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KC Border Quick Review of Matrix and Linear Algebra 1

1 Vector spaces

Let K be a field of scalars—usually either the real numbers R or the complex numbers C, or
occasionally the rationals Q. A vector space over K is a set V of vectors equipped with two
operations, vector addition (x,y) — x4y, and scalar multiplication (a, x) — ax, where z,y € V
and a € K. The operations satisfy:

Viz+y=y+z

V2 z+y)+z=az+(y+=2)

V.3 There is a vector 0, satisfying « + 0 = x for every vector x.
V4 z+(-1)z=0

V.5 a(fz) = (af)x

V.6 lx ==z

V.7 oz +y) = (ax) + (ay)

V.8 (a+ )z = (az) + (Bz)

1.1 The vector space R"

By far the most important example of a vector space, and indeed the model of all vector spaces,
is the space R" of ordered lists of n real numbers. Given ordered lists x = (z1,...,%,) and
y = (y1,...,yn) the vector sum x + y is the ordered list (1 + y1,...,Zn + yn). The scalar
product is given by the ordered list ax = («uxy,...,ax,). The zero of this vector space is the
ordered list 0 = (0,...,0). It is a trivial matter to verify that the axioms above are satisfied by
these operations.

In R" we identify several special vectors, the unit coordinate vectors. These are the
ordered lists e’ that consist of zeroes except for a single 1 in the i*" position. We use the
notation e’ to denote this vector regardless of the length n of the list.

1.2 Other examples of vector spaces
The following are also vector spaces. The definition of the operations is usually obvious.

e {0} is a vector space, called the trivial vector space. A nontrivial vector space contains
at least one nonzero vector.

e The field K is a vector space over itself.

Integrable real-valued functions.
/ ’ f (x)‘ dr < o0

e Square-integrable random variables.

EX?<

e The set of solutions to f” + af’ + 8f = 0.
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e The ¢, spaces.
(oo}

by ={z = (z1,22,...) Z|xﬁ| < oo}

n=1
loo = {x = (21,22,...) 1 sup|z,| < 00}
n
e The set of m x n matrices.

e The set of linear transformations from one vector space into another.

1.3 Some elementary consequences.

Here are some simple consequences of the axioms that we shall use repeatedly without further
comment.

1. 0 is unique.
0o = 0 + 04 = 01 + 09 = 01
by V.3 by V.1 by V.3

2. —x = (—1)z is the unique vector z satisfying z + z = 0. Suppose

z+y = 0
—r+zxrt+y = —T
N——

O+y = —=x

y = -

3. OKCC = Ovl
Oy =0z + (—1)(0](.1‘) = (OK - OK>$ =0gx.

rt+zrz=lz+lz=>1+1Dz=2
r+rx+zr=(+z)+r=204+2x=22x+1lx=(2+1)z =3z

etc.

1.4 Linear combinations and subspaces

A linear combination of z1,...,%,, is any sum of scalar multiples of the form Y " a;x;,
a; € K, x; € V. A linear subspace M C V is a subset of V that is closed under linear
combinations. A linear subspace of a vector space is a vector space in its own right.

Let £ C V. The span of E, denoted span FE, is the set of all linear combinations from FE.
That is,

span E = {Zaixi o, € Ky, € E,m € N}.
i=1

1 Exercise Prove the following.

1. {0} is a linear subspace.
2. If M is a linear subspace, then 0 € M.
3. The intersection of a family of linear subspaces is a linear subspace.

4. The set span E is the smallest linear subspace including E.

v. 2012.02.22::18.50
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1.5 Linear independence

A set E of vectors is linearly dependent if there are distinct vectors xi,...,z,, belonging
to E, and nonzero scalars aq, ..., a,,, such that Z;Zl a;x; = 0. A set of vectors is linearly
independent if it is not dependent. That is, F is independent if for every set x1,...,z,, of
distinct vectors in F, 2111 a;x; = 0 implies oy = -+ = «,,, = 0. We also say that the vectors
x1,...,%m, are independent instead of saying that the set {z1,...,z,,} is independent.

2 Proposition (Uniqueness of linear combinations) If E is a linearly independent set of
vectors and x belongs to span E, then x is a unique linear combination of elements of E.

Proof: If x is zero, the conclusion follows by definition of independence. If z is nonzero, suppose

m n
=Y owi = By,
i=1 j=1

where the z;s are distinct elements of E, the y;s are distinct are distinct elements of E (but
may overlap with the x;s), and «;,8; > 0 for ¢ = 1,...,m and j = 1,...,n. Enumerate
A={z;:i=1,....m}U{y; :j=1,...,n} as A= {z, : k =1,...,p}. Then we can rewrite
r=3 b _ gz =%, Brzk, where

N A 5 1 B ifa=uy;
Ok = { 0 otherwise and B = { 0 otherwise.
Then
p ~ ~
O:x—x:Z(dk—ﬁk)zk:>dk—ﬁk:O, k=1...p
k=1

since F is independent. Therefore &5 = Bk, k =1...p, which in turn implies m = n = p and
{z;:i=1,...,m}={y; : j =1,...,n}, and the proposition is proved. |

The coefficients of this linear combination are called the coordinates of x with respect
to the set FE.

3 Exercise Prove the following.
1. The empty set is independent.
2. If 0 € E, then E is dependent.

1.6 Bases

4 Definition A Hamel basis, or more succinctly, a basis for the linear space V is a linearly
independent set B such that span B = V. The plural of basis is bases.

The next result is immediate from Proposition 2.

5 Proposition Every element of the vector space V is a unique linear combination of basis
vectors.

6 Example (The standard basis for R™) The set of unit coordinate vectors e!,...,e™ in
R™ is a basis for R™, called the standard basis.
Observe that the vector x = (z1,...,2,,) can be written uniquely as 27;1 xjel. O

v. 2012.02.22::18.50
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The fundamental facts about bases are these. For a proof of the first assertion, see [2,
Theorem 1.8, p. 15]

7 Fact Every nontrivial vector space has a basis. Any two bases have the same cardinality,
called the dimension of V.

Mostly we will deal with finite dimensional vector spaces. The next result summarizes
Theorems 1.5, 1.6, and 1.7 in [3, pp. 10-12]]

8 Theorem In an n-dimensional space, every set of more than n vectors is dependent. Conse-
quently, any independent set of n vectors is a basis.

1.7 Linear transformations

Let V, W be vector spaces. A function T: V' — W is a linear transformation if
T(ax + By) = oT'(x) + BT (y).

If T is a linear transformation from a vector space into the reals R, then it is customary to call
T a linear functional.

Note that if T is linear, then 70 = 0. We shall use this fact without any special mention. It
is traditional to write a linear transformation without parentheses, that is, to write Tx rather
than T'(x).

The set of linear transformations from the vector space V into the vector space W is denoted
L(V,W). Tt is a vector space under the usual pointwise addition and scalar multiplication of
functions.

1.8 The coordinate mapping

In an n-dimensional space V, if we fix a basis in some particular order, we have an ordered
basis or frame. Given this ordered basis the coordinates of a vector comprise an ordered list,
and so correspond to an element in R". This mapping from vectors to their coordinates is
called the coordinate mapping for the ordered basis. The coordinate mapping preserves all
the vector operations. The technical term for this is isomorphism. If two vector spaces are
isomorphic, then for many purposes we can think of them as being the same space, the only
difference being that the names of the points have been changed.

9 Definition An isomorphism between vector spaces is a bijective linear transformation.
That is, a function ¢: V — W between vector spaces is an isomorphism if ¢ is one-to-one and
onto, and

plr+y) =p@)+ely) and plar) = ap(z).

In this case we say that V and W are isomorphic.

We have just argued the following.

10 Proposition Given an ordered basis x1,...,x, for an n-dimensional vector space V', the
coordinate mapping is an isomorphism from V to R".

v. 2012.02.22::18.50
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2 Inner product

11 Definition A real linear space V has an inner product if for each pair of vectors x and y
there is a real number, traditionally denoted (x,vy), satisfying the following properties.

IP.1 (z,y) = (y,x).

IP.2 (z,y+ 2) = (z,y) + (z, 2).
IP.3 a(x,y) = (ax,y) = (z, ay).
IP.4 (v,2) >0 ifz # 0.

A vector space V' equipped with an inner product is called an inner product space.
For a complex vector space, the inner product is complex-valued, and property (1) is replaced
by (z,y) = (y,x), where the bar denotes complex conjugation, and (3) is replaced by a(x,y) =

(az,y) = (z,qy).

12 Example The dot product of two vectors x and y in R" is defined by

n
-y = szyz
i=1

The dot product is an inner product, and Euclidean n-space is R" equipped with this inner
product. The dot product of two vectors is zero if they meet at a right angle. O

13 Lemma If (z,z) = (y,2) for all z, then © = y.

Proof: This implies ((x —y), z) = 0 for all z, so setting z = = — y yields ((:17 —y), (z— y)) =0,
which by IP.4 implies x —y = 0. |

The next result may be found in [3, Theorem 1.8, p. 16].

14 Cauchy—Schwartz Inequality
(2, 9)1* < (z,2)(y,y)

with = if and only if x and y are dependent. Prove this.
15 Definition A norm ||z|| is a real function on a vector space that satisfies:
N.1 |jo]|=0
N.2 |z|| >0ifx#0
N.3 [laz| = |af [l

N.4 ||z +y| < ||z|| + ||ly|| with equality if and only if 2 =0 or y = 0 or y = ax, a > 0.

16 Proposition If (-,-) is an inner product, then ||z|| = (z,2)? is a norm.

v. 2012.02.22::18.50
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2.1 Orthogonality

17 Definition Vectors x and y are orthogonal if (x,y) = 0, written
z Ly.

A set of vectors E C V is orthogonal if it is pairwise orthogonal. That is, for all x,y € F with
x # y we have (z,y) = 0. A set E is orthonormal if E is orthogonal and (z,x) = 1 for all
re k.

18 Lemma If a set of nonzero vectors is pairwise orthogonal, then the set is independent.
Proof: Suppose >, a;z; = 0, where the 2;s are pairwise orthogonal. Then for any k, we have
(zg, >imy iz;) = 0. So
m m
0 = (1’,0) = (xkvzaixi) = Zai(xk,xi)
i=1 =1
= QO (l'k, xk).

Since xy, is nonzero, (xg,xx) > 0, so it follows that i = 0. Since k is arbitrary, ay = ---
am, = 0, so the vectors z; are linearly independent.

19 Definition The orthogonal complement of M in V is the set
{zeV:(vye M)z Ly},

denoted M | .

20 Lemma Ifx 1 y and x +y =0, then x =y = 0.

Proof: Now (z +y,z +y) = (z,2) +2(2,y) + (4,9), so (z,y) = 0 implies (z,z) + (y,y) = 0.
Since (z,z) > 0 and (y,y) > 0 we have x =y = 0.

The next lemma is left as an exercise.
21 Lemma For any set M, the set M, is a linear subspace. If M is a subspace, then
Mn M, ={0}.

2.2 Orthogonal projection

The next result may be found in [3, Theorem 1.14, p. 24], and the proof is known as the
Gram—Schmidt procedure.

22 Proposition Let 21,22, ... be a sequence (finite or infinite) of vectors in an inner product
space. Then there exists a sequence y',%?,... such that for each m, the span of y',...,y™ is
the same as the span of z',...,2™, and the y's are orthogonal.

Proof: Set y' = x'. For m > 1 recursively define

ym — ™ _ (xm’ymil) ymfl _ (xm,ym72) y L Yy
(ym—l’ym—l) (ym—Q’ym—Q) (yl’yl)

v. 2012.02.22::18.50
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Use induction on m to prove that the vectors y1,..., 4. are orthogonal and span the same

space as the x’s. Observe that g is orthogonal to y' = x!:

2 1y _ 2 1y 17(552@1)21:
(y Y ) (y y L ) (33 y L ) (.271 xl)(x ) L ) 0.

Furthermore any linear combination of ! and 22 can be replicated with y* and y2.

For m > 2, suppose that 41, ..., ¥,,—1 are orthogonal and span the same space as z!, ..., 2™ 1.
Now compute (y™,y*) for k < m:
k k - @™y ik
W™y = (@) - (yy )
=\ (y)
m—1
($m7 yl) i,k
= (a9 - — (YY)
—~ Wy)
(=™, y* ko k
= («™y") - (v*,y")
(W*, y*)
= O’
so y™ is orthogonal to every y',...,4™ . As an exercise verify that the span of y',...,y™ is
the same as the span of 2',...,z™. [ |

23 Corollary Every nontrivial finite dimensional subspace of an inner product space has an
orthonormal basis.

Proof: Apply the Gram—Schmidt procedure to a basis. To obtain an orthonormal basis, simply
normalize each y* by dividing by its norm (y*,y*)z. |

24 Orthogonal Projection Theorem Let M be a linear subspace of the real inner product
space V. For each x € V we can write © in a unique way as T = xp + 1, where xpr € M and
r, €M, .

Proof: Let y',...,y™ be an orthonormal basis for M. Put z* = (z,y")y’ for i = 1,...,m. Put
zy =, 2 andx) =z —xy. Lety € M, y=>", a;y;. Then

(y,zy) = (Zaiyl,wa(x,yJ)yj)
o !
= ZCEZ y T — Z (z y
i=1 j=1

= Safvin- 3w}
i=1 j=1

= > a{2) - (z,y)}
i=1

= 0.

v. 2012.02.22::18.50
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Uniqueness: Let © = xpr +2, = zpr + 21 Then 0 = (zpr — 2ar) + (x1 — 21 ). Rewriting this
—_——— ——

eM €M,
vields xpr —zpr = 0— (2L — 2z1), so xpr — zpr also lies in M . Similarly «; — z, also lies in M.
ThuSl‘M—ZMEMQMLZ{O}ande—ZLEMﬁMLZ{O}. [ |

25 Definition The vector x); given by the theorem above is called the orthogonal projection
of x on M.

26 Corollary For any subspace M of V,dim M + dim M| = dim V.

There is another important characterization of orthogonal projection.

27 Proposition (Orthogonal projection minimizes the norm of the “residual”) Let M
be a linear subspace of the real inner product space V. Let y € V. Then

lv —yml < lly—z| forallxe M.

Proof: Let x € M and note
ly = 2l = 1ty = ym) + (yar — )|

:(y ym) nyﬂ:),(y*yMH(yM*w))

(y—yM’Z/—yM) +2(y—yM7yM—$) + (Z/M—l‘,yM—x>
but y —yym =y L M, and ypr —x € M, so (y — ym,ym — ) =0, so

= lly = yarll® + lyar — =
> |ly = yarl®.
That is, = yps minimizes ||y — z|| over M. ]
28 Proposition (Linearity of Projection) The orthogonal projection satisfies
(x+2)my=xzm+2m and (ax)py = azpy.

Proof: Use xpr = Z?zl(x,yj)yj and z,, = Z?zl(:c 27)27. Then
k
(x + z Z T+ z y
Jj=1

Use linearity of (-, -). |

We now present a lemma about linear functions that is true in quite general linear spaces,
see [2, Theorem 5.91, p. 212], but we will prove it using some of the special properties of inner
products.

29 Lemma Let V be an inner product space. Then y is a linear combination of x!,... =™ if
and only if

M) © (1

v. 2012.02.22::18.50
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Proof: If y is a linear combination of z!,..., 2™, say y = > .~ a;z°, then
m
(Zv y) = Z Oéi(Z, xl)a
i=1

so (1) holds.

For the converse, suppose (1) holds. Let M = span {x!,... 2™} and orthogonally project y
on M to get y = yar+y1, where ypy € M and y; 1 M. In particular, (2',y,) =0,i=1,...,m.
Consequently, by hypothesis, (y,y,) = 0 too. But

0=(y,yr) = (ym,yr) + (yr,y1) =0+ (yr,y1).
Thus y; =0, so y = ypr € M. That is, y is a linear combination of z!,...,z™. |

‘We can rephrase the above result as an alternative.

30 Corollary (Fredholm alternative) Either there exist real numbers aq, ..., a,y, such that

m
i
y=) aw
i=1
or else there exists a vector z satisfying

(2,2")=0,i=1,...,m and (z,9)=1.

3 Linear transformations

Recall that a linear transformation is a function 7T: V. — W between vector spaces satisfying
T(ax + By) = oTx + BTy.

There are three important classes of linear transformations of a space into itself. The first
is just a rescaling along various dimensions. The identity function is of this class, where the
scale factor is one in each dimension. Another important example is orthogonal projection
onto a linear subspace. And another important class is rotation about an axis. These do not
cover all the linear transformation, since for instance the composition of two of these kinds of
transformations does not belong to any of these groups.

31 Definition For a linear transformation T: V — W, the null space or kernel of T is the
inverse image of 0. That is, {x € V : Tz = 0}.

32 Proposition The null space of T, {x : Tx = 0}, is a linear subspace of V, and the range of
T, {Txz:x €V}, is a linear subspace of W.

33 Proposition A linear transformation T is one-to-one if and only if its null space is {0}. In
other words, T is one-to-one if and only if Tx = 0 implies = = 0.

The dimension of the range of T is called the rank of 7. The dimension of the null space of
T is called the nullity of T. The next result may be found in [3, Theorem 2.3, p. 34]. You can
prove it using Corollary 26 applied to the null space of T'.

34 Nullity Plus Rank Theorem Let T:V — W, where V and W are finite dimensional
inner product spaces. Then
rank T + nullitylT = dim V.

v. 2012.02.22::18.50
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Proof: Let N denote the null space of T'. For x in V', decompose it orthogonally as x = xy + 1z,

where zy € N and z; € N;. Then Tz = Tz, so the range of T is just T(N.). Now let

z', ..., 2" be a basis for N, . I claim that Tz', ..., Tz" are independent and therefore constitute

a basis for the range of T'. So suppose some linear combination Zle a; Tz is zero. By linearity
of T we have T (Zle aixi) = 0. Which implies E?Zl a;z* belongs to the null space N. But

this combination also lies in N, so it must be zero. But since the z’s are independent, it follows
that oy =--- = = 0. [ |

3.1 Inverse of a linear transformation

35 Corollary Let T: V — W be a linear transformation between m-dimensional spaces. Then
T is one-to-one if and only if T' is onto.

Proof: Since T has rank m if and only if its range is all of W. Then by the Nullity Plus Rank
Theorem its null space contains only 0. Suppose Tz = Ty. Then T(x —y) =0, so x —y = 0,
which implies T is one-to-one. Therefore T has an inverse. |

36 Proposition Let T: V — W be linear, one-to-one, and onto, where V and W are finite
dimensional inner product spaces. Then dimV = dim W, T has full rank, the inverse T ! exists
and is linear.

Proof: First we show that 7! is linear: Let 2* = T~ !(u?), i = 1,2. Now
T(azx + pz2?) = aTz' + T2* = au' + pu’.
So taking T~ of both sides gives

aT Y u ) +8T Hu?) = T (au + Bu?)
———— ————
! 2
Next we show that dim W < dim V: Let y', ..., 4" be a basis for V. Then Ty',...Ty"™ span
W since T is linear and onto. Therefore dimW < n =dimV.
On the other hand, Ty',...,Ty" are linearly independent, so dim W > dim V. To see this,

suppose
0=> &Te' =T()  &e')
i=1 =1

But 70 = 0, too, and since T is one-to-one, we see Y ., &y" = 0. But this implies & = ... =
This shows that dim V = dim W, and since T is onto it has rank dim W. |

3.2 Transpose of a transformation

Let T: V — W be linear where V and W are inner product spaces. The transpose, or adjoint,’
of T, denoted T”, is the linear transformation T77: W — V satisfying

(y, Tx) = (T'y, x) (2)

for every z in V and every y in W.

A natural question is, how do we know that such a linear transformation 7" exists? If T”
does exist, then equation (2) implies that (T"y); = (Ty, e') must be equal to (y,Te?). I leave it
to you to verify that T” defined by (T"y); = (y, Te?) is the transformation we seek. By the way,
Lemma 13 guarantees that 7" is uniquely defined by equation (2).

v. 2012.02.22::18.50
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Elaborate this.

37 Proposition Let T:V — W and S: W — X. Then
(TS) =58'T
(S+T)=858+T
(T"Y =T

38 Theorem Let T:V — W, where V and W are inner product spaces, soT': W — V. Then
T'y=0 <= y LrangeT. In other words,

null space T’ = (rangeT) | .
g

Proof: (=) It Ty =0, then (T"y,z) = (0,2) =0 for all x in V. But (I"y,z) = (y,Tx), so
(y,Tz) =0 for all z in V. That is, y L rangeT.

(<) If y L rangeT, then (y,Tx) = 0 for all z in V. Therefore (T"y,z) = 0 for all x in V|,
so T'y = 0. |

39 Corollary Let T: V — W, where V and W are inner product spaces. Then rangeT'T =
range T’. Consequently, rank T" = rank T'T.

Proof: Clearly range T'T C rangeT".

Let x belong to the range of T”, so x = T'y for some y in W. Let M denote the range of
T and consider the orthogonal decomposition y = yy; + y1. Then Ty = T'ypr + T’y , but
Ty, = 0 by Theorem 38. Now yy; = Tz some z € W. Then x = T'Tz, so x belongs to the
range of T'T. |

40 Corollary Let T:V — W, where V and W are finite dimensional inner product spaces.
Then rank T’ = rank T’

Proof: By Theorem 38, null space T’ = (rangeT'); C W. Therefore
dim W — rank T" = nullityT’ = dim(range T') | = dim W — rank T,

where the first equality follows from the Nullity Plus Rank Theorem 34, the second from Theo-
rem 38, and the third form Corollary 26. Therefore, rank T' = rank T”.

|
41 Corollary Let T: R" — R™. Then null spaceT = null space T'T.
Proof: Clearly null space T C null spaceT'T, since Tx =0 = T'Txz =T'0 = 0.
Now suppose T"T'z = 0. Then (z,7'Tz) = (x,0) = 0. But
(2, T'Tz) = (T'Tz,2) = (Tx,Tx),
where the first equality is IP.1 and the second is the definition of T”, so Tx = 0. |

42 Proposition (Summary) For a linear transformation T' between finite dimensional spaces,
range T'T = rangeT’ and range T'T" = rangeT, so

rankT = rank 7’ = rank T'T = rank T'T".

'When dealing with complex vector spaces, the definition of the adjoint is modified to (y,Tz) = (T"y, ).

v. 2012.02.22::18.50
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43 Definition A transformation T: R™ — R™ is symmetric or self-adjoint if T' =T. A
transformation T is skew-symmetric if T' = —T.

44 Proposition Let 7y : R™ — R™ be the orthogonal projection on M. Then s is sym-
metric.

Proof: To show (x,mp2) = (mar2, z). Observe that
(z,2m) = (xm + 21, 2m) = (@M, 2m) + (21, 2m) = (Ta, 20m) +0.

Similarly,
(xar, 2) = (v 2m + 21) = (Tm, 2m) + (@ar, 20) = (@, 2m) + 0.

Therefore (x, zpr) = (Tar,2) = (Tar, 201)- |

In light of the following exercise, a linear transformation is an orthogonal projection if and
only if it is symmetric and idempotent. A transformation T is idempotent if T2z = TTx = Tx
for all z.

45 Exercise Let P: R™ — R™ be a linear transformation satisfying
P'=P and P?xc = Pg for allz € R™.

That is, P is idempotent and symmetric. Set M = I — P (where I is the identity on R™). Prove
the following.

1. For any x, x = Mx + Px.
2. M?x = Mz for all x and M’ = M.
3. null space P = (range P), = range M and null space M = (range M), = range P

4. P is the orthogonal projection onto its range. Likewise for M.

3.3 Eigenvalues and eigenvectors

46 Definition Let T: R™ — R™ be linear. A scalar )\ is an eigenvalue of T if there is a
nonzero vector x in R™ such that Tx = A\x. The vector x is called an eigenvector of T
associated with A. Note that the vector 0 is by definition not an eigenvector of T.

If T has an eigenvalue A with eigenvector x, the transformation “stretches” the space by a
factor A in the direction z.

While the vector 0 is never an eigenvector, the scalar 0 may be an eigenvalue. Indeed 0 is
the eigenvalue associated with any nonzero vector in the null space of T

There are linear transformations with no eigenvalues. For instance, consider the rotation of
R? by ninety degrees. This is given by the transformation (z,y) — (—y, ). In order to satisfy
Tx = Az we must have Az = —y and Ay = z. This cannot happen for any nonzero (z,y) and
real \.

On the other hand, the identity transformation has an eigenvalue 1, associated with every
nonzero vector.

Observe that there is a unique eigenvalue associated with each eigenvector: If Tz = Az and
Tx = ax, then ax = Ax, so o = ), since by definition x is nonzero.

On the other hand, one eigenvalue must be associated with many eigenvectors, for if x is an
eigenvector associated with A, so is any nonzero scalar multiple of z. More generally, a linear
combination of eigenvectors corresponding to an eigenvalue is also an eigenvector corresponding
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to the same eigenvalue (provided the linear combination does not equal the zero vector). The
span of the set of eigenvectors associated with the eigenvalue A is called the eigenspace of T
corresponding to A. Every nonzero vector in the eigenspace is an eigenvector associated with A.
The dimension of the eigenspace is called the multiplicity of A.

47 Proposition If T: V — V is idempotent, then each of its eigenvalues is either 0 or 1.

Proof: Suppose Tz = Az with x # 0. Since T is idempotent, we have Az = Tz = T?z = \z.
Since = # 0, this implies A = A2, so A\=0or A = 1. |

For distinct eigenvalues we have the following, taken from [3, Theorem 4.1, p. 100].

48 Theorem Let z',... 2" be eigenvectors associated with distinct eigenvalues A1, ..., Ay.
Then the vectors z!, ..., x™ are independent.

Proof: The proof is by induction n. The case n = 1 is trivial, since by definition eigenvectors
are nonzero. Now consider n > 1 and suppose that the result is true for n — 1. Now let

iaimi =0. (3)
i=1

Applying the transformation T' to both sides gives
i=1

Let us eliminate 2™ from (F4) by multiplying (3) by A, and subtracting to get

n n—1

ZQZ(AZ — An)"El = CVZ(AZ - )\n)x’ =0.

i=1 i=1
But z!,...,2"! are independent so by the induction hypothesis a;(A\; — \,) = 0 for i =
1,...,n — 1. Since the eigenvalues are distinct, this implies each a; = 0 for i = 1,...,n —
1. Thus (3) reduces to a,x™ = 0, which implies «,, = 0. This shows that x!,... 2" are
independent. 1

49 Corollary A linear transformation on an n-dimensional space has at most n distinct eigen-
values. If it has n, then the space has a basis made up of eigenvectors.

When T is symmetric, not only are eigenvectors associated with distinct eigenvalues inde-
pendent, they are orthogonal.

50 Proposition Let T be symmetric. Let x and y be eigenvectors of T corresponding to
eigenvalues o and A with o # X\. Then x 1 y.

Proof: We are given Tx = ax and Ty = Ay. Thus (Tz,y) = (A\z,y) = AMx,y) and (2, Ty) =
(x,ay) = az,y). Since T is symmetric, (Tx,y) = (z, Ty), so a(z,y) = A(z,y). Since A # o we
must then have (z,y) = 0. |

Also if T is symmetric, we are guaranteed that it has plenty of eigenvectors.

51 Theorem Let T: V — V be symmetric, where V is an n-dimensional inner product space.
Then V' has an orthonormal basis consisting of eigenvectors of T'.
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Proof: This proof uses some well known results from topology and calculus that are beyond the
scope of these notes.

Let S = {# € V : (z,2) = 1} denote the unit sphere in V. Set My = {0} and define
So = SN My,. Define the quadratic form Q: V — R by

Q(x) = (2, Tx).

It is easy to see that @ is continuous, so it has a maximizer on Sy, which is compact. (This
maximizer cannot be unique, since Q(—z) = Q(x), and indeed if T is the identity, then @ is
constant on S.) Fix a maximizer z! of Q over Sp.

Proceed recursively for £k = 1,...,n—1. Let M denote the span of z',...,z*, and set
Sy = SN M. Let ! maximize Q over Si. By construction, 2t € My, so the z*’s are
orthogonal, indeed orthonormal.

Since x! maximizes Q on S = Sy, it maximizes @ subject to the constraint 1—(z,z) = 0. Now
Q(z) = (x, Tx) is continuously differentiable and Q’(x) = 2Tz, and the gradient of the constraint
function is —2z, which is clearly nonzero (hence linearly independent) on S. It is a nuisance
to have these 2s popping up, so let us agree to maximize %(w,Tx) subject %(1 — (x,x)) =0
instead. Therefore by the well known Lagrange Multiplier Theorem, there exists A; satisfying

Tat — N2t = 0.

This obviously implies that the Lagrange multiplier \; is an eigenvalue of T and ! is a corre-
sponding eigenvector. Further, it is the value of the maximum:

Q('rl) = (xlvTxl) = (3317)\11‘1) = A17

since (z!,z') = 1.

We now proceed by induction. Let z!,... 2" be recursively defined as above and assume
that for ¢ = 1,...,k, each 2* is an eigenvector of A and that A; = Q(z") is its corresponding
eigenvalue. We wish to show that x**! is an eigenvector of 7' and A\p1; = Q(zFT1) is its

corresponding eigenvalue.

By construction, z¥+t! maximizes 3Q(z) subject to the k + 1 constraints 1 (1 — (z,z)) = 0,
(z,2') =0, ..., (x,2%) = 0. The gradients of these constraint functions are —z and 2!, ..., 2"
respectively. By construction, z',...,zF"! are orthonormal, so at z**! the gradients of the con-
straint are linearly independent. Therefore there exist Lagrange multipliers A\gx41 and pq, ..., pg
satisfying

T N1z 4 a4+ et = 0. (5)
Therefore
Q") = (&M TaM*) = N (@, 2P — (@ 2h) — - = (@ 2P) = N,
since ', ..., 2! are orthonormal. That is, the multiplier A4 is the maximum value of @Q

over Sy.
By the induction hypothesis, Tz = \;2’ for i = 1,..., k. Then since T is symmetric,

(x?, AcF ) = (2P Tty = (2P Na) =0, i=1,... k.
That is, 28Tt € My, so TeF+1 — A\ 128t € My, so by Lemma 20 equation (5) implies
Txkt! — )\k+1xk+1 =0 and ulxl + -4 ,ukxk =0.

We conclude therefore that Tx*+! = A\, 125t so that 25! is an eigenvector of T and A\j41 is
the corresponding eigenvalue.
Since V is n-dimensional, ', ..., z™ is an orthonormal basis of eigenvectors, as we desire. 1
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4 Matrices

A matrix is merely a rectangular array of numbers, or equivalently, a doubly indexed ordered
list of real numbers. An m x n matrix has m rows and n columns. The entries in a matrix
are doubly indexed, with the first index denoting its row and the second its column. Here is a
generic matrix:
g1 e Q1,n
A=
am1 ... Qmmn

The generally accepted plural of matriz is matrices, although matrizes is okay too. Matrices are
of interest for two separate but hopelessly intertwined reasons. One is their relation to systems
of linear equations and inequalities, and the other is their connection to linear transformations
between finite dimensional vector spaces.

Given a matrix A, let A; denote the the i row of A and let A7 denote the ;" column. The
i™ row and j*™ column entry is generally denoted by a lower case roman or Greek letter, e.g.,
ai; or a; ;. We can identify the rows or columns of a matrix with singly indexed lists of real
numbers, that is, elements of some R¥. If A is m x n, the column space of A is the subset of
R™ spanned by the n columns of A. Its row space is the subspace of R" spanned by its m
rOWS.

h

4.1 Matrix operations

If both A and B are m x n matrices, the sum A + B is the m x n matrix C' defined by
Ci,j = @ij + bij.

The scalar multiple A of a matrix A by a scalar « is the matrix M defined by m; ; = aa; ;.
Under these operations the set of m X n matrices becomes an mn-dimensional vector space.

If Ais m x p and B is p x n, the product of A and B is the m x n matrix whose i*" row,
4 column entry is the dot product A; - B? of the i*? row of A with the j* column of B.

(AB);; = A; - B

The reason for this peculiar definition is explained in the next section.

Vectors in R" may also be considered matrices as either a column or a row vector. Let x be
a row m-vector (a 1 X m matrix), y be a column n-vector (an n x 1 matrix), and let A be an
m X n matrix. Then the matrix product A considered as a vector in R" belongs to the row
space of A, and Ay as a vector in R™ belongs to the column space of A.

A= imiAi and Ay = zn:yjAj
i=1 j=1
Note that the i*" row of AB is given by
(AB); = (A:)B
and the j*™ column of AB is given by
(AB) = A(B?).
The main diagonal of a square matrix A = [a; ;] is the set of a; ; with ¢ = j. A matrix is

called a diagonal matrix if it is square and all its nonzero entries are on the main diagonal.
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A square matrix is upper triangular if the only nonzero elements are on or above the main
diagonal, that is, if ¢ > j implies a; ; = 0. A square matrix is lower triangular if ¢ < j implies
a; 5 = 0.

The n x n diagonal matrix I whose diagonal consists of all 1s has the property that

Al =TA=A

for any n x n matrix A. The matrix I is called the n X n identity matrix. The zero matrix
has all its entries zero, and satisfies A +0 = A.

A left inverse for the n x n matrix A is an n x n matrix L for which LA = I, and a right
inverse R satisfies AR = I.

52 Lemma (Left vs. right inverses) If A has both a left and right inverse, then they are
unique and equal.

Proof: Let L be a left inverse and R be a right inverse for A, so LA =1 = AR. Then

L=L(AR)=(LAYR=R.
~—— =
=I =I

Thus every left inverse is a right inverse and vice versa, which by the way shows uniqueness. N

What the above lemma leaves out is a proof that if A has either a right or left inverse, then
it has both. That will have to wait until Theorem 86, where the inverse is computed.

53 Fact (Summary) Direct computation reveals the following facts.

(AB)C = A(BC)
AB # BA (in general)
AB+C) = (AB)+ (AC)

(A+B)C = AC+ BC

54 Exercise Verify the following.
1. The product of upper triangular matrices is upper triangular.
The product of lower triangular matrices is lower triangular.
The product of diagonal matrices is diagonal.
The inverse of an upper triangular matrix is upper triangular (if it exists).

The inverse of a lower triangular matrix is lower triangular (if it exists).

S vk N

The inverse of a diagonal matrix is diagonal (if it exists).

4.2 Systems of linear equations

One of the main uses of matrices is the simplification of representing a system of linear equations.
For instance, consider the following system of equations.

3.’E1 + 2.’E2 =
211 4+ 3, =
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It has the unique solution 1 = 2 and o = 1. One way to solve this is to take the second equation

and solve for x1 = % — %1‘2 and substitute this into the first equation to get 3(% — %.132) +2x5 =8,
so 9 = 1 and 1 = % — % = 2. However Gauss formalized a computationally efficient way to

attack these problems using elementary row operations. The first step is to write down
the so-called augmented coefficient matrix of the system, which is the 2 x 3 matrix of just the

numbers above:
3 2 8
2 3 7|

There are three elementary row operations, and they correspond to steps used to solve a system
of equations. Omne of these operations is to interchange two rows. We won’t use that here.
Another is to multiply a row by a nonzero scalar. This does not change the solution. The third
operation is to add one row to another. These last two operations can be combined, and we can
think of adding a scalar multiple of one row to another as an elementary row operation. We
apply these operations until we get a matrix of the form

1 0 a
0 1 b
which is the augmented matrix of the system
rT = a
ro = b

and the system is solved. There is a simple algorithm for deciding which elementary row oper-
ations to apply, namely, the Gaussian elimination algorithm. In a section below, we shall
go into this algorithm in detail, but let me just give you a hint here. First we multiply the first

row by %7 to get a leading 1:
1 2 8
3 3
[ 2 3 7 ]

We want to eliminate x; from the second equation, so we add an appropriate multiple of the
first row to the second. In this case the multiple is —2, the result is:

1 2 8 1 2 8
3 2 5.8 | = 8 3
2-2-1 3-2-5 7-2-3 0 3 3
Now multiply the second row by % to get
2 8
L g 35|
0 1 1

Finally to eliminate x5 from the first row we add —% times the second row to the first and get

2 2 8 2
0 2-2-1 3—3~1}:[1 0 2}7

2
2.
0 1 1 011

which accords with our earlier result.
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4.3 Matrix representation of a linear transformation

Let T be a linear transformation from the n-dimensional space V' into the m-dimensional space
W. Let 2',...,2" be an ordered basis for V and y',...,y™ be an ordered basis for W. Let

m
Ta! = g o1y
i=1
m
2 i
Tx* = E ; 2y
i=1
m
Tz = E ainy'.
i=1
The m x n array of numbers
aq.1 ‘e Q1n
M(T) =
Am1 .. Qmn

is the matrix representation of T with respect to the ordered bases (z7), (y*). Note
that the j*® column of this matrix is the coordinate vector of Tz7 with respect to the ordered
basis y',...,y™.

Given the coordinate vector of an element x of V, we can use matrix multiplication to
compute the coordinates of Tz. Let z = 2?21 &2, Then

Tr = Z ngmj
j=1

n m
_ i
= E £j§ ;Y
o —"
m n

= > @& |yt
1

i=1 \j=

The coordinates of Tz with respect to (y) are given by
n
(Ta)i =Y i é;.
j=1

That is, the coordinate vector of Tz is M(T') times the column vector of coordinates of x.

The matrix representation can be thought of in the following terms. Let X denote the
coordinate mapping of V onto R" with respect to the ordered basis z',...,z". Similarly Y’
denotes the coordinate mapping from W onto R™. In order to compute the coordinates of
Tz, we first find the coordinate vector of Xz, and then multiply by the matrix M(T'), as the

following “commutative diagram” shows.
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T
14 w
X Y
M(T)
R™ R"™

55 Example (The matrix of the coordinate mapping) Consider the case V' = R™. That

is, elements of V are already thought of as ordered lists of real numbers. Let z',..., 2™ be an
ordered basis, and let X denote the coordinate mapping from R™ with this basis to R™ with
the standard basis. Then M(X) is simply the matrix whose ;" column is x7. O
56 Example (Matrices as linear transformations) Let A = [a; ;] be an m x n array of
numbers and

T

xr =
Ty

b

an X 1 array. Define Az to be an m x 1 array whose i*" row is

n
E Qi jT5 1= 1,...,m.
j=1

Then T':  — Az defines a linear transformation from R" to R™. The matrix M(T) of this
transformation with respect to the standard ordered bases (the bases of unit coordinate vectors)
is just A. O

57 Definition The rank of a matrix is the largest number of linearly independent columns.

It follows from Proposition 36 that:
58 Proposition An m X m matrix has an inverse if and only if it has rank m.

59 Example (The identity matrix) What is the matrix for the identity mapping I: R™ —
R™?
1 0

AI: '.. s
0 1

mxm identity matrix I. If the transformation T is invertible, so that 7T~ = I, then ApAp-1 =
I. The matrix Ap-1 is naturally referred to as the inverse of the matrix A. In general, if A
defines an invertible transformation from R™ onto R™, the matrix A~! satisfies

AAT = A"TA=T.
0

60 Example (The zero matrix) The matrix for the zero transformation 0: R" — R™, is

0 --- 0
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the m x n zero matrix. O

The transpose of a matrix is the matrix formed by interchanging rows and columns. This
definition is justified by the following lemma.

61 Lemma M(T); ; = M(T"); ;.

Proof:
M(T)i; = (€, Tey) = (T'esy,e0) = (e, T'ey,) = M(T") i

m?n n?’ m

4.4 Matrix representation of a composition

Let S take R® — R" be linear with matrix M(S) = [bjyk]kzl"”p. Let T take R" — R™ be

j=1,...n
linear with matrix M(T') = [a;;}J=; """, Then T'o S: R® R s linear. What is M(T'S)?
1o
Let x = - |. Then
Tp

Set

Then

Thus M(T'S) = [Ci,k]f::1l,7.'.'.',’5r This proves the following theorem.

62 Theorem M(T'S) = M(T)M(S).

Thus multiplication of matrices corresponds to composition of linear transformations.
Let S,T: R" — R™ be linear transformations with matrices A, B. Then S + T is linear.
The matrix for S+ T is A+ B where (A+ B); ; = a; ; + b; ;.

63 Exercise Let A be an m X n matrix with m > n. Suppose A has rank n. Prove that the
matrix A(A’A)~tA’ is the orthogonal projection onto the column space of A.
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4.5 Change of basis

A linear transformation may have different matrix representations for different bases. Is there
some way to tell if two matrices represent the same transformation?

We shall answer this question for the important case where 7" maps an m-dimensional vector
space V into itself, and we use the same basis for V as both the domain and the range. Let
A = [a; ;] represent T with respect to the ordered basis z',...,2™, and let B = [b; ;] represent
T with respect to the ordered basis y!,...,y™.

That is,
m m
Tzt = Z ak,ixk and Ty' = Zbk,iyk.
k=1 k=1
Let X be the coordinate map from V into R™ with respect to the ordered basis z*, ..., 2™, and

let Y be the coordinate map for the ordered basis %!, ...,y™. Then X and Y have full rank and
so have inverses.
Consider the following commutative diagram.

B
R™ R™
Y Y
T
|4 |4
X X
A
R™ R™

The mapping XY ! from R™ onto R™ followed by A from R™ into R™, which maps the
upper left R™ into the lower right R™, is the same as B followed by XY ~!. Let C be the matrix
representation of XY ! with respect to the standard ordered basis of unit coordinate vectors.
Then

A=CBC™' and B=C"'AC. (%)

64 Definition Two square matrices A and B are called similar if there is some nonsingular C
such that (x) holds.

So we have already proved half of the following. The second half is left for you. (See [3,
Theorem 4.7, p. 110] if you get stuck.)

65 Theorem Two matrices are similar if and only if they represent the same linear transfor-
mation.

The following are corollaries, but have simple direct proofs.

66 Proposition If A, B are similar with A = CBC™!, then X is an eigenvalue of A if it is an
eigenvalue of B. If x is an eigenvector of A, C~'x is an eigenvector of B.
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Proof: Suppose z is an eigenvector of A, Ax = A\z. Let y = C~'z. Since A = CBC!,
\x = Az = CBC 'z = CBy.

Premultiplying by C~1,
Ay = \C~ 'z =C"'CBy = By.

67 Proposition If A and B are similar, then rank A = rank B.

Proof: We prove rank B > rank A. Symmetry completes the argument. Let z' ... 2" be a basis
for range A, 2z = Ay’. Put w® = C~'y’. Then the Bw's are independent. To see this suppose

k k k k
0= Zai(Bwi) = ZaiC_lACC_lyi = ZaiC’_l = C_l(z aizi).
i=1 i=1 i=1 i=1

Since C~! is nonsingular, this implies Zle a;z' = 0, which in turn implies a; =0, i =1,...k.

|
The next result describes the diagonalization of a symmetric matrix.
68 Definition A square matrix X is orthogonal if X'X = I, or equivalently X' = X 1.
69 Principal Axis Theorem Let A: R™ — R™ be a symmetric matriz. Let z',...,z™

be an orthonormal basis for R™ made up of eigenvectors of A, with corresponding eigenvalues
ALy eeey Am. Set

A1 0
A= . ;
0 Am
and set X = [z1, ... 2™].
Then
A=XAX"1,
A=X"1AX,
and X is orthogonal, that is,
X 't=X.

Proof: Now X’'X = I by orthonormality, so X ! = X’. Pick any z and set y = X 'z, so
z=Xy= Z;n:l yjz’. Then

Az = Z;n:l y; Az’ Z;nzl yi(Aja?)
XAy

= XAX 1z

Since z is arbitrary A = XAX L. |
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4.6 Simultaneous diagonalization

70 Theorem (Simultaneous Diagonalization) Let A, B be symmetric m X m matrices.

Then AB = BA if and only if there exists an orthonormal basis consisting of vectors that
are eigenvectors of both A and B. Then letting X be the orthogonal matrix whose columns are
the basis we have

A XA X1
B = XApX~%,

where Ay and Ap are diagonal matrices of eigenvalues of A and B respectively.
Partial proof: (<)
AB = XA X ' XApX ' = XAsApX ' = XApAsaX ' = XApX ' XA, X = BA,

since diagonal matrices commute.
( = ) We shall prove the result for the special case where A has distinct eigenvalues. In this
case, the eigenvectors associated with any eigenvalue are distinct up to scalar multiplication.
Let x be an eigenvector of A corresponding to eigenvalue A\. Suppose A and B commute.
Then
A(Bx) = BAz = B(\z) = A\(Bx).

This means that Bz too is an eigenvector of A corresponding to A, provided Bx # 0. But as
remarked above, this implies that Bx is a scalar multiple of x, so z is an eigenvector of B too.
So let X be a matrix whose columns are a basis of orthonormal eigenvectors for both A and
B. Then it follows that A = XA4X !, where A4 is the diagonal matrix of eigenvalues, and
similarly B = XApX~'.

We now present a sketch of the proof for the general case. The crux of the proof is that
in general, the eigenspace M associated with A may be more than one dimensional, so it is
harder to conclude that the eigenvectors of A and B are the same. To get around this problem
observe that B2A = BBA = BAB = ABB = AB?, and in general, B*A = AB™, so that if
Az = Az, then A(B"z) = B"Ax = B"Ax = A(B"z). That is, for every n, the vector B"x is
also an eigenvector of A corresponding to A. Since the eigenspace M associated with A is finite
dimensional, for some minimal k&, the vectors x, Bz, ..., B¥z are dependent. That is, there are
o, - - ., g, not all zero, with

apr + a1 Bx + asB%x + ...+ akBk':E =0.
Let ju1 ... s be the roots of the polynomial ag + any + aoy® + - - - ay”®. Then
[(B—mI)(B—p2l)- - (B — )]z = 0.

Set z = [(B — p2l)(B — psl)... (B — ppl)]x

If k is minimal, then z # 0. (Even if coefficients are complex. Independence over real field
implies independence over complex field. Just look at real and imaginary parts.) Therefore
(B=ml)z=0

Claim: pq and z are real.

Proof of claim: Let py = a4 i and z = z + iy

B(z+iy) = (a+if)(z+iy)
Therefore Bz = ax — By and By = Bz + ay (equate real and imaginary parts). Thus ¢y Bx =
ay'z — By'y and by symmetry y' Bx = 2’ By = f2'x 4+ ax'y.
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Now,
a(y'z) — By'y) = B(a'z) + ala'y),
soB=0o0rz=0,ie,z=0and y=0. But 2 # 0, so 8 =0 and p; is real. Similarly each p’
is real. O

Therefore z is a real linear combination of B™x (all eigenvectors of A) satisfying (B—pui1)z =
0. In other words, Bz = u1z, so z is an eigenvalue of both B and A!
We now consider the orthogonal complement of z in the eigenspace M to recursively construct
a basis for M composed of eigenvectors for both A and B.
We must do this for each eigenvalue A of A. More details are in Rao [10, Result (iii), pp. 41—
42].
|

4.7 Trace
Let A be an m x m matrix. The trace of A, denoted tr A, is defined by

m
trA= Za“
i=1

Clearly,
tr(A+B)=trA+trB
tr(aA) = a(tr A)

Also, tr(AB) = tr(BA):

tr AB = i iai,jﬁj’i = i <i ﬁj’iai’j> =trBA
i=1 \j=1

j=1 \i=1

Moreover, the trace of a matrix depends only on the linear transformation of R™ into R™
that it represents. In light of Theorem 65. it suffice to show that the traces of similar matrices
are equal, which is the next proposition.

71 Proposition If B = C~'AC, then tr B = tr A.
Proof: trB=trC 'AC =tr ACC~ ' =trA ]

Remarkably these conditions characterize the trace up to normalization.

72 Proposition There is exactly one linear functional £: L(R™, R™) — R satisfying
U(SoT)=4ToS) forallT,S e L(R",R"),
and
LI)=m.
For a proof, see Loomis and Sternberg [3, Theorem 5.1, p. 99].

73 Theorem If A is symmetric and idempotent, then tr A = rank A.

Proof: Since A is symmetric, A = XBX ! where X = [z!,...,2™] is an orthogonal matrix
whose columns are eigenvectors of A, and B is a diagonal matrix whose diagonal elements are
0or 1.

Thus tr B is the number of nonzero eigenvalues of A. Also rank B is the number of nonzero
diagonal elements. Thus tr B = rank B, but since A and B are similar, tr A = tr B = rank B =
rank A. |
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5 Determinants

The main quick references here are Apostol [3, Chapter 3] and Dieudonné [, Appendix A.6].
The main things to remember are:

The determinant assigns a number to each square matrix A, denoted either det A or |A|.
A matrix is singular if its determinant is zero, otherwise it is nonsingular. For an n x n
identity matrix, det I = 1.

det (AB) = det A - det B.
Thus a matrix has an inverse if and only if its determinant is nonzero.

Multiplying a row or a column by a scalar multiplies the determinant by the same amount.
Consequently for an n x n matrix A,

det (—A) = (—1)" det A.
Also consequently, the determinant of a diagonal matrix is the product of its diagonal
elements.
Adding a multiple of one row to another does not change the determinant.

Consequently, the determinant of an upper (or lower) triangular matrix is the product of
its diagonal.

Moreover if a square matrix A is block upper triangular, that is, of the form
B C
[0 5]

where B and D are square, then det A = det B -det D. Likewise for block lower triangular
matrices.

det A = det A’.

The determinant can be defined recursively in terms of minors (determinants of submatri-
ces).

The inverse of a matrix can be computed in terms of these minors. The inverse of A is the
transpose of its cofactor matrix divided by det A.

Cramer’s Rule: If Az = b for a nonsingular matrix A, then

det (AL, AT b AL AT
Y= det A '

The determinant is the oriented volume of the “cube” formed by its columns.

The determinant det (A — A), where A and I are n x n is an n** degree polynomial, called
the characteristic polynomial of A.

A root (real or complex) of the characteristic polynomial of A is called a characteristic
root of A. Characteristic roots that are real are also eigenvalues. If nonzero x belongs to
the null space of AI — A, then it is an eigenvector corresponding to the eigenvalue .

If A has rank k then every minor of size greater than k has zero determinant and there is
at least one minor of order k& with nonzero determinant.
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5.1 Determinants as multilinear forms

There are several ways to think about determinants. Perhaps the most useful is as an alternating
multilinear n-form:?
A function p: R" X --- X R" — R is multilinear if it is linear in each variable separately.
N ——

n copies
That is, for each i = 1,...,n,

i1 PR
ot .. 2" axt 4+ Byt a2
_ 1 i—1 i i+l 1 i—1 4 i+l
= ap(x, ...,z 222+ Bele, .ty et 2.
A consequence of this is that if any z° is zero, then so is ¢. That is,

1 i—1 i+1 ny _
olx, ...,z 0,2, 2") = 0.

The multilinear function ¢ is alternating if z* = 2/ = z for distinct ¢ and j, then

The reason for this terminology is the following lemma.

74 Lemma The multilinear function ¢ is alternating if and only if interchanging x* and x7
changes the sign of o, that is,

0 = @', .2+, . 0 + a2t 2"
= a2t ) et et e
= oz, 2t ) d (et 2t gt 2™
=0
+o(at, 2l ) F (et a2t ™)
=0
= oz, 2h ) d (et a2t ).
So (xt, ..., 2t ... 20, 2" = —p(at, .20, 2t ).

Now suppose interchanging z* and x7 changes the sign of . Then if 2! = 27 = 2,

which implies p(x!,...,2,...,2,...,2") = 0, so ¢ is alternating. |

There is an obvious identification of n X n square matrices with the elements of R" x - - - x R".
Namely A « (Al,..., A"), where you will recall A7 denotes the j*! column of A interpreted as
a vector in R". (We could have used rows just as well.) Henceforth, for a multilinear form ¢
and n x n matriz A, we write p(A) for (A',... A"). The next fact is rather remarkable, so
pay close attention.

2The term form refers to a polynomial function in several variables where each term in the polynomial
has the same degree. (The degree of the term is the sum of the exponents. For example, in the expression
zyz + 2y 4+ xz + 2, the first two terms have degree three, the third term has degree two and the last one has
degree one. It is thus not a form.) This is most often encountered in the phrases linear form (each term has
degree one) or quadratic form (each term has degree two). Tom Apostol once remarked at a cocktail party that
mathematicians evidently don’t know the difference between form and function.
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75 Proposition For every n x n matrix A, there is a number det A with the property that for
any alternating multilinear n-form o,

p(A) =det A-o(I). (%)
Proof: Before we demonstrate the proposition in general, let us start with a special case, n = 2.
Let
Ao { a1 @ } .
a2,1 422
Then

p(A) = p(Ah A%

go(al’lel + a2’162, a1’261 + a2’262)

= ay1p(eh, amel + CL27262) + ag,lga(ez, 01,261 + CL27262)

a1,1a1,2<,0(61, 61) + a1,1a2,2<,0(€1, 62) + a2,16l1,2<,0(€2, 61) + a2,1a2,290(€2, 62)
0+ ayaz20(e', €?) + ag1as 2p(e?,et) +0

a171a272(,0(€1, e?) — ag,lal,gcp(el, e?)

= ((11,1(12,2 - 02,101,2)S0(I)7

so we see that det A = ay,1a22 — az1a1,2. Thus the whole of ¢ is determined by the single
number (I).
This is true more generally. Write

n n n n
_ i1 i2 ij in
w(A) = g a;, 1€, g ai,2€2,. .., E a;; e, ..., g a;, ne'"

=1 ia=1 i;=1 in=1

Now expand this using linearity in the first component:

n n n n
— i1 o et2 ol . i
o(A) = E ai, 19 | e, E ai,2€, ..., E a; e, ..., E ai, ne™

i1=1 ig=1 ij=1 in=1

Repeating this for the other components leads to

n n n )
p(A) = Z Z Z iy 1Giy 2 - G, pp(€, e, 0 e,

iy=lix=1  4,=1

Now consider (e, e, ... e'). Since ¢ is alternating, this term is zero unless i1, is, . . ., i, are
distinct. When these are distinct, then by switching pairs we get to +p(el,e?, ..., e") where
the sign on whether we need an odd or an even number of switches. It now pays to introduce
some new terminology and notation. A permutation ¢ is an ordered list ¢ = (i1,...,4,) of
the numbers 1,2,...,n. The signature sgn(¢) of ¢ is 1 if 4 can be put in numerical order by
switching terms an even number of times and is —1 if it requires an odd number. It follows then
that defining

det A = Z SgH(Z) C iy 1G55,2 00 g my (6)

K2

where the sum runs over all permutations ¢, satisfies the conclusion of the proposition. |

This result still leaves the following question: Are there any alternating multilinear n-forms
at all? The reason the result above does not settle this is that it would be vacuously true if
there were none. Fortunately, it is not hard to verify that det itself is such an n-form.

v. 2012.02.22::18.50

How do we know
that sgn(4) is well
defined?



KC Border Quick Review of Matrix and Linear Algebra 28

76 Proposition The function A — det A as defined in (6) is an alternating multilinear n-form.

Proof: Observe that in each product sgn(2) - a;, 10,2 - - - @4, in the sum in (6) there is exactly

one element from each row and each column of A. This makes it obvious that det(A*,..., ad7,..., A") =

adet A, and it is straightforward to verify that
det(A',... .z +y,...,A") =det(A', ..., z,...,A") +det(A', ... y,..., A").

To see that det is alternating, suppose A® = A7 with i # j. Then for any permutation , i; # i,
and there is exactly one permutation ¢’ satisfying i, = i/, for p ¢ {i,j} and it =i and 7), = i;.
Now observe that sgn(i) = —sgn(i’) as it requires an odd number of interchanges to swap two
elements in a list (why?). Thus we can rewrite (6) as

det A = E @iy 1 @iy 2 * " Qi on = Qi 1G5 2~ Qif o,
i:sgn(z)=1

but each ai, 1,2 @i, n — @iy 1032 @i = 0. (Why?) Therefore det A = 0, so det is
alternating. |

To sum things up we have:

77 Corollary An alternating multilinear n-form is identically zero if and only if p(I) = 0. The
determinant is the unique alternating multilinear n-form ¢ that satisfies ¢(I) = 1. Any other
alternating multilinear n-form ¢ is of the form ¢ = ¢(I) - det.

5.2 Some simple consequences

78 Proposition If A’ is the transpose of A, then det A = det A’.

79 Proposition Adding a scalar multiple of one column of A to a different column leaves the
determinant unchanged. Likewise for rows.

Write out a proof.

Proof: By multilinearity, det(A', ..., AT+aA¥ ... AF .. A") =det(Al,... AJ,... , AF .. A")+

adet(A,... AF ... Ak . A"), but det(AY, ..., A% ... AF ... A") = 0 since det is alternat-
ing. The conclusion for rows follows from that for columns and Proposition 78 on transposes.
|

80 Proposition The determinant of an upper triangular matrix is the product of the diagonal
entries.

Proof: Recall that an upper triangular matrix is one for which ¢ > j implies a; ; = 0. (Diagonal
matrices are also upper triangular.) Now examine equation (6). The only summand that is
nonzero comes from the permutation (1,2,3,...,n), since for any other permutation there is
some j satisfying i; > j. (Why?) |

By the way, the result also holds for lower triangular matrices.

81 Lemma If A isn x n and ¢ is an alternating multilinear n-form, so is the form ¢ 4 defined
by

Furthermore
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Proof: That ¢4 is an alternating multilinear n-form is straightforward. Therefore ¢4 is pro-
portional to ¢. To see that the coefficient of proportionality is det A, consider @ (I). Direct
computation shows that ¢ 4(I) = ¢p(A). |

As an aside, I mention that we could have defined the determinant directly for linear transformations
as follows. For a linear transformation 7: R® — R" it follows that @7 defined by or(z!,...,2") =
o(Tzt, ..., Tx™) is an alternating n-form whenever ¢ is. It also follows that we could use (7) to define
det T to be the scalar satisfying @r(z',...,2") = detT - ¢(z',...,z"). This is precisely Dieudonné’s
approach. It has the drawback that minors and cofactors are awkward to describe in his framework.

82 Theorem Let A and B be n X n matrices. Then
det AB = det A - det B.
Proof: Let ¢ be an alternating multilinear n-form. Applying (7) and (%), we see
paB(I) = p(AB) = det AB - o(I).
On the other hand
wap(I) = pa(B) =det B-pu(I) =det B-det A-o(I).
Therefore det AB = det A - det B. |
83 Corollary Ifdet A =0, then A has no inverse.
Proof: Observe that if A has an inverse, then
1=det]=detA- det A"

so det A # 0. |

5.3 Minors and cofactors

Different authors assign different meanings to the term minor. Given a square n X n matrix

Qn 1 cee Qpop

Apostol [3, p. 87] defines the i,7 minor of A to be the n—1 x n—1 submatriz obtained from
A by deleting the i** row and j* column, and denotes it A; ;. Gantmacher [0, p. 2] defines a
minor of a (not necessarily square) matrix A to be the determinant of a square submatrix of
A, and uses the following notation for minors in terms of the remaining rows and columns:

Qiygn oo Qg gy
al e 2| :
J1s--50p : :

ainJl M aipajp

Here we require that 1 < 43 < iy < - <4p < nand 1 < j1 < j2 < -+ < jp < n If the
deleted (and hence remaining) rows and columns are the same, that is, if i1 = ji, ia = ja, ...,

ip = Jjp, then A Z;p is called a principal minor of order p. I think the following
seenJp
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hybrid terminology is useful: a minor submatrix is any square submatrix of A (regardless
of whether A is square) and a minor of A is the determinant of a minor submatrix (same as
Gantmacher). To be on the safe side, I may use the redundant term minor determinant to
mean minor.

Given a square n X n matrix

1.1 s Qqp

Qp1 ... Qpnp

the cofactor cof o; ; of o ; is the determinant obtained by replacing the 4™ column of A with
the 7" unit coordinate vector e*. That is,

cofa; ; = det(AY, ... A= et AT 4™,
By multilinearity we have for any column j,
n
det A = Z Q5 5 COfOéiJ‘.
i=1
84 Lemma (Cofactors and minors) For any square matrix A,
cofa; j = (—1)" det A, 4,

where A;; is the minor submatrix obtained by deleting the it" row and j* column from A.
Consequently

det A = Z(*l)ﬂrjai,j det Ai,j-
i=1
Similarly (interchanging the roles of rows and columns), for any row i,
det A = Z(—l)iJrjOéi’j det Ai,j~
j=1

Proof: Cf. Apostol [3, Theorem 3.9, p. 87]. By definition

g1 aq,5—-1 0 Q1,541 ‘e a1 n
Q1,1 .- QG151 0 Q1,541 -+ Qi—1n

COfO{i,j = Q51 ‘e Q51 1 Q41 . (078
aiy11 o ig1i-1 0 Qiyi41 o0 Qigim

Qp 1 ‘e Qn, -1 0 Q41 ‘e Qpon

Adding —a; ke’ to column k does not change the determinant. Doing this for all k # j yields

g1 ay,5—-1 0 Q1,541 ‘e a1 n
Qi—11 ... Q1451 0 Q14541 .- Qi_1n
cof; i+ = 0 . 0 1 0 . 0
»J
aiy11 o ig1-1 0 Qiyi41 o0 Qg
Qp 1 ‘e Qn,j—1 0 Q41 ‘e Qpon
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Now by repeatedly interchanging columns a total of j—1 times we obtain

0 aq1 Q51 Qg 541 Q1 n
4 0 aj—11 .. @151 Q1541 .-+ Qi_1n
cofa; ;= (-1)7'|1 0 ... 0 0 0
0 Qip11 - QGy15-1 Q41541 .- Qhpln
0 apa cee Qg1 Un,j+1 s Qpp

Interchanging rows i—1 times yields

1 0 e 0 0 e 0
0 1,1 1,51 1,541 a1n
_ itj
cofai’j = (—1) 710 Q11 ... Q1451 O4_1454+41 --- O4_1n
0 ajpr11 -0 Qiy1j-1 Qg1+l --- Qg
0 Qnp 1 ‘e Qp j—1 Qp 41 <o Qn.n

(Recall that (—1)771+i=1 = (—1)¥J.) This last determinant is block diagonal, so we see that it
is just |A; ;|, which completes the proof.
The conclusion for rows follows from that for columns and Proposition 78 on transposes. N

By repeatedly applying this result, we can express det A in terms of 1 x 1 determinants.
If we take the cofactors from an alien column or row , we have:

85 Lemma (Expansion by alien cofactors) Let A be a square nxn matrix. For any column
j and any k # j,

n
E oy cofoy ;= 0.
i=1

Likewise for any row i and any k # 1,

n
E Q5 5 COfOékJ' =0.

j=1

Proof: Consider the matrix A; = [&; ;] obtained from A by replacing the k' column with
another copy of column j. Then the i, k cofactors, ¢ = 1,...,n, of A and A; are the same. (The
cofactors don’t depend on the column they belong to, since it is replaced by a unit coordinate
vector.) So by Lemma 84 |A;| = > & pcofayr = >y oy jcofa; . But [A1] = 0 since it
has two identical columns.

The conclusion for rows follows from that for columns and Proposition 78 on transposes. N

The transpose of the cofactor matrix is also called the adjugate matrix of A. Combining
the previous two lemmas yields the following on the adjugate.

86 Theorem (Cofactors and the inverse matrix) For a square matrix

Qp1 ... Opnp
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we have

1.1 . O1p COfOéLl PN COICOLml |A| 0

Qp1 --- Qpp cofar,, ... cofayy, 0 |A|
That is, the product of A and its adjugate is (det A)I,. Consequently, if det A # 0, then
cofayr ... cofapy,

71 _
det A

cofay, ... cofoy

Combining this with Corollary 83 yields the following.

87 Corollary (Determinants and invertibility) A square matrix is invertible if and only if
its determinant is nonzero.

Similar reasoning leads to the following theorem due to Jacobi. It expresses a p'" order minor
of the adjugate in terms of the corresponding complementary minor of A. The complement of

the p*"-order minor A ( "t ) g the n—ptt-order minor obtained by deleting rows 71, ...,%p
J1yee3dp
and columns j,...,jp from A.

88 Theorem (Jacobi) For a square matrix

Qg1 .. O
A= : : ,
Qp1 ... QOpnp
we have for any 1 < p < n,
cofay 1 ... cofay Opiiptl -+ Qpiln
Al - : : = [A]"
cofayy, ... cofayy Opptl -+  Opg
Proof: Observe that
cofar; ... cofa,; [0 ... 0] [ |A] 0 1 pt1 1n
aq1 - Q1p . :
cofaj, ... cofap, |0 ... 0 [ O Al | appt1 Qp.n
cofag pp1 ... cofapprr |1 0 0 ... 0 | aptipt1 Opiim
Qn 1 cee Opop . . . .
cofay, ... cofa,, |0 1 ] . 0 ... O Ol pt1 Qo
and take determinants on both sides. [ |

5.4 Characteristic polynomials

The characteristic polynomial f of a square matrix A is defined by f(A) = det (A — A).
Roots of this polynomial are called characteristic roots of A.
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89 Lemma Every eigenvalue of a matrix is a characteristic root, and every real characteristic
root is an eigenvalue.

Proof: To see this note that if A is an eigenvalue with eigenvector x # 0, then (Al — A)x =

Az — Ax =0, so (M — A) is singular, so det (A\] — A) = 0. That is, A is a characteristic root of
A.

Conversely, if det(AI —A) = 0, then there is some nonzero x with (Al — A)x = 0, or Az = Az.

|

90 Lemma The determinant of a square matrix is the product of its characteristic roots.

Proof: (cf. [3, p. 106]) Let A be an n xn square matrix and let f be its characteristic polynomial.
Then f(0) = det (—A) = (—1)"det A. On the other hand, we can factor f as

JA)=A=A1) (A= Ap)

where A1,..., A\, are its characteristic roots. Thus f(0) = (—=1)"Ay - A, |

5.5 The determinant as an “oriented volume”

There is another interpretation of the determinant det(z?, ..., 2™). Namely it the n-dimensional
volume of the parallelotope defined by the vectors z!, ..., 2", perhaps multiplied by —1 depend-
ing on the “orientation” of the vectors.

I don’t want to go into detail on the notion of orientation or even to prove the assertion
above in any generality, but I shall present enough so that you can get a glimmer of what the
assertion is.

First, what is a parallelotope. It is a polytope with parallel faces, for example, a cube. The
parallelotope generated by the vectors z!,..., 2" is the convex hull of zero and the vectors of
the form % + 2% 4+ -+ + 2%, where 1 < k < n and i1,49,...,4, are distinct. For instance, in
R? the parallelotope generated by = and y is the plane parallelogram with vertexes 0, z, v, and

T+ y.

The notion of n-dimensional volume is straightforward. For n = 1, it is length, for n = 2,
it is area, etc. Oriented volume is more complicated. It distinguishes parallelotopes based on
the order that the vectors are presented. For instance, in the figure above the angle swept out
from x to y counterclockwise is positive, while from y to x is clockwise. The oriented volume is
positive in the first case and negative in the second.

The simplest way to convince yourself that the determinant is the oriented volume of the
parallelotope, is to realize that oriented volume is an alternating multilinear form. It is clear
that multiplying one of the defining vectors by a positive scalar multiplies the volume by the
same factor. It is also clear that if two of the vectors are the same, then the parallelotope is
degenerate and has zero volume. The additivity in the defining vectors can be appreciated by
considering the Figure 1, at least in two dimensions.
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Y1 T Y2 T+ Y1+ Y2

U1 T+ Y1

Figure 1. The area of the parallelogram defined by x and y is additive in y.

5.6 Computing inverses and determinants by Gauss’ method

This section describes how to use the method of Gaussian elimination to find the inverse of a
matrix and to compute its determinant. Let A be an n x n invertible matrix, so that

AA7T =T

To find the j*™ column z = A~ of A~! recall from the definition of matrix multiplication that
x satisfies Az = I7, where I7 is the j*® column of the identity matrix. Indeed if A is invertible,
then z is the unique vector with this property. Thus we can form the n x (n 4+ 1) augmented
coefficient matrix (A|I7) and use elementary row operations of Gaussian elimination to transform
it to (I|z) = (I|A~"). The same sequence of row operations is employed to transform A into
I regardless of which column I/ we use to augment with. So we can solve for all the columns
simultaneously by augmenting with all the columns of I. That is, form the n x 2n augmented
matrix (A[I1,I?...,I") = (A|I). If we can transform this by elementary row operations into
(I|1X), it must be that X = A~!. Furthermore, if we cannot make the transformation, then A
is not invertible.

You may ask, how can we tell if we cannot transform A into I?7 Perhaps it is possible, but we
are not clever enough. To attack this question we must write down a specific algorithm. So here
is one version of an algorithm for inverting a matrix by Gaussian elimination, or else showing
that it is not invertible.

Let A = A. At each stage t we apply an elementary operation to transform
A1 into A! in such a way that

det A" # 0 <= det A # 0.

The rules for selecting the elementary row operation are described below. By stage
t = n, either A* = I or else we shall have shown that det A = 0, so A is not invertible.

Stage t: At stage t, assume that all the columns j = 1,...,t—1 of A*~! have
been transformed into the corresponding columns of I, and that det A # 0 <—
det A*=1 £ 0.

Step 1: Normalize the diagonal to 1.

Case 1: ai;l is nonzero. Divide row 1 by af;tl to set a;t = 1. This has the side

effect of setting det A* = aj," det A*~1.
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Case 2: ai;l = 0, but there is row ¢ with ¢ > ¢ for which aﬁftl # 0. Divide row ¢
by af;' and add it to row 1. This sets af , = 1, and leaves det A" = det A"~

Case 3: If aj ;' = 0, but there is no row i with i > ¢ for which a{;' # 0. In
this case, the first ¢ columns of A*~! must be dependent. This because there are
t column vectors whose only nonzero components are in the first ¢ — 1 rows. This
implies det A*~! = 0, and hence det A = 0. This shows that A is not invertible.

If Case 3 occurs stop. We already know that A is not invertible. In cases 1 and
2 proceed to:

Step 2: Eliminate the off diagonal elements. Since a;t = 1, for i # ¢t multiply
row 1 by a;l and subtract it from row ¢. This sets aﬁ}t =0, for ¢ # t, and does not
change det A*.

This completes the construction of A* from A*~!. Proceed to stage t+1, and note

that all the columns j = 1,...,t of A have been transformed into the corresponding
columns of I, and that det A # 0 <= det A # 0.

Now observe how this also can be used to calculate the determinant. Suppose the process
runs to completion so that A™ = I. Every time a row was divided by its diagonal element ai;l

to normalize it, we had det A = atl_l det A*~!. Thus we have
t,t

1
l=detT=det A" = [][ —=pdetd
t:a;;l#o Gt
or
det A= [ aiz"
t:alS1#£0

One of the virtues of this approach is that it is extremely easy to program, and reasonably
efficient. Each elementary row operation has at most 2n multiplications and 2n additions, and
at most n? elementary row operations are required, so the number of steps grows no faster than
4n3.

Here are two illustrative examples, which, by the way, were produced (text and all) by a
475-line program written in perl of all things.

91 Example (Matrix inversion by Gaussian elimination) Invert the following 3 x 3 ma-
trix using Gaussian elimination and compute its determinant as a byproduct.

0
A=1 0
1

o = O

1
0
0

We use only two elementary row operations: dividing a row by a scalar, which also divides the
determinant, and adding a multiple of one row to a different row, which leaves the determinant
unchanged. Thus the determinant of A is just the product of all the scalars used to divide the
rows of A to normalize its diagonal elements to ones. We shall keep track of this product in the
variable p as we go along. At any given stage, p times the determinant of the left hand block
is equal to the determinant of A. Before each step, we put a box around the target entry to be
transformed.
ai,1 is zero,

[0]
0
1

S = O
o O =
S O =
S = O
—_ O O
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so add row 3 to row 1. To eliminate az; = 1,

1 0 1|1 0 1
w=1 0 1 0|0 1 0
0 0|0 0 1
subtract row 1 from row 3. To normalize a3 3 = —1,
1 0 1 1 01
uw=1 01 O 0 1 0
0 0 -1 0 0

divide row 3 (and multiply p) by —1. To eliminate a1 3 = 1,

10 1 01
n=-1 01 0|0 1 0
00 1|1 00
subtract row 3 from row 1. This gives us
1 0 0j]0 0 1
n=-1 01 00 1 0
00 1|1 0 O
To summarize:
0 0 1 0 0 1
A=10 1 0 A'=10 10
1 00 1 00

And the determinant of A is —1. We could have gotten this result faster by interchanging rows 1
and 3, but it is hard (for me) to program an algorithm to recognize when to do this. O

92 Example (Gaussian elimination on a singular matrix) Consider the following 3 x 3

matrix.
1 1 2

A= 2 4 4
3 6 6

We shall use the method of Gaussian elimination to attempt transform the augmented block
matrix (A[I) into (I|A™'). To eliminate as; = 2,

p=1

w o]

1
4
6

D N

1
0
0

o = O

0
0
1
multiply row 1 by 2 and subtract it from row 2. To eliminate a3 = 3,

1 1 2|1 00
p=1 0 2 0[/-210

3] 6 6/ 0 0 1
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multiply row 1 by 3 and subtract it from row 3. To normalize as 2 = 2,

1 1 2|1 00

pu=1 020 0]-2 10
0 3 0[-3 0 1

divide row 2 (and multiply x) by 2. To eliminate a2 = 1,

1 211 0 0
=2 0 1 0|-1 % 0
0 3 0/-3 0 1
subtract row 2 from row 1. To eliminate az > = 3,
1 0 2|2 -3 0
w="2 0 1 0/-1 % o0
0 0/-3 0 1

multiply row 2 by 3 and subtract it from row 3. Now notice that the first 3 columns of A
are dependent, as each column has at most its first 2 entries nonzero, and any 3 vectors in a
2-dimensional space are dependent.

1022 -5 0
=2 01 0[-1 L o0
00 0[0 —15 1

Therefore A has no inverse, and the determinant of A is zero. (If we had interchanged columns 1
and 3, we would have arrived at this result sooner, but hindsight is also hard to program.) O

93 Exercise Using the language of your choice, write a program to accept a square matrix and
invert it by Gaussian elimination, or stop when you find it is not invertible.
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