyey + - - - + d,e,, then
column k of A is dya;, + dsaj, +--- +d,aj,.

Proof.

(a) Let A be a m x n matrix and let B be the reduced echelon form of A.
If the rank of A is r, then the rank of B is also r by the corollary to Theorem
3.4. Because B is in reduced echelon form, no nonzero row of B can be a
linear combination of the other rows of B. Hence B must have exactly r
NONZEro TOwSs.

(b) Denote the columns of A by ay,as,...,a, and the columns of B
by b1,bs,...,b,. Since B has r nonzero rows then for r > 1, the vectors
e1,€3,...,¢e. must occur among the columns of B. For i = 1,2 ..., 7, let j;

denote the column of B such that b;, = e;.
(c) We claim the a;,,aj,,...,a; , the columns of A corresponding to
these columns of B, are linearly independent. For suppose there are scalars

c1,Ca, ..., c. such that

C1aj, + c2aj, + -+ cpaj, = 0.

Because B can be obtained from A by a sequence of elementary row op-
erations, there exists an invertible m x m matrix M such that MA = B.
Multiplying the preceding equation by M yields

aMaj, +coMaj, + -+ c.Maj, = 0.

Since Maj, = bj, = e;, it follows that

c1e1 + coeg + - - - cre. = 0.

Hence ¢; = ¢ = --- = ¢, = 0, proving that the vectors a;,, a;,,...,a; are
linearly independent.

(d) Because B has only r nonzero rows, every column of B has the form
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d,
ds
d,
0

0
for scalars dy,ds, ..., d,. the corresponding column of A must be
M~ (dyey + daes + -+ dre,) = dyM ey +doM teg + -+ d. M e,

= dlM_lbjl + dQM_lbj2 + e + drM_lbjT = dlajl + dgah + e + drajT.

Corollary. The reduced row echelon form of a matrix is unique.
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Theorem 4.1. The function det: Mayo(F) — F is a linear function of
each row of a 2 x 2 matrix when the other row is held fixed. That is, if u, v,
and w are in F? and k is a scalar, then

det(u+kv> :det<u)+k-det<v)
w w w
and

w w w
det(u—i—kv) —det<u>+k-det<v).

Proof. Let u = (a1,as), v = (by,bs), and w = (c1,¢3) be in F? and k be
a scalar. Then

det(u)—i-k-det(v):det(al a2>+k-det<b1 62)
w w c1 Co 1 C2

= (a162 — CL2C1> + k(blCQ — bQCl) = (CLl -+ kbl)CQ — (CLQ + kbg)Cl

:det<a1+k’b1 a2+kb2>:det<U2kf’U)

&1 Co

A similar calculation shows that

w w w
det(u>+k-det(v) —det<u+kv).
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Theorem 4.2. Let A € Myy»(F). Then the determinant of A is nonzero
if and only if A is invertible. Moreover, if A is invertible, then

A1 = (1/det(A)) (—Afle _Af‘ﬁ?) |

Proof. 1f det(A) # 0, then we can define a matrix

M = (1/det(A)) (_Aj; _Aﬁz) |

A straightforward calculation shows that AM = MA = I, and so A is in-
vertible and M = A~%.

Conversely, suppose that A is invertible. A remark on page 152 shows
that the rank of

A A )
a=(
Ao Ay

must be 2. Hence AH 7é 0 or A21 7é 0. If AH 7é 0, add _A21/A11 times row

1 of A to row 2 to obtain the matrix
( Ay Aqo )
0 Agy — Az )~

Because elementary row operations are rank preserving by the corollary to
Theorem 3.4, it follows that

Therefore det(A) = A11A22 - A12A21 §é 0. On the other hand, if A21 7A 07
we see that det(A) # 0 by adding —A;;/As; times row 2 of A to row 1 and
applying a similar argument. Thus in either case, det(A) # 0.
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Theorem 4.3. The determinant of an n X n matrix is a linear function
of each row when the remaining rows are held fixed. That is, for 1 <r <n,
we have

3] a1 ay
Ar—1 Qr—1 Ar_1

det | u+ kv | = det U 4+ k - det v
Qyr41 Ar41 Qpy1

79 ap Ay,

whenever k is a scalar and u, v, and each a; are row vectors in F".

Proof. The proof is by mathematical induction on n. The result is imme-
diate if n = 1. Assume that for some integer n > 2 the determinant of any
(n—1) x (n — 1) matrix is a linear function of each row when the remaining

rows are held fixed. Let A be an n x n matrix with rows a, as, ..., a, respec-
tively, and suppose that for some r (1 < r < n), we have a,, = u+ kv for some
u,v € F™ and some scalar k. Let uw = (by,ba,...,b,) and v = (¢q, ¢, ..., ),

and let B and C' be the matrices obtained from A by replacing row r of A
by u and v respectively. We must prove that det(A) = det(B) + k det(C).
We leave the proof of this fact to the reader for the case r = 1. For r > 1
and 1 < 7 < n, the rows of fllj, Bl,j, and élj are the same except for row
r — 1. Moreover, row r — 1 of fllj is

(bl + k’Cl, N bj—l + kcj—17bj+1 -+ ij.H, ey bn + kcn),

WhiC}} is the sum of row r — 1 of Blj and k times row r — 1 of C~’1j. Since E’lj
and Cy; are (n — 1) x (n — 1) matrices, we have

det(Ay;) = det(By;) + k - det(Cy;)

by the induction hypothesis. Thus since A;; = By; = C};, we have

det(A) = fj(—l)”jAlj - det(Ay)

=1

—Z 1)'"HA Y - [det(By;) + k - det(Cyy)]
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= D (=1)"FAy - det(Byg) + kY (=1) Ay - det(Cyy)
=1

j=1

= det(B) + k - det(C).

This shows that the theorem is true for n x n matrices, and so the theorem
is true for all square matrices by mathematical induction.

Corollary. If A € M, ,,(F) has a row consisting entirely of zeros, then
det(A) = 0.

Proof. Exercise.
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Lemma. Let B € M, ,(F), where n > 2. If row i of B equals e for
some k (1 < k < n), then det(B) = (—1)"* det(By).

Proof. The proof is by mathematical induction on n. The lemma is easily
proved for n = 2. Assume that for some integer n > 3, the lemma is true for
(n —1) X (n — 1) matrices and let B be a n x n matrix in which row ¢ of B
equals ey for some k (1 < k < n). The result follows immediately from the
definition of the determinant if ¢ = 1. Suppose therefore that 1 < ¢ < n. For
each j # k (1 < j <n), let C}; denote the (n — 2) x (n — 2) matrix obtained
from B by deleting rows 1 and ¢ and columns j and k. For each j, row ¢ — 1
of Blj is the following vector in F»~1:

€Lk—1 ifj <k
0 ifj=k
€k ifj > k.

Hence by the induction hypothesis and the corollary to Theorem 4.3, we have

i (—1)=D+ENdet(Cyy)  if j< k
det(Byj) = 0 if j =k
(=1)=UHkdet(Cyy)  if j > k.

Therefore
det(B) = > (—1)""By; - det(By))
=1
=" (=1)"Byj - det(Byj) + D (=1)"By; - det(By;)

i<k >k

= > (=1)Byy (=) det(Cy) ]+ 30 (=1) By [(—1) et (Cy)]

i<k j>k

= (-1

S (=1)"By; - det(Cyy) + Y (—=1)FUUBy; - det(Cy) |

j<k i>k

Because the expression inside the preceding bracket is the cofactor expansion
of B;;. along the first row, it follows that

det(B) = (—1)**det(By.).
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This shows that the lemma is true for all n x n matrices, and so the lemma
is true for all square matrices by induction.
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Consider the matrix B below

By Bia Bz Bu
By By Bz DBy
0 1 0 0
By By Biz Bu

and note that é; occurs in row three so that k¥ = 2 and 7 = 3.

B =

We define the matrix C;; as the matrix obtained from B by deleting the
Ist and ith rows
(¢ = 3 in this example) and the jth and kth column where j # k (k = 2 in
this example).

Thus for the current example the allowed matrices are of the form Cj;
where j € {1, 3,4} Thus each of these matrices will result from B by deleting
the 1st and 3rd rows and 2nd column.

* By Bia Bz Bu

Byy By Bz DBy
B=|x 0 1 0 0
By Bis Bis By

*

For example, the matrix C'3; is obtained from B by deleting the 1st and
3rd rows and 1st and 2nd columns.

Bys B
Chr — ( 23 24) _
o Bys Bu

The matrix (3 is obtained from B by deleting the 1st and 3rd rows and
2nd and 3rd columns.
By 324)

c :(
%7\ By Bu

The matrix C3,4 is obtained from B by deleting the 1st and 3rd rows and

2nd and 4th columns.
Oy = (le B23)
By B/
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Now we consider the matrices Blj and list the four possibilities for the
present example:

~ By Baz DB

j:17 222—17 B11: 1 O 0
B42 B43 B44
_ By Bz DBy

Jj=2, 2=i—1, Bp=| 0 0 0
B41 B43 B44
~ By By By
B41 B42 B44

~ By Bay  DBags

j=4, 2=i-1, Bu=|0 1 0
B41 B42 B43

Note that the (i — 1)th row of By, are given as follows:

These results are summarized below:

(i—Dthrowof Bij=<{03 j=k (j=2)
(
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Induction Hypothesis: Let B € M, x,(F), where n > 2. If row s of B
equals e; for some k (1 <t < n), then det(B) = (—1)**" det(Bg).

We use the induction hypothesis to calculate the determinants of the
matrices By;; recall that for the original matrix B that ¢ = 3 and k = 2:

~ Byy By DBy
i=3 k=2, j=1, s=2; t=1;, By = 1 0 0

B42 B43 B44

det(Bn) = (—1)2+1d€t (B23 B24> = (—1)2+1d6t(C31) = (—1)<i_1)+(k_1)det(Cij)
B43 Buyy
5 Boy BZS Bay
i=3 k=2, j=2 Bie=1 0 0 0
B41 B43 B44
det(]j%u) =0



Summarizing these results:

~ (—1)=D+E-Dger(Cy) G <k (j<2)
det(Blj) - 0 ] =k j =2

(
(—1)(271)+kd6t(01j) j > k (] > 2

~— —

As a final computation, we calculate a scalar multiple of the determinant
of Bss by performing a cofactor expansion along the first row; recall that

) Bi By Bu
332: B21 B23 B24
B41 B43 B44

so that )
(— 1)3+2det(B32) =

B B B B B B
-1 342 -1 1+1B d t < 23 24)_'_ -1 1+2B d t < 21 24 )_'_ -1 1+3B d t ( 21 23)
CUTAEDT Budet gy JHEN T Bt (g g, JHED T Budet (g gy, )

= (—1)3*2[(=1)"'Byydet(Cyy ) +(— 1) EUB gdet(Csg)+(—1) T4 YUByydet(Cay)]

= (=1)*P[Y(=1)"Byjdet(Cyj) + 3 (—1) 07 UBy;det(Cyy)]

j<2 i>2

= det(B).
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Theorem 4.4. The determinant of a square matrix can be evaluated by
cofactor expansion along any row. That is, if A € M, x,(F), then for any
integer ¢ (1 <i <mn),

=1

Proof. Cofactor expansion along the first row of A gives the determinant
of A by definition. So the result is true if ¢ = 1. Fix i > 1. Row 7 of A can
be written as Z}l:l Ajje;. For 1 < j <mn, let B; denote the matrix obtained
from A by replacing row ¢ of A by e;. Then by Theorem 4.3 and the lemma,
we have

det(A) = iAUdet(Bj) = i(—l)i+inj . det(AU)

=1

Corollary. If A € M,,,(F) has two identical rows, then det(A) = 0.

Proof. The proof is by mathematical induction on n. We leave the proof
of the result to the reader in the case n = 2. Assume that for some integer
n > 3, it is true that for (n — 1) x (n — 1) matrices, and let rows r and s
of A € M, x,(F) be identical for r # s. Because n > 3, we can choose an
integer i (1 <14 < n) other than r and s. Now

det(A) = > (—1)"IAy - det(Ay)
=1
by Theorem 4.4. Since each Aj;; is an (n — 1) x (n — 1) matrix with two
identical rows, the induction hypothesis implies that each det(A;;) = 0, and
hence det(A) = 0. This completes the proof for n x n matrices, and so the

corollary is true for all square matrices by mathematical induction.
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Theorem 4.5. If A € M,,,(F) and B is a matrix obtained from A by
interchanging any two rows of A, then det(B) = — det(A).

Proof. Let the rows of A € M, x,(F) be ay,as,...,a,, and let B be the
matrix obtained from A by interchanging rows r and s, where r < s. Thus

a1 a1
a, Qg
A= : and B=| :
aS a?"
an a/TL

Consider the matrix obtained from A by replacing rows r and s by a, + as.
By the corollary to Theorem 4.4 and Theorem 4.3, we have

aq ay ay
aT’ —"_ as a’T‘ as
0 = det : = det : + det :
a, + Qg ar + Qg a, + Qg
Qp, Qn, Qn,
a1 (431 a1 (3]
ar a”l‘ a/S as
=det| : | +det| : | +det| : | +det
Qy Qg Qy Qg
G, G, G, G,

= 0+ det(A) 4 det(B) + 0.

Therefore det(B) = — det(A).
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Theorem 4.6. Let A € M,.,(F), and let B be a matrix obtained by
adding a multiple of one row of A to another row of A. Then det(B) = det(A).

Proof. Suppose that B is the n X n matrix obtained from A by adding k
times row r to row s, where r # s. Let the rows of A be aq,as,...,a,, and
the rows of B be by,bs,...,b,. Then b; = a; for i # s and by, = a,s + ka,.
Let C' be the matrix obtained from A by replacing row s with a,. Applying
Theorem 4.3 to row s of B we obtain

det(B) = det(A) + k - det(C) = det(A)

because det(C) = 0 by the corollary to Theorem 4.4.

Corollary. If A € M, ,,(F) has rank less than n, then det(A) = 0.

Proof. If the rank of A is less than n, then the rows aq,as, ..., a,, of A
are linearly dependent. By exercise 14 of section 1.5, some row of A, say row
r, is a linear combination of the other rows. So there exists scalars ¢; such
that

r =C101 + -+ + C10p1 + Crp1Qpy1 + -+ Cply.

Let B the matrix obtained from A by adding —¢; times row i to row r for
each ¢ # r. then row r of B consists entirely of zeros, and so det(B) = 0.
But by Theorem 4.6, det(B) = det(A). Hence det(A) = 0.
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Theorem 4.7. For any A, B € M, (F), det(AB) = det(A)- det(B).

Proof. We begin by establishing the result when A is an elementary ma-
trix. If A is an elementary matrix obtained by interchanging two rows of
I, then det(A) = —1. But by Theorem 3.1, AB is a matrix obtained by
interchanging two row of B. Hence by Theorem 4.5, det(AB) = — det(B) =
det(A)-det(B). Similar arguments establish the result when A is an elemen-
tary matrix of type 2 or 3.

If Ais an n x n matrix with rank less than n, then det(A) = 0 by the
corollary to Theorem 4.6. Since rank(AB) < rank(A) < n by Theorem 3.7,
we have det(AB) = 0. Thus det(AB) =det(A)-det(B) in this case.

On the other hand, if A has rank n, then A is invertible and hence is a
product of elementary matrices (Corollary 3 to Theorem 3.6), say,

A=FE,, - EyFE;. The first paragraph of this proof shows that

det(AB) = det(Em s EQElB)

= det(Em) . det(Em_1 s EgElB)

= det(E,,) - - - det(Eg) - det(E;) - det(B)
= det(A) - det(B).

Corollary. A matrix A € M, ,(F) is invertible if and only if det(A) # 0.
Furthermore, if A is invertible, then det(A™) = 1/det(A).

Proof. It A € M, «,(F) is not invertible, then the rank of A is less than
n. So det(A) = 0 by the corollary to Theorem 4.6. On the other hand, if
A € M, «,(F) is invertible, then

det(A) - det(A™) = det(AA™") = det(I) = 1
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by Theorem 4.7. Hence det(A) # 0 and det(A™!) = 1/det(A).
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Theorem 4.8. For any A € M,,,,(F), det(A") = det(A).

Proof. If A is not invertible, then rank(A) < n. But rank(A") =
rank(A) by Corollary 2 to Theorem 3.6, and so A’ is not invertible. Thus
det(A") = 0 = det(A) in this case.

On the other hand, if A is invertible, then A is the product of elementary
matrices, say A = E,,...FEyE;. Since det(E;) = det(E!) for every i by
exercise 29 of section 4.2, by Theorem 4.7 we have

det(AY) = det(ELES - - - EL))
= det(E}) - det(E%) - - - - - det(E!)
= det(Ey) - det(Ey) - - - - - det(Enm)
= det(Ey) - - - - det(Ey) - det(E;)
= det(Ey, - - - EoEy)
= det(A).

Thus in either case, det(A") = det(A).
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Theorem 4.9 (Cramer’s Rule). Let Az = b be the matrix form of
a system of n linear equations in n unknows, where x = (xy, 29, ..., 1,)" If
det(A) # 0, then this system has a unique solution, and for each k
(k=1,2,...,n),

xy = det(My)/det(A)

where M}, is the n xn matrix obtained from A by replacing column & of A by b.

Proof. 1f det(A) # 0, then the system Ax = b has a unique solution by the
corollary to Theorem 4.7 and Theorem 3.10. For each integer k (1 < k < n),
let a;, denote the kth column of A and X} denote the matrix obtained from
the n X n identity matrix by replacing column £ by z. Then by Theorem

2.13, AX} is the n X n matrix whose 7th column is

Ae; if i#k and Ax=Db if i=k.

Thus AX, = M. Evaluating X, by cofactor expansion along row k produces

det(Xk) = Xk det(In_l) = Xk-

Hence by Theorem 4.7,

det(My) = det(AXy) = det(A) - det(Xy) = det(A) - xy.

Therefore

xi = [det(A)] ™" - det(M).
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Theorem 5.1. A linear operator T on a finite-dimensional vector space
V is diagonalizable if and only if there exists an ordered basis 3 for V con-
sisting of eigenvectors of T. Furthermore, if T is diagonalizable,
B = {v1,vq,...,v,} is an ordered basis of eigenvectors of T, and D = [T|g,
then D is a diagonal matrix and Dj; is the eigenvalue corresponding to v;
for1 <j<n.

Proof. Let T be a linear operator on a finite-dimensional vector space V.

First suppose that T is diagonalizable. By definition, there exists an
ordered basis 8 = {vy,v2,...,v,} such that D = [Tz is diagonal. For any
vj € 3, the image of v; under T is given by

T(vj) = > _Dyvi = Dyvj = Ajv;
i=1

where A\; = Dj;;. Hence by definition, v; is an eigenvector of T and J; is the
corresponding eigenvalue; 3 therefore is an ordered basis consisting of eigen-
vectors of T and the diagonal entries D;; of the diagonal matrix D = [T]s
are the eigenvalues corresponding to v;.

Next suppose that there exists an ordered basis 8 = {v,vs,...,v,} for
V consisting of eigenvectors of T. Then by definition there exists scalars
A1, A2,y .., A (the eigenvalues for each of the eigenvectors) such that
T(vi) = Mvi, T(ve) = Aava, ..., T(vy) = AyVn. Thus, constructing [T]z we
find

A0 0
0 A 0
Tp=D=|. 7 .
0 0 - M\

so that by definition T is diagonalizable and the diagonal entries D;; of the
diagonal matrix D = [T|s are the eigenvalues corresponding to v;.

74



Theorem 5.2. Let A € M, (F). Then a scalar A is an eigenvalue of A
if and only if det(A — Al,,) = 0.

Proof. A scalar X is an eigenvalue of A if and only if there exists a nonzero
vector v € F" such that Av = v, that is, (A — A[,,)(v) = 0. By Theorem
2.5, this is true if and only if A — AI,, is not invertible. However, this result
is equivalent to the statement that det(A — A1,,) = 0.
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Lemma. If A € M, ,(P1(R)), then det(A) € P,(R).

Proof. The lemma will be established using induction on n. For the case
n=1, A= (a;1) with a;; € P1(R); thus det(A) = a;; € P1(R).

Next assume the result holds for n = k£ and consider n = £+ 1. In
this case, using a cofactor expansion along the first row of A, det(A) can be
written as

k+1
det(A) = (—1)1+j aij - det(Alj)

1

+

.
Il

where fllj is the matrix obtained by deleting the 1st row and jth column
from A so that A;; € My, (P1(R)). Using the induction hypothesis, it is
clear that each term in the cofactor expansion is the product of an element
in Py(R) and an element in Py(R) so that expansion terms are elements
in Pyx1(R); since Pyryq(R) is a vector space and is closed under addition,
det(A) € Piy1(R) so that the lemma is established by induction.

Theorem 5.3. Let A € M, ,(F).
(a) The characteristic polynomial of A is a polynomial of degree n with lead-
ing coefficient (—1)".
(b) A has at most n distinct eigenvalues.

Proof. (a) The first assertion will be proved using induction on n. For
n = 1, the matrix A is a scalar, a11, so that the characteristic polynomial is

given by

f(t) = det(A — tIl) = ai] — t = (—1)t + a

which is a polynomial of degree one with a leading coefficient of (—1) = (—1)*.
Thus the assertion is true for this first case.

Next assume the assertion holds for n = k£ — 1 and consider the case
n = k. For this value of n the characteristic polynomial is given by

app —t a12 e Qg
a oy —t - a
F(t) = det(A — th) =det | 2 "2 2
a1 Q2 cee Qg —t
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= (an—t)-det([A—tIk]n)—a12-det([A—tIk]12)+- : '+(—1)1+k alk-det([A—tIkhk)

where a cofactor expansion was used along the first row and [A — t1};];; is
the matrix obtained by deleting the 1st row and jth column from (A — ).
Since [A — t1i]1; € Mg_1xk—1(P1(R)), the lemma provides

det([A — tlk]1;) € Px_1(R). The matrix [A — t;]1; has a special form given
by

(g — 1 23 e A2y,
asy  agz—t - Az
(g2 a3 cee Qg —t

from which it is deduced that [A — t;]1; = Ay — tI,_1. The induction hy-
pothesis is used for this matrix with the result that

det([A — tl)11) = det(fln — tIx_1) is a polynomial of degree k — 1 with a
leading coefficient of (—1)*~1.

Referring to the cofactor expansion of det(A — tI;), the above results
suggest that for 2 < j < k, (=1)'7 ay;-det( [A — tIi]1;) € Pr_1(R) while
(a1; —t)-det([A —tlg]11) is a kth degree polynomial with a leading coefficient
of (=1)*71.(=1) = (=1)*. Summing the elements in the cofactor expansion
establishes that the characteristic polynomial of A is a polynomial of degree
k with leading coefficient (—1)*. The hypothesis has thus been established
for n = k so that the result is proved by induction.

(b) This result follows directly from Theorem 5.2 and Corollary 2 of The-
orem E.1 (pg 564).
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Theorem 5.4. Let T be a linear operator on a vector space V, and let A

be an eigenvalue of T. A vector v € V is an eigenvector of T corresponding
to A if and only if v # 0 and v € N(T — AI).

Proof. Suppose first that v € V is an eigenvector of T corresponding to
A. By definition, v # 0 and T(v) = Av. The last equation can be rewritten
as
0=T(v)—Av=T(v) = A(v) = (T — AI)(v)
so that v € N(T — AI) by definition.
Next suppose that v € V, v # 0, and v € N(T — Al). Reversing the

above argument it is clear that v € N(T — AI) implies that T(v) = Av, so by
definition v is an eigenvector of T corresponding to .
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Theorem 5.5. Let T be a linear operator on a vector space V, and let
A1, Ag, ..., A\, be distinct eigenvalues of T. If vy, vs, ..., v are eigenvectors of
T such that \; corresponds to v; (1 <i < k), then {vy,vs,...,vx} is linearly
independent.

Proof. The proof is on mathematical induction on k. Suppose that k& = 1.
Then v; # 0 since vy is an eigenvector, and hence {v; } is linearly independent.
Now assume that the theorem holds for k£ — 1 distinct eigenvalues, where
k—1 > 1, and that we have k eigenvectors vy, vs, ..., v, corresponding to
the distinct eigenvalues Aj, A, ..., A\x. We wish to show that {vy,ve,... v}
is linearly independent. Suppose that aq,as, ..., ay are scalars such that

a1v1 + agvy + - - - + apvg = 0. (1)

Applying T — A\I to both sides of the equation, we obtain

(al)()\l — /\k:)'Ul + ((Ig)()\g — )\k)'Ug + -4 (ak_l)()\k_l — )\k)'lik_l = 0.

By the induction hypothesis {vy,vs,...,v5_1} is linearly independent, and
hence

(a1)(M = M) = (az) (A2 = M) = -+ = (@h-1)(Ae—1 — M) = 0.

Since Aq, Ao, ..., Ag are distinct, it follows that \; = Ay £ 0 for 1 <i < k—1.

Soa; =as = -+ = ax_1 = 0, and (1) therefore reduces to axvy = 0. But
vr # 0, and therefore a; = 0. Consequently a; = as = --- = a5 = 0, and it
follows that {vy,vs,...,vx} is linearly independent.

Corollary. Let T be a linear operator on an n-dimensional vector space
V. If T has n distinct eigenvalues, then T is diagonalizable.

Proof. Suppose that T has n distinct eigenvalues Ay, Ao, ..., \,. For each ¢
choose an eigenvector v; corresponding to A;. by Theorem 5.5, {vy, va, ..., v,}
is linearly independent, and since dim(V) = n, this set is a basis for V. Thus
by Theorem 5.1, T is diagonalizable.
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Theorem 5.6. The characteristic polynomial of any diagonalizable lin-
ear operator splits.

Proof. Let T be a diagonalizable linear operator on the n-dimensional
vector space V, and let 3 be an ordered basis for V such that [T]g =D is a
diagonal matrix. Suppose that

M O -0

0 X - 0
D= : : N

0 0 - A\

and let f(t) be the characteristic polynomial of T. Then
A —t 0 e 0
0 Mot - 0
f(t) = det(D — tI) = det | . 2 .

0 0 e A — 1

=M=t =t)- A=t = (=1t =)t = Xa) - (t = A\p).
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Theorem 5.7. Let T be a linear operator on a finite-dimensional vector
space V, and let A be an eigenvalue of T having multiplicity m. Then
1 < dim(Ey) <m.

Proof. Choose an ordered basis {vy,vs,...,v,} for Ey, extend it to an
ordered basis § = {vy,va,...,Up, Vps1,-..,0,} for V, and let A = [T]g. Ob-

serve that v; (1 < ¢ < p) is an eigenvector of T corresponding to A, and
therefore

/M, B
A_(O C).

By exercise 21 of section 4.3, the characteristic polynomial of T is

F(#) = det(A — 1) = det (“ PR _ff]n_p)

= det((A — t)I,)det(C — tI,_p)

(A =1)Pg(?),

where ¢(t) is a polynomial. Thus (A — ¢)? is a factor of f(¢), and hence the
multiplicity of A is at least p. But dim(E,) = p, and so dim(E,) < m.
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Lemma. Let T be a linear operator, and let Aj, Ao, ..., A\x be distinct
eigenvalues of T. For each i = 1,2,... k, let v; € E,, the eigenspace corre-
sponding to A;. If

v1+v+ v =0,

then v; = 0 for all 3.

Proof. Suppose otherwise. By renumbering if necessary, suppose that,
for 1 < m < k, we have v; # 0 for 1 < i < m, and v; = 0 for ¢ > m. Then
for each 7« < m, v; is an eigenvector of T corresponding to A; and

vyt v+ e+, =0.

But this contradicts Theorem 5.5, which states that these v;’s are linearly
independent. We conclude, therefore, that v; = 0 for all 4.

Theorem 5.8. Let T be a linear operator on a vector space V, and let
A1, g, ..., A\, be distinct eigenvalues of T. For each i = 1,2,...,k, let S; be
a finite linearly independent subset of the eigenspace E,,. Then
S =5 USU---US; is a linearly independent subset of V.

Proof. Suppose that for each 7
Si = {vi1, Vig, - -, Vin, }-

Then S = {v;; : 1 <j <n;, and 1 <1i<k}. Consider any scalars {a;;}
such that

k n;
> D aivig =0.

i=1j=1

For each i, let

w; = Z aijvij-
j=1
Then w; € E), for each i, and wy+ws+- - -+wy, = 0. Therefore by the lemma,

w; = 0 for all <. But each S; is linearly independent, and hence a;; = 0 for
all 7. We conclude that S is linearly independent.
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Theorem 5.9. Let T be a linear operator on a finite-dimensional vector
space V such that the characteristic polynomial of T splits. Let \j, Ao, ..., Mg
be the distinct eigenvalues of T. Then
(a) T is diagonalizable if and only if the multiplicity of \; is equal to dim(E,,)
for all 4.

(b) If T is diagonalizable and ; is an ordered basis for E), for each i, then
0 =01UBU---UpJy is an ordered basis for V consisting of the eigenvectors
of T.

Proof. For each i, let m; denote the multiplicity of \;, d; = dim(E,,), and
n = dim(V).

First suppose that T is diagonalizable. Let § be a basis for V consisting
of eigenvectors of T. For each ¢, let 3; = BN E,,, the set of vectors in 3 that
are eigenvectors corresponding to \;, and let n; denote the number of vectors
in §;. Then n; < d; for each 7 because [3; is a linearly independent subset of
a subspace of dimension d; and d; < m; by Theorem 5.7. The n;’s sum to n
because ( contains n vectors. The m;’s also sum to n because the degree of
the characteristic polynomial of T is equal to the sum of the multiplicities
of the eigenvalues. Thus

It follows that

Since (m; — d;) > 0 for all 7, we conclude that m; = d; for all 1.

Conversely suppose that m; = d; for all i. We simultaneously show that
T is diagonalizable and prove (b). For each i, let 3; be an ordered basis for
E,,, andlet 8 = 31UBU---USB,. By Theorem 5.8, 3 is linearly independent.
Furthermore, since m; = d; for all i, § contains

vectors. Therefore (3 is an ordered basis for V consisting of eigenvectors of
V, and we conclude that T is diagonalizable.
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Theorem 5.21. Let T be a linear operator on a finite-dimensional vector
space V, and let W be a T-invariant subspace of V. Then the characteristic
polynomial of T, divides the characteristic polynomial of T.

Proof. Choose an ordered basis v = {vy,vs,...,vx} for W, and extend
it to an ordered basis § = {v1,va, ..., U, Vgt1,...,0,} for V. Let A = [T]g
and By = [Tw],. Then by exercise 12, A can be written in the form

/B B,
A‘(O 33>-

Let f(t) be the characteristic polynomial of T and g¢(t) the characteristic
polynomial of Tw. Then

By —tI By

F() = det(A — tT,) = det ( o

) — g(t) - det (B — tI, 1)

by exercise 21 of section 4.3. Thus g(t) divides f(¢).
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Theorem 5.22. Let T be a linear operator on a finite-dimensional vec-
tor space V, and let W denote the T-cyclic subspace of V generated by a
nonzero vector v € V. Let k = dim(W). Then
(a) {v,T(v), T?(v),..., Tk 1(v)} is a basis for W.

(b) If agv + a; T(v) + - - + & T} (v) + TX(v) = 0, then the characteristic
polynomial of Ty, is f(t) = (=1)F(ag + art + - - + ap_1t* 1 + t¥).

Proof. (a) Since v # 0, the set {v} is linearly independent. Let j be the
largest positive integer for which

B ={v,T(v), T%(v),. .. ,Tj_l(v)}

is linearly independent. Such a j must exist because V is finite-dimensional.
Let Z = span(f). Then 8 is a basis for Z. Furthermore, T!(v) € Z by
Theorem 1.7. We use this information to show that Z is a T invariant
subspace of V. Let w € Z. Since w is a linear combination of the vectors of
B3, there exists scalars by, b1, ...,b;_1 such that

w = bev + b1 T(v) + -+ + b, T (v),

and hence

T(W) = boT(V) + bsz(V) + -+ bj_lTj(V).

Thus T(w) is a linear combination of vectors in Z, and hence belongs to Z.
So Z is T-invariant. Furthermore, v € Z. By exercise 11, W is the smallest
T-invariant subspace of V that contains v, so that W C Z. Clearly, Z C W
and so we conclude that Z = W. It follows that § is a basis for W, and
therefore dim(W) = j. Thus j = k. This proves (a).

(b) Now view [ (from (a)) as an ordered basis for W. Let ag, ay, ..., ax_1
be scalars such that

agv + ayT(v) + -+ +ap T (v) + T(v) = 0.

Observe that

0 0 0 —ag
10 -+ 0 —-u

[Twls = Do : : J
0 0 -+ 1 —ap_q
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which has the characteristic polynomial

ft) = (=1)"(ap + art + -+ + ap_1t" ' + %)

by exercise 19. Thus f(¢) is the characteristic polynomial of Ty, proving

(b).
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Theorem 5.23 (Cayley-Hamilton). Let T be a linear operator on a
finite-dimensional vector space V, and let f(¢) be the characteristic polyno-
mial of T. Then f(T) = Ty, the zero transformation. That is, T ”satisfies”
its characteristic polynomial.

Proof. We will show that f(T)(v) = 0 for all v € V. This is obvious
if v = 0 because f(T) is linear; so suppose that v # 0. Let W be the T-
cyclic subspace generated by v, and suppose that dim(W) = k. By Theorem

5.22(a), there exists scalars ag, ai, . .., ax_1 such that

agv + a1 T(v) + - -+ a T H(v) + T5(v) = 0.

Hence Theorem 5.22(b) implies that

g(t) = (—1>k<a0 +at+ -+ ak_ltk_l + tk).

By Theorem 5.21, g(t) divides f(¢); hence there exists a polynomial ¢(t) such
that f(t) = q(t)g(t). So

Corollary (Cayley-Hamilton Theorem for Matrices). Let A be
an n X n matrix, and let f(¢) be the characterisitc polynomial of A. Then
f(A) = O, the n x n zero matrix.

Proof. Let La the left multiplication transformation associated with the
matrix A. By definition, the characterisitc polynomial, f(t), of La is the
characteristic polynomial of A. Hence by the Cayley-Hamilton Theorem,
f(La) =Ty = Lo. Thus for each v € F?,

f(A) = f(La)(v) = Lo(v) = Ov.

Since this equality holds for each v € F*| f(A) = O.
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Theorem 6.1. Let V be an inner product space. Then for z,y,z € V
and ¢ € F, the following statements are true.

a) (r,y+2) = (z,y) + (x,2) .
)<<rc,cy>=C<x,y>~

) = 0 if and only if z = 0.
= (z,z) for all z € V, then y = z.

(ry+2)=(y+z2) =)+ ()

= (y,2) + (z,2) = (z,y) + (2, 2).
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Theorem 6.2. Let V be an inner product space over F. Then for all
x,y € V and ¢ € F, the following statements are true.
() [lex]| = |e - =[]
(b) ||z|]| = 0 if and only if x = 0. In any case, ||z|| > 0.
(¢) (Cauchy-Schwartz Inequality) |(x,y)| < ||| - ||ly]| -
(d) (Triangle Inequality) ||z + y|| < ||z|| + [|y]| -

Proof. We leave the proofs of (a) and (b) as exercises.

(c) If y = 0, the the result is immediate. So assume that y # 0. For any
¢ € F, we have

0< |lz—cyl® = (& —cy,x — cy) = (z,2 — cy) — ¢ (y,x — cy)

= (z,2) = ¢(z,y) — c(y,x) + cC(y,y) -
In particular, if we set
c=(z,y) /(v y),
the inequality becomes

0 < (z2) — [{z,9) [/ {y,9) = lel® = [ {2 9) B/ Iyl

from which (c) follows.
(d) We have
lz +ylI” = (@ +y,2 +y) = (2,2) + (y,2) + (2,9) + (y,9)
2 2
= [zl + 2R (z, y) + [|=|
2 2
< lzl” + 2[(z, ) | + [l=|
< lal® + 2|z lyll + ll[”

= (llzll + lly1)*,
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where R (x,y) denotes the real part of the complex number (x,y). Note that
we used (c) to prove (d).
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Theorem 6.3. Let V be an inner product space and S = {vy, va, ..., v}
be an orthogonal subset of V consisting of nonzero vectors. If y € span(S),
then

Proof. Write y = Zle a;v;, where ai,as,...,€ F. Then for 1 < j < k,
we have

k k
{y, v5) = <Z aivi,vj> = > ai {vi,v5) = a; (v, 05) = a; [Juy|”.
i=1 i=1
So a; = (y,v;) / ||v;]|*, and the result follows immediately from Theorem 6.3.

Corollary 1. If, in addition to the hypotheses of Theorem 6.3, S is
orthonormal and y €span(S), then

Yy = Z (y,vi) v;.

=1

Corollary 2. Let V be an inner product space and S be an orthogo-
nal subset of V consisting of nonzero vectors. Then S is linearly independent.

Proof. Suppose that vy, vs,...,v, € S and

k
Z a;V; = 0.
=1

As in the proof of Theorem 6.3 with y = 0, we have a; = (0,v;) / ||v;||> = 0
for all j. So S is linearly independent.
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Theorem 6.4. Let V be an inner product space and S = {wy, ws, ..., w,}
be linearly independent subset of V. Define S = {vy,vs,...,v,} where
v = w; and

k-1 ,
vk:wk—z<wk’vg>vj for 2 <k <n. (1)
= vl

Then S’ is an orthogonal set of nonzero vectors such that span(S’) = span(S).

Proof. The proof is by mathematical induction on n, the number of vec-
tors in S. For k = 1,2,....n, let Sy = {wy,ws,...,wx}. If n = 1, then
the theorem is proved by taking S| = Sj; i.e., v; = w; # 0. Assume then
that the set S;._; = {vi,v9,...,v5_1} with the desired properties has been
constructed by the repeated use of (1). We will show that the set
Sy = {v1,v9, ..., 01,0} also has the desired properties, where vy, is ob-
tained from Sj,_; by (1). If v, = 0, then (1) implies that wy € span(S,_;)
= span(Sk_1), which contradicts the assumption that Sy is linearly indepen-
dent. For 1 <i <k — 1, it follows from (1) that

k*l
UJ U, Wi, V;
(esvs) = (e 00) — 3 LD 0y vy — S0 e g
=yl l|vs |

since (v;,v;) = 0if i # j by the induction assumption that Sj,_, is orthogonal.
Hence S}, is an orthogonal set of nonzero vectors. Now, by (1), we have that
span(S}) C span(Sk). But by Corollary 2 to Theorem 6.3, S}, is linearly
independent; so dim(span(Sg)) = dim(span(S})) = k. Therefore

span(S},) = span(Sy).
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Theorem 6.5. Let V be a nonzero finite-dimensional inner product
space. Then V has an orthonormal basis 3. Furthermore, if § = {vy,va,...,v,}
and x € V, then

(x, v;)v;.
1

xr =

n

)

Proof. Let By be an ordered basis for V. Apply Theorem 6.4 to obtain
an orthogonal set 3’ of nonzero vectors with span(3’) = span(f,) = V. By
normalizing each vector in (3, we obtain an orthonormal set § that generates
V. By Corollary 2 to Theorem 6.3, § is linearly independent; therefore (3
is an orthonormal basis for V. The remainder of the theorem follows from
Corollary 1 to Theorem 6.3.

Corollary. Let V be a finite-dimensional inner product space with an
orthonormal basis 5 = {v1,vs,...,v,}. Let T be a linear operator on V, and
let A = [T]g. Then for any ¢ and j, A;; = (T(v;),vi) -

Proof. From Theorem 6.5, we have

T(vy) = Y (T(v)), v) .

i=1

Hence Aij = <T(Vj),Vi> .
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Theorem 6.6. Let W be a finite-dimensional subspace of an inner
product space V, and let y € V. Then there exists unique vectors u € W
and z € W+ such that y = u + 2. Furthermore, if {vy,vo,...,v;} is an
orthonormal basis for W, then

k
{(y,v;) v

i=1

Proof. Let {vy,vq,...,ux} be an orthonormal basis for W, let u be as
defined in the preceding equation, and let z = y — u. Clearly u € W and
Yy=u-+z.

To show that z € W+, it suffices to show by exercise 7, that z is orthog-
onal to each v;. For any j, we have

k k
<Z>U] <<y Z Y, U; U1>7 > y7U] Z yavz U’MU] <yvvj>_<yavj> = 0.
=1 =1

To show uniqueness of u and z, suppose that y = u + z = u’ + 2/, where
v € W and 2/ € W, Then then u — v’ = 2z — 2 € Wn W+ = {0}.

Therefore, u = v and z = 2/.

Corollary. In the notation of Theorem 6.6, the vector u is the unique
vector in W that is ” closest ” to y; that is, for any x € W, ||ly — z|| > |ly — u|
and this inequality is an equality if and only if x = u.

Proof. As in Theorem 6.6, we have that y — u = 2, where z € W+. Let
x € W. Then u — x is orthogonal to z, so, by exercise 10 of section 6.1,we
have

2 2 2 2 2 2 2
ly —2l” = llu+z = 2" = (v = 2) + 2[]" = lu = 2|"+2]" = [[2]" = [ly —ul]"
Now suppose that ||y — z|| = ||y — || . Then the inequality above becomes an
equality, and therefore |Ju — z||* + ||z||* = ||z||*. It follows that |ju — z|| = 0.

and hence x = u. The proof of the converse is obvious.
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Theorem 6.7. Suppose that S = {vy, v, ..., vt} is an orthonormal set
in an n-dimensional inner product space V. Then
(a) S can be extended to an orthonormal basis {vy, va, ..., Uk, Ugg1,- -, Un}
for V.
(b) If W = span(S), then S; = {vg41, Vkt2,..., 0} is an orthonormal basis
for W+,
(c) If W is any subspace of V, then dim(V) = dim(W) + dim(W+1).

Proof. (a) By Corollary 2 to the replacement theorem, S can be extended
to an ordered basis S’ = {vy,vs, ..., Uk, Wki1, ..., w,} for V. Now apply the
Gram-Schmidt process to S’. The first k vectors resulting from this process
are the vectors in S by exercise 8, and this new set spans V. Normalizing
the last k — n vectors of this set produces an orthonormal set that spans V.
The result now follows.

(b) Because S; is a subset of a basis, it is linearly independent. Since S is
clearly a subset of W+, we need only show that it spans W+. Note that, for
any r € V, we have

n

T = Z (x,v;) v;.

i=1
If v € W, then (z,v;) = 0 for 1 <4 < k. Therefore,

n

r= Y (x,v;)v; €span(S;).

1=k+1

(c) Let W be a subspace of V. It is a finite-dimensional inner product space
because V is, and so it has an orthonormal basis {vy, v, ..., vt }. By (a) and
(b), we have

dim(V) = k+ (n — k) = dim(W) + dim(W+).
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A cofactor expansion requires n! multiplications; for a 25 x 25 matrix that
is approximately 1.5 x 10% claculations.

If a computer performs one trillion (1 x 10'?) multiplications per second,

it would run for over 500,000 years to calculate the determinant of a 25 x 25
matrix using cofactor expansion.
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