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PREFACE

This bock contains lectures on matrices given at Princeton University at
various times since 1920. It was my intention to include full notes on the his-
tory of the subject, but this has proved impossible owing to circumstances
beyond my control, and I have had to content myself with very brief notes (see
Appendix I). A bibliography is given in Appendix II. In compiling it, espe-
cially for the period of the last twenty-five years, there was considerable difficulty
in deciding whether to include certain papers which, if they had occurred earlier,
would probably have found a place there. In the main, I have not included
articles which do not use matrices as an algebraic caleulus, or whose interest lies
in some other part of mathematics rather than in the theory of matrices; but
consistency in this has probably not been attained.

Since these lectures have been prepared over a somewhat lengthy period of
time, they owe mugh to the criticism of many friends. In particular, Professor
A. A. Albert and Dr. J. L. Dorroh read most of the MS making many sugges-
tions, and the former gave material help in the preparation of the later sections
of Chapter X.

J. H. M. WEDDERBURN.,

Princeton, N. J.,

July 20, 1934.
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CORRIGENDA

4, line 9 from top: on second Z read j for p

6, Theorem 1, add: and conversely, if a matrix is commutative with every
other matrix, it is a scalar matrix.

7, line 12 from foot; for first and third A read [A]
11, lines 10, 11 from foot: for (Q'Q) read (Q'Q)—*
13, line 9 from foot: for Sgix read Sgix
13, line 6 from foot: for g.;1 read g, ¢
14, line 3 from top: before ajie; read Z.
18, line 8 from foot; for j read ¥;
20, line 8 from foot: forr + 1 readr — 1
30, line 13 from top: for = read —
31, line 4 from foot: for second x; read xe;; add e; 4+ ey = 1
42, equation (16): for 1 read —1
54, line 14 from foot; for (12) read (13)
54, line 6 from foot: for (14) read (15)
54, line 3 from foot: for (15) read (16)
54, line 2 from foot: for (13) read (14)
56, line 12 from top: correct term after Z to read k;j sijz;
67, lines 4, 5, 6, 7: the exponent n on the second last C should read ().
68, line 11 from foot: before T read (—1)*
68, line 8 from foot: before |Y| read (—1)*
74, line 11 from foot: forr = L read r = 3
81, line 4 from foot: for 1/8,! read 8,! with similar change in last line
&4, line 13 from foot: interchange i and j
85, line 8 from foot: for ¥, read 51

86, line 7 from top: for first e; read e;



page 92, line 11 from foot: delete from “‘and if”’ to end of paragraph

page 101, line 6 from foot: after hermitian insert A = A’

page 103, line 4 from foot: delete first 0; forq =t 4+ lreadq = s + 1

page 112, equation (23): for { } read [ ]

page 116, line 7 from top: add Every power series converges when x is nilpotent,

page 119, line 9 from top: for “at least . . . first’’ read ‘“the H.C.F. of the t's
is relatively prime to m"

page 122, line 4 from foot: multiply bracket by ¢*i and delete same inside
page 122, equation (30): for gi; read pi; = e *igy;

page 123, lines 2 and 3 from top: for g; read py

page 123, equations (32) and (33): for = read 2#

page 125, line 4 from top: read ai"1(N), @s"2(N), - - -, au’*(\)

page 126, line 13 from top: for | | read | |

page 126, equation (45): for first « read a

page 129, equation (63): in first term the bars should be heavy

page 129, line 5 from foot: for |x| read |x]

page 134, line 6 from top: multiply right side of equation by 2

page 136, line 10 from top: for & read &4

page 137, equation (103): read p = — 9,9

page 144, equation (24): read x’axa™

page 156, line 6 from top: for second = read < and add "'-< A, whence A = TA;”
page 164, line 8 from top: for primitive read minimal

page 164, line 7 from foot: for invariant read semi-invariant

page 164, last line: before ‘‘complete’ insert ‘‘suitably chosen”

page 166, line 10 from foot: for equivalent read invariant

page 166, line 5 from foot: for first B; read B,

page 167, Theorem 9:forj # kread i + t

page 171, line 5 from top: delcte 80



CHAPTER 1
MATRICES AND VECTORS

1.01 Linear transformations and vectors. In a set of linear equations

71 = aGum + Gtk + T Gipyn
N2 = Gum + Gume + -+ + G2ann
771’-. = Anm + Gn2M2 + L + Apnln
or
n
(1) =D am (=12 )
i=1
the quantities #1, 72, - - -, 7, may be regarded as the coordinates of a point P in

n-space and the point P’(n{, 5, -, 7.) is then said to be derived from P by
the linear homogeneous transformation (1). Or, in place of regarding the »’s as
the coordinates of a point we may look on them as the components of a vector y
and consider (1) as defining an operation which transforms y into a new vector
y’. We shall be concerned here with the properties of such transformations,
sometimes considered abstractly as entities in themselves, and sometimes in
conjunction with vectors.

To prevent misconceptions as to their meaning we shall now define a few terms
which are probably already familiar to the reader. By a scalar or number we
mean an element of the field in which all coefficients of transformations and
vectors are supposed to lie; unless otherwise stated the reader may assume
that a scalar is an ordinary number real or complex.

A vector! of order n is defined as a set of n scalars (&, &, -+, £.) given in a
definite order. This set, regarded as a single entity, is denoted by a single
symbol, say z, and we write

T = (b & -+, &n).

The scalars &, &, -, & are called the coordinates or components of the vector.
Iy = (mmn, -, 7.) is also a vector, we say that z = y if, and only if, cor-
responding coordinates are equal, thatis, &, =9, (¢ =1, 2, ---, n). The vector

z2=(n8 o ) =G+ mbt e oo, £t o)

is called the sum of = and y and is written z 4 y; it is easily seen that the opera-
tion of addition so defined is commutative and associative, and it has a unique
inverse if we agree to write 0 for the vector (0,0, - -, 0).

1 In chapter 5 we shall find it convenient to use the name hypernumber for the term
vector which is then used in a more restricted sense, which, however, does not conflict
with the use made of it here.

1



2 MATRICES AND VECTORS {1}

If p is a scalar, we shall write

pr = Xp = (PEI, PE?, ) PEn)-

This is the only kind of multiplication we shall use regularly in connection with
vectors.

1.02 Linear dependence. In this section we shall express in terms of

vectors the familiar notions of linear dependence.? If 2y, z;, ---, z, are vec-
tors and wy, ws, - - -, w,scalars, any vector of the form

(2) z = w1 + wr + -+ o,

is said to be linearly dependent on z, z, ---, z,; and these vectors are called

linearly independent if an equation which is reducible to the form
= w1 + Ty + 0+ o,

can only be true when each w; = 0. Geometrically the r vectors determine an
r-dimensional subspace of the original n-space and, if z;, x5, ---, z,are taken as
the coordinate axes, w;, w, -+, wrin (2) are the coordinates of z.

We shall call the totality of vectors z of the form (2) the linear set or subspace
(z1, 29, +++, 7,) and, when z;, %3, -+, z, are linearly independent, they are
said to form a basts of the set. The number of elements in a basis of a set is
called the order of the set.

Suppose now that (z1, z2, ---, ), (Y1, ¥, **-, ¥,) are bases of the same
linear set and assume s > ». Since the z's form a basis, each y can be expressed
in the form

3) Yi = a1 + Gtz + -+ ik, =12 -+, 8
and, since the y’s form a basis, we may set
zi = bayr + baya + -+ + bisy, @G=1,2 --,7)

and therefore from (3)

T 8

(4) Yi = z 0T = 2’ @i j biyr = Z CikYk,
k=1

i=1 i=1 k=1

7
where ¢;;, = E a;b0, which may also be written
i=1

(5) Cir = Z aibp (G =1,2,---,5)

i=1
if we agree to set a;; = 0 when j > r. Since the y’s are linearly independent,
(4) can only hold true if ¢i; = 1, ca = 0 (1 # k) so that the determinant

2 See for instance Bdcher, Introduction to Higher Algebra, p. 34.



[1.03] LINEAR VECTOR FUNCTIONS AND MATRICES 3

[ci| = 1. But from the rule for forming the product of two determinants it
follows from (5) that | ¢i | = | @i || bi | which implies (i) that | au | # 0 and
(ii) that r = s, since otherwise | a.x | contains the column ay, , ; ; each element:
of which is 0. The order of a set is therefore independent of the basis chosen
to represent it.

It follows readily from the theory of linear equations (or from §1.11 below)
that, if [ @i; | # 0 in (3), then these equations can be solved for the z's in terms
of the y's, so that the conditions established above are sufficient as well as
necessary in order that the y’s shall form a basis.

If e; denotes the vector whose 7th coordiuate is 1 and whose other coordinates
are 0, we see immediately that we may write

z=be + Loy + -0+ Len

in place of x = (&, &, -+, £&). Hence e, e, -+, e, form a basis of our
n-space. We shall call this the fundamental basts and the individual vectors e,
the fundamental unit vectors.

If 2y 25, -+, z:lr < m) is a basis of a subspace of order r, we can always
find n—r vectors z, .1, -+, Z, such that z;, zs, ---, 2. is a basis of the
fundamental space. For, if z, . is any vector not lying in (z1, 22, -+, 2,),
there cannot be any relation

it s + o Fwlr + w1 =0

in which w,,; # 0 (in fact every w must be 0) and hence the order of (z;,
Xg, * vy Lry Xy y1)isr 4+ 1. Since the order of (ei, €5, - -+, €,) i n, a repetition
of this process leads to a basis z1, 23, -+, 2z, -+, ¥, of order n after a finite
number of steps; a suitably chosen ¢; may be taken for z, . ;. The (n—r)-space
(zr +1, "y Ta) is said to be complementary to (zy, o, ---, z,); it is of course
not unique.

1.03 Linear vector functions and matrices. The set of linear equations
given in §1.01, namely, :

n

(6) "7:' = E aim; (7’ = 1’ 2" Tty n)

. ' i=1
define the vector ¥’ = (91, ns, -, n.) as a linear homogeneous function of
the coordinates of ¥ = (n;, 7, *--, 7.) and in accordance with the usual func-

tional notation it is natural to write ¥y’ = A(y); it is usual to omit the brackets
and we therefore set in place of (6)

Yy = Ay.

The function or operator A when regarded as a single entity is called a
matrix; it is completely determined, relatively to the fundamental basis, when



4 MATRICES AND VECTORS (1]

the. n? numbers a;; are known, in much the same way as the vector y is deter-
mined by its coordinates. We call the a;; the coordinates of A and write

y Gt Gia
Qa1 G2+ Q2n
) A=lle v .
Gny Qa2 ct Qnn
or, when convenient, A = || ai;||. It should be noted that in a,; the first suffix

denotes the row in which the coordinate occurs while the second gives the

column.
If B = || bi;|| is a second matrix, ¥y’ = A(By) is a vector which is a linear
vector homogeneous function of y, and from (6) we have

n = E ip 2 bpn; = 2 diny
p=1 p=1 i=1
where
®) dig = ) aubs.
p=1
The matrix D = || d,;]|| is called the product of A into B and is written AB.
The form of (8) should be carefully noted; in it each element of the ith row of 4
is multiplied into the corresponding element of the jth column of B and the
terms so formed are added. Since the rows and columns are not interchange-
able, AB is in general different from B4 ; for instance

10‘ a b _H a b ]
2 1 fle d|| l2a4+c¢c 26+4d
a b ‘10“_ a+ 2b b”
c d 2 1]  |lc+2d d|

The product defined by (8) is associative; for if C = || ¢i; ||, the element in
the 7th row and jth column of (AB)C is

n

35 (S = 350 (3 )

g=1 \p=1 P

and the term on the right is the (7, 7) coordinate of A(BC).
If we add the vectors Ay and By, we get a vector whose ¢th coordinate is

(ef. (6))

n n "j
!
N = 2 ain; + Z bimi = Z/ Ciimj

i=1 i=1 i=1
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where ¢;; = ai; + bi;, Hence Ay 4+ By may be written Cy where C = || ¢y; ||
We define C to be the sum of A and B and write C = A 4+ B; two matrices
are then added by adding corresponding coordinates just as in the case of vec-
tors. It follows immediately from the definition of sum and product that

A+B=B+4, @A+B+C=4+B+0),
A(B + C) = AB + AC, B+ C)A = BA + CA4,
A + y) = Az + Ay,
A, B, C being any matrices and z, y vectors. Also, if k is a scalar and we set
¥ = Ay, ¥y’ = ky’, then
Y’ = Ry = kAQy) = A(ky)

or in terms of the coordinates
rt
i = 2 kat’f’?i~
.-

Hence kA may be interpreted as the matrix derived from A by multiplying
each coordinate of 4 by %.

On the analogy of the unit vectors e; we now define the fundamental unit
malrices e;; (1, j = 1,2, ---, n). Here e;; is the matrix whose coordinates are
all 0 except the one in the 7th row and jth column whose value is 1. Corre-
sponding to the form Z¢.e; for a vector we then have

n

(9) A= z Ai€45.

i, i=1

Also from the definition of multiplication in (8)
(10) el'ie;'k = ei'k) el'jepq = 0! (j ;é p)

a set of relations which might have been made the basis of the definition of the
product of two matrices. It should be noted that it follows from the defini
tion of e,; that

(11) eiie; = e, eier = 0 (G #= k),
(12) Ae. = E Qieiier = E Qikls.

Hence the coordinates of Ae, are the coordinates of A that lie in the kth column.

1.04 Scalar matrices. If k is a scalar, the matrix K defined by Ky = ky
is called a scalar matriz; from (1) it follows that, if K = || R:; ||, then ki = &
f=1,2 ---, n), ki = 0@ = 7). The scalar matrix for which k = 1 is called
the identity matrix of order =; it is commonly denoted by I but, for reasons



6 MATRICES AND VECTORS [1]
explained below, we shall here usually denote it by 1, or by 1, if it is desired
to indicate the order. When written at length we have

1 k

1 k|
A convenient notation for the coordinates of the identity matrix was intro-

duced by Kronecker: if §;; is the numerical function of the integers i, j
defined by

(13) b = 1, 6; =0 (@ #J),

then 1, = |} 8;;]|. We shall use this Kronecker delta function in future with-
out further comment.

THEOREM 1. Every matriz is commutative with a scalar matriz.

Let k be the scalar and K = [| ks; || = || k6:; || the corresponding matrix.
If A = 1] a; || is any matrix, then from the definition of multiplication
KA = H D ki | = ” > k&,-pap,-! = |l kay ]|
P 2
AK = “ z Gipkp; || = H E katipdpi | = || ka ||
p P

so that AK = KA.

If k and % are two scalars and K, H the corresponding scalar matrices, then
K + H and KH are the scalar matrices corresponding to k& + h and kh. Hence
the one-to-one correspondence between scalars and scalar matrices is main-
tained under the operations of addition and multiplication, that is, the two
sets are simply isomorphic with respect to these operations. So long therefore
as we are concerned only with matrices of given order, there is no confusion
introduced if we replace each scalar by its corresponding scalar matrix, just
as in the theory of ordinary complex numbers, (a, b)) = a + bi, the set of num-
bers of the form (a, 0) is identified with the real continuum. We shall there-
fore as a rule denote || 8;; || by 1 and || ké:; || by %.

1.05 Powers of a matrix; adjoint matrices. Positive integral powers of
A = || ai; || are readily defined by induection; thus
A2 = A A, A¥ = A4, m= A A"~

With this definition it is clear that A74* = A+ for any positive integers 7, s.
Negative powers, however, require more careful consideration.
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Let the determinant formed from the array of coeflicients of a matrix be
denoted by
|A| = det. 4

and let «,, be the cofactor of a,,in A, so that from the properties of deter-
minants

(14) 2 Gipop; = | A 8y = z aiplp; Gj=12 -, n).

D ¥4

The matrix || a;; || is called the adjoint of A and is denoted by adj A. In this
notation (14) may be written

(15) A(@dj4) = | 4| = (adj 4)4,

so that a matrix and its adjoint are commutative.
If | A] & 0, we define A~ by

(16) A=t = | A | adj 4.

Negative integral powers are then defined by A= = (A7!)’; evidently A= =
(471, We also set A° = 1, but it will appear later that a different inter-
pretation must be given when | A | = 0. Since AB-B7iA~! = A-BB~'-A~! =
AA~' = 1, the reciprocal of the product AB is

(AB)~t = B4\,

If A and B are matrices, the rule for multiplying determinants, when stated

in our notation, becomes

|AB| = |A||B]
In particular, if AB = 1, then | A || B| = 1; hence, if | A| = 0, there is no
matrix B such that AB = 1 or BA = 1. The reader should notice that, if &
is a scalar matrix of order n, then | k| = k.

If A = 0, A is said to be stngular; if A = 0, A is regular or non-singular.
When 4 is regular, A-! is the only solution of AX = 1 or of XA = 1. For,
if AX = 1, then

A"l = A"1.1 = 474X = X,

If AX = 0, then either X = 0 or A is singular; for, if 47! exists,
0=A"14z = X.

4 =2/
6 —3|
are idempotent. A matrix a power of which is 0 is called nilpotent. If the
lowest power of A which is 0 is A7, r is called the indezx of 4 ; for example, if 4
= €12 + €93 + €34, then

AZ = €13 + €04, ‘A3 = €14, A4 = 0,
so that the index of A in this case is 4.

If A2 = A # 0, then 4 is said to be idempotent; for example ey, and
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1.06 The transverse of a matrix. If A4 = |/ay||, the matrix || o/ in
which a; = a;;is called the transverse® of A and is denoted by A’. For instance
the transverse of

an Q2 dp
(g1 G2 Gog || iS
Q31 A3z @33

Gy Gu  dsa
G2 Qo2  G32
a1z Q23 (33

The transverse, then, is obtained by the interchange of corresponding rows and
columns. It must be carefully noted that this definition is relative to a par-
ticular set of fundamental units and, if these are altered, the transverse must
also be changed.

TaeOREM 2. The transverse of a sum 1is the sum of the transverses of the sepa-
rate terms, and the transverse of a product is the product of the transverses of the
separate factors in the reverse order.

The proof of the first part of the theorem is immediate and is left to the
reader. To prove the second it is sufficient to consider two factors. Let
A = lla;ll, B = |lbyll, C = AB = ||¢i;|| and, as above, set a}; = a;,
bi; = biy, ¢i; = ¢y then

D P
whence
(AB) = ¢’ = B'A/.

The proof for any number of factors follows by induction.

If A = A’, A is said to be symmelric and, if A = —A4’', it is called skew-
symmetric or skew. A scalar matrix k¥ is symmetric and the transverse of
kA is kA’.

TuroreM 3. Every matriz can be expressed uniquely as. the sum of a sym-
metric and a skew matriz.

ForifA =B+ (C,B =B, = —C,then 4’ = B4+ ' = B — C and
therefore

B=(A+4%/2, C=(4—4)/2

Conversely 24 = (4 + 4) + (4 — 4’) and A + A’ is symmetric, 4 — A’
skew,

3 1t is also called the transposed or conjugate of A, It is sometimes written 4.
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1.07 Bilinear forms. A scalar bilinear form in two variable vectors, + =
Ztie:, y = Znies, is a funetion of the form

n

(17) Alw,y) = D autm;

i,i=1

There is therefore a one-to-one correspondence between such forms and ma-
trices, A = || a;; || corresponding to A(z, y). The special form for which 4 =
[| 8:;]] = 1 is of very frequent occurrence and we shall denote it by S; it is
convenient to omit the brackets and write simply

(18) Szy =tm+ Eme + - + £

and, because of the manner in which it appears in vector analysis, we shall
call it the scalar of zy. Since S is symmetric, Szy = Syz.

The function (17) ean be conveniently expressed in terms of A and S; for
we may write A(z, ) in the form

Az, y) = j Ei(j ai:"’h‘) = SzAy.

i=1 j=1
It may also be written

2 <2 a,-,-g,-)n; = SA'zy = Syd'z;
=1 \i=1

hence J

(19) SzAy = Syd'z,

so that the form (17) is unaltered when z and y are interchanged if at the same
time A is changed into A’. This gives another proof of Theorem 2. For

Sz(AB)'y = SyABx = SBzA'y = SzB’A’y,

which gives (AB)’ = B’A’ since z and v are independent variables.

1.08 Change of basis. We shall now investigate more closely the effect of
a change in the fundamental basis on the coordinates of a vector or matrix.
If fi, fo, * -+, fn 18 & basis of our n-space, we have seen (§1.02) that the f’s are
linearly independent. Let

P =l

Since the f’s form a basis, the e’s are linearly expressible in terms of them, say

(21) e = Z qiifi,
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and, if @ = || ¢i; ||, this may be written

(22) o= D) g ) puee = PQes  (=1,2, -, ).
7 k

Hence PQ = 1, which is only possible if | P| = 0, @ = P13,

Conversely, if | P| # 0, @ = P~ and f; = Pe; as in (20), then (22) holds
and therefore also (21), that is, the e’s, and therefore also any vector z, are
linearly expressible in terms of the f’s. We have therefore the following
theorem.

TueoreM 4. If fi = Pe; (1 = 1,2, .-+, n), the veclors f; form a basis if, and
only if, | P| # 0.

If we have fewer than n vectors, say fi, f:, <, fr, we have seen in 1.02
that we can choose f, L1, -+, fa so that fi, f5, -+, f» form a basis. Hence

TueoreM 5. If fi, fo, -+, fr are linearly independent, there exists al least
one non-singular matriz P such that Pe; = f; (1 = 1,2, -+, 7).

We shall now determine how the form Szy, which was defined relatively to
the fundamental basis, is altered by a change of basis. As above let

@) fi = Py e=Pfi=Qfy |P|#0, (=12 -, n)
be a basis and

z =24 = 2y Y = Ine = Inifi
variable vectors; then from (23)

r = QTLf; = szgen Yy QZnf; = Pznie.-

and
Zfie; = Pz = Qz,  Znje = Qu.
Let us set temporarily S.zy for Szy and also put S;zy = Z£/n,, the correspond-
ing form with reference to the new basis; then
Sy = 8.Q2Qy = S.zQ'Qy

(24)
S.zy = S;PzPy.

Consider now a matrix A = || a,; || defined relatively to the fundamental
basis and let 4, be the matrix which has the same coordinates when expressed
in terms of the new basis as A has in the old. From the definition of A and
from & = S.e;x we have

Az = E : akies = E: aie:S.e;r

Vi L
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and hence
Az = Zaitfi = ZayfSifix = Za;Qe:S.Qf Qx
= Q@ 1Zae:8.e:80x = QLAQx.

We have therefore, remembering that @ = P,

(25)

TuHEOREM 6. If f; = Pe; (v = 1,2, ---, n) s a basis and A any matriz, the
matriz PAP~! has the same coordinates when expressed in terms of this basis as 4
has in terms of the fundamental basts.

The matrix Q—1AQ is said to be similar to A and to be the transform of 4
by @. Obviously the transform of a product (sum) is the product (sum) of
the transforms of the individual factors (terms) with the order unaltered. For
instance Q1ABQ = Q- 'AQ-Q-'BQ.

Theorem 6 gives the transformation of the matric units e;; defined in §1.03
which corresponds to the vector transformation (23); the result is that, if fi;
is the unit in the new system corresponding to e;;, then

fi; = Pe;P™
which is readily verified by setting
A= ey = e,-See,-( ), 4, = fii = fisffi( )

in (25). The effect of the change of basis on the form of the transverse is
found as follows. Let A* be defined by

SixAy = Spyd*z;

then
SyA*r = S;zdy = S,Q2zQAy = S.2Q'QAy = S.Qy(Q)A'Q'Qx
= Sy(Q'QA'QQx.
Hence
(26) A* = (QQA'Q'Q.

1.09 Reciprocal and orthogonal bases. With the same notation as in the
previous section we have S;f.f; = 0 (v # j), S8;fif; = 1. Hence

8:; = Sififi = SQfQfi = S.fQ'Qf.

If, therefore, we set

(27) f; = Qlei (.7 =1, 2) Tty n):

we have, on omitting the subscript e in S,,

(28) szf; = 0y (7’).7 = 1) 2; tt n)-

Since | Q'Q | = 0, the vectors f1, f3, -+, f. form a basis which we say is recip-

rocal to fi, f3, +-+, fn. This definitior is of course relative to the fundamental
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basis since it depends on the function S but, apart from this the basis (f]) is
uniquely defined when the basis (f) is given since the vectors f; determine P
and @ = P,
The relation between (f;) and (f, ) is a reciprocal one; for
I} = QQf = QQPe; = Qe
and, if R = (Q)~!, we have f; = R'Rf}.

If only the set (fi, fo, -+, f-) is supposed given originally, and this set of
linearly independent vectors is extended by f, .1, -+, f. to form a basis of
the n-space, then f. .1, ---, f. individually depend on the choice of f, .y,
-, fo. But (28) shows that, if Sfix = 0(Z = 1,2, -+, ), then z belongs to
the linear set (f, 11, -, f1); hence this linear set is uniquely determined
although the individual members of its basis are not. We may therefore with-
out ambiguity call §' = (f, 41, -+, f.) reciprocal to § = (fi, fo, -+, f+);

&’ is then the set of all vectors z for which Sry = 0 whenever y belongs to §.
In a later chapter we shall require the following lemma.

Lemva 1. If (fy, fo, -+, fr) and (f. 41, « -+, fu) are reciprocal, so also are
(B=f1y B7Yy, -+, B7Y,) and (B'f; vy, Bf; s -+, B'f,) where B is any non-
singular matriz.

For SB'f;B-Yf; = S[;BB~Y; = Sfif; = &

Reciprocal bases have a close connection with reciprocal or inverse matrices
in terms of which they might have been defined. If P is non-singular and Pe;
= f; as above, then P = Zf:Se;( ) and, if @ = Ze;Sf.( ), then

PQ = ZesSfif;Sei( ) = ZéieSei( ) =1
so that @ = P,

If QQ’ = 1, the bases (f;) and (f) are identical and Sf.f; = &;; for all < and j;

the basis is then said to be orthogonal as is also the matrix Q. The inverse of

an orthogonal matrix and the product of two or more orthogonal matrices are
orthogonal; for, if RR' = 1,
(RQ)(RQ)' = RQQ'R’ = RR' = 1.
Suppose that ki, ks, ---, h, are real vectors which are linearly independent
and for which Shih; = &;; (¢ # j); since h; is real, we have Shih; # 0. I r < n,

we can always find a real vector z which is not in the linear set (hy, ---, A,
and, if we put

h,__'_1 = r — E h.‘Sh.‘I/Shihiy
1

then A, .1 # 0and Sheh. .1 =0( = 1,2, --+, r). Hence we can extend the
original set to form a basis of the fundamental n-space. If we set f; =
hi/(Shihi)}, then Sfif; = 8i; even when ¢ = j; this modified basis is called an
orthogonal basis of the set.
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If the vectors h; are not necessarily real, it is not evident that x can be chosen
so that Sh,  1hr 41 % 0 when Shih; # 0 ¢ = 1,2, ---, r). This may be
shown as follows. In the first place we cannot have Syh, .1 = 0 for every y,
and hence Sk, . 1th. .1 # 0 when » = n — 1. Suppose now that for every

choice of z we have Sh, 1A, +1 = 0; we can then choose a basis . L1, -+, ha
supplementary to ki, -, h, such that Shh; = 0 (Z = » + 1, ---, n) and
Shhi = 0@ =7r+1, ---,n; 5 =1,2, ---, r). Since we cannot have

Sh, +1hs = 0 for every h; of the basis of the n-space, this scalar must be differ-
ent from 0 for some value of ¢ > r, say r + k. If we then put &, ., = h, 1,
+ h, 4+ in place of A, 41, we have Shsh, 41 = 0 (¢ =1, 2, ---, r) as before
and also

Sh;+1h;+1 = Shr+lhr+1+Shr+khr+k+2Sh1+1hr+k
= 28h1+1hr+k ?50

We can therefore extend the basis in the manner indicated for real vectors
even when the vectors are complex.

When complex coordinates are in question the following lemma is useful;
it contains the case discussed above when the vectors used are real.

LemMA 2. When a linear set of order r 1s given, it s always possible to choose
a basis gi, gs, ‘-, gn Of the fundamental space such that ¢i, -+, g, is a basis
of the given set and such that Sg.§; = 8:; where §; is the vector whose coordinates
are the conjugates of the coordinates of g; when expressed in terms of the funda-
mental basts.

The proof is a slight modification of the one already given for the real case.

Suppose that g1, ---, g, are chosen so that Sg;j; = 6:; (4, j = 1,2, ---, 8)
and such that (¢;, -+, g,) lies in the given set when s < » and when s > r,
then ¢i, - -+, ¢- is a basis of this set. We now put

Jot) =2 — Z 9:8g:x/S7.9:
1

which is not 0 provided z is not in (g1, ---, ¢g.) and, if s < r, will lie in the
given set provided z does. We may then put

Jsp1 = g; +1/(Sg§ +10s + )}

and the lemma follows readily by induction.
If U is the matrix Ze;Sg;, then U = Ze;Sj; and

(29) vl = 1.

Such a matrix is called a unitary matrix and the basis g, g2, * -+, ¢» is called a
unitary basis. A real unitary matrix is of course orthogonal.
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1.10 The rank of a matrix. Let A = || a;|| be a matrix and set (cf. (12)
§1.03)
he = Ae; = aje;
then, if
xz = Ztie; = ZeSesx
is any vector, we have
Az = AZeSex = ZAe;Sesx

or

(30) Az

Zn: h;Se‘:c.
1

2 a:Sbz, where a., b; are constant vec-
1
tors, is a linear homogeneous vector funection of z. Here (30) shows that it

is never necessary to take m > n, but it is sometimes convenient to do so.
When we are interested mainly in the matrix and not in z, we may write 4
= Za:Sbi( ) or, omitting the brackets, merely

]

Any expression of the form Az

(31 A = Zg8b;.
It follows readily from the definition of the transverse that
(32) A’ = Zb;8a;.
No matter what vector z is, Az, being equal to Za;Sb;z. is linearly dependent
on Gy, @, *-+, Gm or, if the form (30) is used, on Ay, hy, -+, h,. When | 4|

# 0, we have seen in Theorem 4 that the A’s are linearly independent but, if 4
is singular, there are linear relations connecting them, and the order of the
linear set (a;, @2, -, a@m) is less than n.

Suppose in (31) that the a’s are not linearly independent, say

G, = o161 + a0y + -0+ @y —10s -y

then on substituting this value of a, in (31) we have

A = @S+ ab) + 0 F 6y Z1SGs -1+ @ _1b) + 2 aiShs
s+l

an expression similar to (31) but having at least one term less. A similar
reduction can be carried out if the b’s are not linearly independent. After &
finite number of repetitions of this process we shall finally reach a form

(33) A= 2 ¢:8d;
1
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in which ¢, ¢, ‘-, ¢, are linearly independent and also di, d;, ---, d,. The
integer r is called the rank of A.

It is clear that the value of r is independent of the manner in which the
reduction to the form (33) is carried out since it is the order of the linear set
(Aei,, Aey, «--, Ae,). We shall, however, give a proof of this which inci-
dently yields some important information regarding the nature of 4.

Suppose that by any method we have arrived at two forms of 4

A = 2 c:Sd; = 2 2:8¢;,

1 1

where (¢1, ¢, -+, ¢.) and (di, dp, -+, d,) are spaces of order r and (p1, P».
Y pa)’ ((11: a» " q!) spaces of order 8 and let (C:, + 1 C: +2 " C;), Tty
(gs +1, 9o +2 **+, g.) be the corresponding reciprocal spaces, Then

Agi = D pSads =pi  (G=1,2 - 9)
1

and also Aq; = Z ¢;Sdiq;. Hence each p; lies in (ci, ¢y, -+, ¢;). Similarly
each c; lies in (p1, ps, + -, P.) s0 that these two subspaces are the same and,
in particular, their orders are equal, that is, r = s. The same discussion with
A’ in place of A shows that (d), dy, -+, d;) and (gi, ¢z, -, ¢,) are the same.

We shall call the spaces & = (¢y, &, -+, ¢r), & = (di, do, -+, d;) the left
and right grounds of A, and the total space ® = (¢1, -+, ¢, dy, -+, d,) will
be called the (total) ground of A.

If z is any vector in the subspace N, = (d, 1, d) 44, -+, d,) reciprocal

to ®,, then Az = 0 since Sdid; = 0 ({ » j). Conversely, if
0=Az=7% c.-Sd.,-a:,

each multiplier Sd;r must be 0 since the ¢’s are linearly independent; hence every
solution of Az = 0 lies in N,. Similarly every solution of 4’x = 0 lies in
Ne=(chsncriz ). Wecall N, and N, the right and left nullspaces
of A; their order, n — r, is called the nullity of A.

We may summarize these results as follows.

P

TaeorREM 7. If a matriz A is expressed in the form 2 aiSb;, where &,
. 1
= (ay, o, *", @) and &, = (by, by, -+, b,) define spaces of order r, then, no
matter how the reduction to this form is carried out,the spaces &, and ©&, are always
the same. Further, if M and N, are the spaces of order n — r reciprocal to &,
and ©,, respectively, every solution of Az = 0 lies in N. and every solution of
A’z = 01n 9?;.

The following theorem is readily deduced from Theorem 7 and its proof is
left to the reader.
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TarEoREM 8. If A, B are matrices of rank r, s, the rank of A + B is not
greater than r 4 s and the rank of AB is not greater than the smaller of r and s.

1.11 Linear dependence. The definition of the rank of a matrix in the
preceding section was made in terms of the linear dependence of vectors associ-
ated with the matrix. In this section we consider briefly the theory of linear
dependence introducing incidentally a notation which we shall require later.

Let z; = 2 tie; (0 =1,2, .-+, r; 7 < n) be a set of r vectors. From the

i=1

rectangular array of their coordinates
fu b2 oo Enm
(34) E2l 522 e £2n
Erl Erz e Ern

there can be formed n!/rl(n — r)! different determinants of order r by choosing
r columns out of (34), these columns being taken in their natural order. If
these determinants are arranged in some definite order, we may regard them
as the coordinates of a vector in space of order n!/r!(n — 7)! and, when this
is done, we shall denote this vector by*

(35) |2y + o 2|

and call it a pure vector of grade r. It follows from tliis definition that | zz.
-+ z,| has many of the properties of a determinant; its sign is changed if two
7’s are interchanged, it vanishes when two z’s are equal and, if A and x are
scalars,

(36) |z A px)me crr x| =A|TT e x| Fplzize o 2]

If we replace the z’s in (35) by r different units e, e, - -, e, the result is
clearly not 0: we thus obtain (7) vectors which we shall call the fundamental
unit vectors of grade r; and any linear combination of these units, say

2y oo i l €4€q, 0t €4y |,
is called a vector of grade . It should be noticed that not every vector is a
pure vector except when r equals 1 or n.
If we replace z; by Z £e; in (35), we get
l ZT1xg * zr\l =3 Eli,&],- e Srjr [ €€ ' € !)
where the summation extends over all permutations ji, 75, *++, jrof 1,2, -++, n
taken r at a time. This summation may be effected by grouping together the

+1f it had been advisable to use here the indeterminate product of Grassmann, (35)
would appear as a determinant in much the ordinary sense (cf. §5.09).
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sets Ji, 72, * - -, jr which are permutations of the same combination 41, 75, -+, ,,
whose members may be taken to be arranged in natural order, and then sum-
ming these partial sums over all possible combinations 4, %, -+, ¢,. Taking
the first step only we have

T bubai o bl it o e | =285 by e Bl e o e

where 5:!.. I is the sign corresponding to the permutations (}!i2:: ;) and this

equals | &4, -+ &4 ]| es - €], Wa have therefore
*
37) [ 2 VErakes, -0 Ero | eien -0 ey
)
where the asterisk on X indicates that the sum is taken over all r-combinations
of 1, 2, .-+, n each combination being arranged in natural order.

THEOREM 9 |[122 -+ z,| = 0 ¢, and only if, x1, x5, -+ -, z, are linearly
dependent.

The first part of this theorem is an immediate consequence of (36). To prove
the converse it is sufficient to show that, if |ziz; -+ z. -1 | # 0, then there
exist sealars aj, a2, **+, a,-1 such that

T, = g1 + o + 0+ ar —1Zr— 1

Let z; = Z £ie;. Since | mxe -+ x, — 1| # 0, at least one of its coordinates

7
is not 0, and for convenience we may suppose without loss of generality that

(38) | Enkos -+ &r -1, r—1| # 0.
Since | zyx; -+ z,| = 0, all its coordinates equal 0 and in particular
l£11£22"'57‘—-1,r—l£n’l=0 ('L.=1y2;"'yn)-

If we expand this determinant according to the elements of its last columm,
we get a relation of the form

Bikri + Bobi A+ - + Bk 1, =0
where the §’s are independent of ¢ and 8, # 0 by (38). Hence we may write
(39) En=adu+ o Foar_1b 1 =12 .-, n)
the o’s being independent of 7. Multiplying (39) by e; and summing with
regard to 7, we have
Zr=ati+ - Far—12, 1,

which proves the theorem.
If (a1, @z, -+, @n) is a linear set of order r, then some set of r a’s form a
basis, that is, are linearly independent while each of the other a’s is linearly
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dependent on them. By a change of notation, if necessary, we may take
ay, Gg, **-, G, as this basis and write

(40) Grei= D) Bty (=1,2 0, m—r).

i=1

We shall now discuss the general form of all linear relations among the a's in
terms of the special relations (40); and in doing so we may assume the order
of the space to be equal to or greater than m since we may consider any given
space as a subspace of one of arbitrarily higher dimensionality.

Let

(41) > v =0
1

be a relation connecting the a’s and set

m
C = Etv,e,'.
1

Then (40), considered as a special case of (41), corresponds to setting for ¢

(42) ci=_2ﬂiiei+er+i, =12 -, m—71);

i=1

and there is clearly no linear relation connecting these vectors so that they
define a linear set of order m — r. Using (40) in (41) we have

T m=fr
2 <’Yi + E'yr+.-ﬁ-'i> a; =0
=1 1=1
and, since @, @, ---, G, are linearly independent, we have
m—r
_Zﬁ€17r+i <j=1;2; Tty T)
gl
whence

43) ¢ 2‘)’;67——2‘7r+|2ﬁ.7€,+27r+:€r+i=Z’Yr+;0.,

t=1 i=1 =1 =1

30 that ¢ is linearly dependent on ¢;, ¢;, -+, ¢m ~». Conversely, on retracing
these steps in the reverse order we see that, if ¢ is linearly dependent on these
vectors, so that v, 4. (1 = 1,2, 1+, m — r) are known then from (43) the

vi (7 =1,2, ---, v} are defined in such a way that ¢ = 7,e, and 2 via; =

0. We have therefore the following theorem.
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TaeoreM 10. If ay, a5, -+, Gm ts @ lineor set of order r, there exist m — r

m
linear relations Z vi0; =0 @ = 1,2, -+, m — 1) such that (i) the vectors
Cs = 2 Yiiei a;e-l;'nearly independent and (i7) if = v,4; = 0 1s any linear relation
connec’t:;:g the a’s, and if ¢ = Z vse;, then ¢ belongs to the linear set (ci, ¢,
“’.I‘,hf: l;s;zl'lt can be translated immediately in terms concerning the solution
of a system of ordinary linear equations or in terms of matrices. If a; = EIa,-.-e;,

L]

then (41) may be written

am + auv: + 0+ Guym =0
(44)  trrrrieieeseeeieeeeen

a1nY1 + G2nY2 + e + AmnYm = 0

a system of linear homogeneous equations in the unknowns v, vs, -+, ¥m.
Hence (44) has solutions for which some v # 0 if, and only if, the rank r of
the array

Gu GGy -+ Qm

Qi QA *** Qme
(45

Qn Ggn  *°* Cmp

is less then m and, when this condition is satisfied, every solution is linearly
dependent on the set of m — r solutions given by (42) which are found by
the method given in the discussion of Theorem 9.

Again, if we make (45) a square array by the introduction of columns or
rows of zeros and set A = [| ay; ||, ¢ = Z ~ie;, then (41) becomes A’c = 0 and
Theorem 10 may therefore be interpreted as giving the properties of the null-
space of A’ which were derived in §1.10.



CHAPTER II
ALGEBRAIC OPERATIONS WITH MATRICES. THE CHARACTERISTIC EQUATION

2.01 Identities. The following elementary considerations enable us to carry
over a number of results of ordinary scalar algebra into the algebra of matrices.
Suppose f(Az, Az, *c -y As), g1, Ag, ¢+, As) are integral algebraic functions of
the scalar variables A; with scalar coefficients, and suppose that

fo\l; Agy -0y )\r) = 90\1, Agy -0y >\r)
is an algebraic identity; then, when f(A;, -+, \,) — g(\;, -+, A,) is.reduced
to the standard form of a polynomial, the coefficients of the various powers of
the A's are zero. In carrying out this reduction no properties of the A’s are
used other than those which state that they obey the laws of scalar multiplica-
tion and addition: if then we replace Ai, Ay, -+, A by commutative matrices
Zy, T2, ***, T, the reduction to the form 0 is still valid step by step and hence
.f(xly Ty "y xr) = 9(131, Tgy ** 0y zr>°
An elementary example of this is
1-29=(0—-2)(1+ 2)
or, when zy = yz,
Z—yt=(z—yk+y.

Here, if zy # yz, the reader should notice that the analogue of the algebraic
identity becomes

22—y =z@x+y — &+ Yy
which may also be written 22 — y2 = (z — y)(z + v) + @z — zv).

2.02 Matric polynomials in a scalar variable. By a matric polynomial in a
scalar variable N is meant a matrix that can be expressed in the form

1) PQ\) = pN + pNtL 4 oo 4 p, (po # 0),

where pqg, 21, . . ., D, are constant matrices. The coordinates of P(\) are scalar
polynomials in X and hence, if

(2) Q) = gM + oM+ -+ g, (go # 0)

is also a matric polynomial, P(A\) = Q()\) if, and only if, r = s and the coefficients

of corresponding powers of X are equal, that is, p;, = ¢; ({ = 1,2, ..., ). If

| ¢ | = 0, the degree of the product P(A\)Q(\) (or Q(\)P(N)) is exactly r + s since

the coefficient of the highest power M+ which occurs in the product is pogo
20
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(or ggp,) which cannet be 0if p, > 0 and | g,| = 0. If, however, both | p,| and
l g0 | are 0, the degree of the product may well be less than r 4+ s, as is seen from
the examples

(enh 4+ 1) (eaoh + 1) = eyiend? + (e + ex)N + 1 = (en + ex)\ + 1,

“x 1 1 —1
N 1 - A A

-0

Another noteworthy difference between matric and sealar polynomials is that,
when the determinant of a matric polynomial is a constant different from 0, its
inverse is also a matric polynomial: for instance

(612)\ + 1)—1 = —ep\ + 1,
[(er2 + eag)h + 1171 = e;\2 — (e2 + ex)h + 1.

We shall call such polynomials elementary polynomials.

2.03 The division transformation. The greater part of the theory of the
“division transformation can be extended from ordinary algebra to the algebra
of matrices; the main precaution that must be taken is that it must not be
assumed that every element of the algebra has an inverse and that due allow-
ance must be made for the peculiarities introduced by the lack of commuta-
tivity in multiplication.

TueoreM 1. If P(\) and Q(\) are the polynomials defined by (1) and (2),
and if | go| # O, there exist unique polynomials S(\), R(\), Si(d), Bi(N), of
which S and S, if not zero, are of degree r — s and the degrees of R and R, are
s — 1 at 'most, such that

PO = SMQM) + RQ) = QMSi(\) + Bi().

If »r < s, wemaytake 8; = S = 0and B, = R = P;in so far as the existence
of these polynomials is concerned the theorem is therefore true in this case.
We shall now assume as a basis for a proof by induction that the theorem is
true for polynomials of degree less than r and that r < s. Since | g¢| # 0,
qo~! exists and, as in ordinary scalar division, we have

PQ) = poge™™N 7 QM) = (p1 — Dego'g)N "t 4 -+- = Pi(N).

Since the degree of P, is less than r, we have by hypothesis Py(\) = P:(A\)Q(\)
+ R(\), the degrees of P, and R being less, respectively, than r — s and s;
hence

PQ) = (poge™" ~* + P:A))QR) + R(N) = SMQMN) + R

as required by the theorem. The existence of the right hand quotient and
remainder follows in the same way.

It remains to prove the uniqueness of S and R. Suppose, if possible, that
P=8Q + R =TQ + U where R and S are as above and T, U are poly-
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nomials the degree of U being less than s; then (S — 7)Q = U — R. If
S — T # 0, then, since | gqo| # 0, the degree of the polynomial (S — T)Q is
at least as great as that of Q and is therefore greater than the degree of U — R.
It follows immediately that S — T = 0, and hence also U — KB = 0; which
completes the proof of the theorem.

If Q is a scalar polynomial, that is, if its coefficients ¢ are scalars, then § = §,,
R = R,; and, if the division is exact, then @(A) is a factor of each of the coordi-
nates of P(\).

TueEoREM 2. If the matric polynomial (1) is divided on the right by A — a,
the remainder is
2 2 e

and, if 1t is divided on the left, the remainder is
apo+ o pi+ o+ P
As in ordinary algebra the proof follows immediately from the identity
M—a=A—-—aM"t+ N2+ - fa 7))

in which the order of the factors is immaterial since X is a secalar.
If P()\) is a scalar polynomial, the right and left remainders are the same and
are conveniently denoted by P(a).
2.04 Theorem 1 of the preceding section holds true as regards the existence
of S, S;, R, Ry, and the degree of R, R, even when | go| = 0 provided | Q) |
¢

# 0. Suppose the rank of ¢y is ¢ < n; then by §1.10 it has the form E S8
1

t

or, say, h<2 e.-.~>k where & and k are non-singular matrices for which he; = a;,

1
n

Keg =B (i=1,2 -+, t). Ife = Ze.-.-, then

t+1
®) Q = (e + DR1Q
is a polynomial whose degree is not higher than the degree s of  since cih~'qq
= 0 so that the term in A* *! is absent. Now, if # = |A~!|, then

[Qul =lex+ 1A [[Ql = A +N"~"|Q],

so that the degree of | @ | is greater than that of | @ | by n — ¢. If the leading
coefficient of Q, is singular, this process may be repeated, and so on, giving
Qi, Qs, -+, where the degree of | Q;| is greater than that of | Q;~,|. But
the degree of each Q; is less than or equal to s and the degree of the determinant
of a polynomial of the sth degree cannot exceed ns. Hence at some stage the
leading coefficient of, say, Q; is not singular and, from the law of formation (3)
of the successive Q's, we have Q,(\) = H(\)Q(\), where H(\) is a matric
polynomial.
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By Theorem 1, Q; taking the piace of @, we can find S* and R, the latter of
degree s — 1 at most, such that

PN = S*MHMQM) + BN = S(MQM) + R().

The theorem is therefore true even if | go| = O except that the quotient and
remainder arg not necessarily unique and the degree of S may be greater than
r — 8, ag is shown by taking P = A\* ~ 1, @ = euh + 1, when we have

P = (a2 + eud —~ 1)@ = (enV + end — 1 + en)Q — e
2.05 The characteristic equation. If z is a matrix, the scalar polynomial
) ) =|x—z]l=NFaMN~14+ . -+ a,

is called the characteristic function corresponding to z. We have already seen
(§1.05 (15)) that the product of a matrix and its adjoint equals its deter-
minant; hence

AN—2)adj (A —2) =X —2z] = f0).

It follows that the polynomial f(\) is exactly divisible by A — z so that by
the remainder theorem (§2.03, Theorem 2)

(8 J@) = 0.

As 8 simple example of this we may take z = l: ’:” Here
JO =A—a)A~8 — By =2 —(a+ )\ + ad — By,
and
_ e + B8y a8 + 88| _ a B _ 1L 0 _
f@) = va + &y 8 + & (@+9 v 8 + (o 57)“0 1” 0

The following theorem is an important extension of this result.

TugoreM 3. If f(\) = |\ — z| and 6(0) is the highest common factor of the
Sirst minors of | N — z|, and if

® e(A) = fN)/6(N),
the leading coefficient of 0(\) being 1 (and therefore also that of o(N)), then
(@) ¢(z) = 0;

(ii) #f ¢(\) 18 any scalar polynomial such that Y(z) = 0, then ¢(\) i8 a factor
of Y(\), that is, o(\) is the scalar polynomial of lowest degree and with leading
coefficient 1 such that ¢(z) = 0;

(iii) every root of f(\) 18 a rvot of o()).

The coordinates <f adj(A — z) are the firat minors of | A — z | and therefore
by hypothesis [adj(A — z)]/0(\) is integral; also
adjh —z) ., _ JO) _
O T B
hence ¢(z) = 0 by the remainder theorem.

e(N);
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If (M) is any scalar polynomial for which y(z) = 0, we can find sealar poly-
nomials M(A), N(A) such that M(A\)e(A) + NONy¢(\) = ¢(N\), where {()) is the
highest common factor of ¢ and y. Substituting x for X in this scalar identity
and using ¢(z) = 0 = y(z) we have {(z) = 0; if, therefore, y(z) = 0 is a scalar
equation of lowest degree satisfied by z, we must have ¢y(\) = {()), apart from
a constant factor, so that y()\) is a factor of o(\), say

9 o) = RO,

Since ¥(x) = 0, A — z is a factor of y(A), say ¢(\) = (A — z)g(\), where g is a
matric polynomial; hence

Hence

O adi(h = 2)
RN — 2) (M) R(N)

and this cannot be integral unless A(A) is a constant in view of the fact that
6(\) is the highest common factor of the coordinates of adj(A — z); it follows
that ¢(\) differs from ¢(A) by at most a constant factor.

A repetition of the first part of this argument shows that, if y(z) = 0 is any
scalar equation satisfied by z, then ¢(A) is a factor of y(A).

It remains to show that every root of f(\) is a root of ¢(A). If \; is any root
of f(A\) = | A — z|, then from ¢(A) = g(\)(\ — ) we have

o) = gA) (M — 2)

so that the determinant, [¢(\1)]”, of the scalar matrix o(A\;) equals | g(\y) | [\ — z |,
which vanishes since |A\; — x| = f(A\)). This is only possible if ¢(\;) = 0, that
is, if every root of f(\) is also a root of (7).

The roots of f(A) are also called the roots! of z, ¢(\) is called the reduced
characteristic function of z, and ¢(z) = 0 the reduced equation of z.

g\) =

2.06 A few simple results are conveniently given at this point although they
are for the most part merely particular cases of later theorems. If g(\) is a
scalar polynomial, then on dividing by ¢(\), whose degree we shall denote
by », we may set g(\) = ¢(A)¢(\) + r(7), where ¢ and r are polynomials the
degree of r being less than». Replacing \ by z in this identity and remembering
that ¢(z) = 0, we have? g(z) = r(z), that is, any polynomial can be replaced
by an equivalent polynomial of degree less than ».

1 They are also called the latent roots of z.

2 If g(\) is & matric polynomial whose coefficients are not all commutative with z, the
meaning of g(z) is ambiguous; for instance, z may be placed on the right of the coefficients,
or it may be put on the left. For such a polynomial we can say in general that it can be
replaced by an equal polynomial in which no power of z higher than the (v — 1)th occurs.
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If g(A) is a scalar polynomial which is a factor of ¢(A), say o(A) = A(M\)g(A),
then 0 = %(z) = h(z)g(z). Tt follows that | g(z) | = O; for if this were not so,
we should have h{zx) = [g(z)]"'(z) = 0, whereas z can satisfy no scalar equa-
tion of lower degree than ¢. Hence, if g(\) is a scalar polynomial which has a
factor in common with ¢(z), then g{z) is singular.

If a scalar polynomial g(A) has no factor in common with ¢(A), there exist
scalar polynomials M (), N(A) such that M(\)g(\) + N(\)e(\) = 1. Hence
M(z)g(z) = 1, or [g(x)]t = M(z). It follows immediately that any finite
rational function of x with scalar coeflicients can be expressed as a scalar
polynomial in z of degree » — 1 at most. It should be noticed carefully how-
ever that, if r is a variable matrix, the coefficieats of the reduced polynomial
will in general contain the variable coordinates of = and will not be integral
in these unless the original function is integral. It follows also that g(z) is
singular only when g(\) has a factor in common with ¢(A).

Finally we may notice here that similar matrices have the same reduced
equation; for, if g is a scalar polynomial, g(y~'zy) = y~'¢(x)y. As a particular
case of this we have that 2y and yz have the same reduced equation if, say, y is
non-singular; for zy = y~'-yz-y. If both z and y are singular, it can be shown?
that zy and yx have the same characteristic equation, but not necessarily the
same reduced equation as is seen from the example 2 = e, ¥ = ex.

2.07 Matrices with distinct roots. Because of its importance and com-
parative simplicity we shall investigate the form of a matrix all of whose roots
are different before considering the general case. Let

(8) JO =Ix=2]=0=2A0 = ) - A=)
where no two roots are equal and set

_ A=x) - A== i) s (V=AY _ f()\)/f’(k,’}t
©® S = (CVEEED V) BRI O VEESID W 1 e >\i++1) e (A= ) RN

—
By the Lagrange interpolation formula Z/ fi(\) = 1; hence

(10) fil@x) + folx) + 0 + fale) = L

Further, f(\) is a factor of f:(A\)f;(A) (i # j) so that

(11) fi@)fix) =0 (@ #j);

hence multiplying (10) by fi(z) and using (11) we have

(12) [fi(0)]? = fi(x).

Again, \ — X)) = fO\)/f'(\); hence (x — Npfdx) = 0, that is,
(13) afilz) = Nifix),

* For example, by replacing y by y + 8, 8 being a scalar, and considering the limiting
case when & approaches 0.



26 ALGEBRAIC OPERATIONS WITH MATRICES [I1]

whence, summing with regard to ¢ and using (10), we have

(14) = Nfilx) + Mfol@) + -+ Afulo).

If we form z” from (14), r being a positive integer, it is immediately seen from
(11) and (12), or from the Lagrange interpolation formula, that

(15) =ML+ N+ NS

where f; stands for fi(z), and it is easily verified by actual multiplication that,
if no root is 0,

7l = >\I_lf1 + )\2—1f2 + -+ )\;11-”

so that (15) holds for negative powers also. The matrices f; are linearly inde-
pendent. For if Zvf; = 0, then

0 = fiZvifi = vif; = vifi
whence every v, = 0 seeing that in the case we are considering f(A) is itself
the reduced characteristic function so that f;(x) > 0.
From these results we have that, if g(\) is any scalar rational function whose
denominator has no factor in common with ¢(\), then

(16) 9(x) = gMfi +9)fe + -+ 4 ga)fe

It follows from this that the roots of g(x) are ¢(A;) (¢ = 1, 2, .-+, n). For
setting y = g(z), i = g(\:), we have as above

() = ZYudfs

¢(\) being a scalar polynomial. Now ¢(y)fi = ¢(u:)fi; hence, if y(y) = 0,
then also y(us) = 0(t = 1,2, ---, n); and conversely. Hence if the notation
is so chosen that uy, e, - - -, i are the distinet values of u;, the reduced charac-

teristic function of y = ¢(x) is H M\ — ).
1

2.08 1f the determinant | A — z | = f(\) is expanded in powers of }, it is easily
seen’ that the coefficient @, of A" =7 is (—1)" times the sum of the principal
minors of z of order r; this coefficient is therefore a homogeneous polynomial of
degree r in the coordinates of . In particular, —a; is the sum of the coordi-
nates in the main diagonal: this sum is called the {race of = and is denoted
by tr z.

If 4 is an arbitrary matrix, u a scalar variable, and z = z + uy, the coeffi-
cients of the characteristic equation of z, say

17 +be" "t - + b =0,

* For instance, by differentiating | A — z | n — r times with respect to A and then set-
ting » = 0.
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are polynomials in u of the form
(18) be = G + pag + -+ B, (G = G4y Gy = 1)

and the powers of z are also polynomials in u, say

o= T z y 2 r z Y K T
(19) z x+u{r__1 1}+nir_2 2}-1— + wy
Yy

{
ble way and adding the terms so obtained, e.g.,

where {: } is obtained by multiplying s z’s and ¢ y’s together in every possi-

T Yl e 2
{2 1} 2%y + zyx + yx?

If we substitute (18) and (19) in (17) and arrange according to powers of u,
then, since u is an independent variable, the coefficients of its several powers
must be zero. This leads to a series of relations connecting = and y of the form

z v | -
(20) Ea.-,-{n_s_iﬂs_j}-o (6=0,1,2 -

i,

where a;; are the coefficients defined in (18) and { v . y } is
n—8—14+j7 §—9J

replaced by 0 when j > s. In particular, if s = 1,
{ni 1 ’{}+a1{ni2 l{}+ Gy tatT 4+ aa =0
which, when zy = yz, becomes
f(@y = —(az"~1 4+ -+ + au) = ¢().

When z has no repeated roots, f/(\) has no root in common with f(A) and f'(z)
has an inverse (cf. §2.06) so that y = g(z)/f’(z) which can be expressed as a
scalar polynomial in z; and conversely every such polynomial is commutative
with z. We therefore have the following theorem:

THEOREM 4. If = has no multiple roots, the only matrices commutative with
it are scalar polynomials in z.

2.09 Matrices with multiple roots. We shall now extend the main results
of §2.07 to matrices whose roots are not necessarily simple. Suppose in the
first placethat x has only one distinet root and that its reduced characteristic
function is p(\) = (A — Ap)”, and set
n=mn=(@—-N =@M =12 --v=—=1);
then
7 =0, Zna =My, =M+ mer =12 v —2)
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and
2= O n = M ok (SN

where the binomial expansion is cut short with the term ™'’

Again, if g(A) is any scalar polynomial, then

g<I) = g(>\l + 771) = g(>\1) + gl(>\1)771‘+ e +

since 7 = 0.

g(v _1)<)\1) v — 1
G—-D1 ™M

It follows immediately that, if g¢'(A) is the first derivative of g(\) which is not
0 when A = M and (k — 1)s < v < «s, then the reduced equation of g(z) is

[9(z) — glMW)]" = 0.

It should be noted that the first » — 1 powers of », are linearly independent
since ¢(\) is the reduced characteristic function of z.

2.10 We shall now suppose that x has more than one root. Let the reduced
characteristic function be

r

(21) e =[]0 =2r @=wr>1
i=1
and set ]
(22) RiN) = o\ /(N = A"
We can determine two scalar polynomials, M;(A) and N;(\), of degrees not
exceeding v; — 1 and v — v, — 1, respectively, such that

MW\ + (A = XN)N) = 1 Mi(n) # 0.
If we set

(23) ei(N) = M(\h:(N),

then 1 — Z¢.(\) is exactly divisible by ¢(A) and, being of degree v — 1 at most,
must be identically 0; hence

r

(24) 2 oi\) = 1.

t

Again, from (22) and (23), ¢()\) is a factor of ¢:(A\)e;(A) (¢ # j) and hence on
multiplying (24) by ¢:(A) we have

(25) [e:MP = o)), eiMe;(A) =0, mod o(A) (2 # ).
Further, if g(A\) is a scalar polynomial, then

g\ = E gWei(N)
(26) '
dPI(\)

ﬂ(y~ — 1>' ()\ - )\f)y‘ _1] ‘P;O\) + R

= Z (gD + g M) =N + -+ +
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where R has the form ZC;(\)(A — A)"ei(A), C; being a polynomial, so that R
vanishes when z is substituted for A.

2.11 If we put z for A in (23) and set o for ¢;(z), then (24) and (25) show that
(27) ot =y ewi=0 (%)), Djei=Ll
t

It follows as in §2.07 that the matrices ¢; are linearly independent and none is
.zero, since ¢:(\;) > 0 so that ¢(\) is not a factor of ¢;(\), which would be the
case were ¢;(r) = 0. We now put « for A in (26) and set
(28) ni = (.’I - )\i)ﬁﬁi (Z =12 -, T)'

Since the »;th power of (\ — A;)g:(2) is the first which has ¢(A) as a factor, ’m
is a nilpotent matrix of index »; (cf. §1.05) and, remembering that o2 = ¢,
we have

(29) = (@ — Ne: # 0 (§ <), i = N = Qi
(30) zoi = Nipi + 15, Tl = Al + 0l 7Y,
equation (26) therefore becomes

. GmhOy) L
(31) glz) = 12 [g(h)w + g0+ -+ + ‘(Z(‘V,——(l—)') it 1]

and in particular
(32) T = E (?\iqa,- + ﬂi) = 3r,.
1

The matrices ¢; and 75, are called the principal idempotent and nilpotent
elements of x corresponding to the root A;. The matrices ¢; are uniquely deter-

mined by the following conditions: if y; (z = 1, 2, ---, r) are any matrices
such that

(1) ay: = Yz,
(33) (i) (z — A)y: is nilpotent,

(i) D vi=1, 1 =y:i=0,
then y; = ¢; ¢ = 1,2, .-+, r). For let 8;; = ¢a;; from (i) 6;; also equals
Y. From (ii) and (28)

i = To: — Nig, §i =y — A

are both nilpotent and, since #; and ¢; are polynomials in z, they are commu-
tative with ¢; and therefore with ¢;; also

26 = My + (@ — Mo = Ny + n;
= N9%; + (I — Nlew; = My + S
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Hence (A; — X)0:;; = &0 — nab;. But if u is the greater of the indices of ¢;
and 7, then, since all the matrices concerned are commutative, each term of
((ipi — n)* contains £% or n% as a factor and is therefore 0. If §;; = 0, this
is impossible when ¢ = j since 6;; is idempotent and A\; — X\; == 0. Hence
eb; = 0 when ¢ # j and from (iii)

Vi = ¥iZei = Yip; = 02 = @;

which proves the uniqueness of the ¢’s.

2.12 We shall now determine the reduced equation of g(z). If we set g; for
g(I)¢,‘, then

i =1 ,
(34) gi = 00es + g’ Oni + - A+ L LD

(V.' - 1)!
= g(\)es + 5

say, and if s; is the order of the first derivative in (34) which is not 0, then
¢ is a nilpotent matrix whose index k; is given by k; = 1 < v;/8; < k.
If ®(\) is a scalar polynomial, and v: = g(A;),

ki — 1 )
3(0(a) = ) 2dec = 2 8o + ¥t + -+ T k]

so that ®(g(z)) = 0 if, and only if, g(\;) is & root of ®(A\) of multiplicity ;.
Hence, if

YN = T — gk

where when two or more values of ¢ give the same value of g(\;), only that one
is to be taken for which %, is greatest, then ¥(A) is the reduced characteristic
function of g(z). As a part of this result we have the following theorem.

TueoreM 5. If g(\) is a scalar polynomial and z & matriz whose distinct
roots are A1, A, -+, A, the rools of the matriz g(z) ared

90\1); g()‘2); ] g()‘r)

If the roois g(\;) are all distinet, the principal idempotent elements of g(zx)
are the same as those of z; for condition (33) of §2.11 as applied to g(z) are satis-
fied by ¢ (1 = 1,2, ---, 7), and these conditions were shown to characterize
the principal idempotent elements eompletely.

2.13 The square root of a matrix, Although the general question of functions
of a matrix will not be taken up till a later chapter, it is convenient to give
here one determination of the square root of a matrix z.

® That these are roots of g(z) follows immediately from the fact that A — z is a factor

of g(\) — g(z); but it does not follow so readily from this that the only roots are those
given except, of course, when 7 = n and all the quantities g(;) are distinct.
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If o and B are scalars, @ = 0, and (o + §)! is expanded formally in a Taylor
series,

L (BY
ot D)
r—1

then, if S, = ot E 8:(B/a)r, it follows that
0

(35) S =a+ g+ ol

where T, is a polynomial in 8/« which contains no power of 8/« lower than the
vth. If ¢ and b are commutative matrices and a is the square of a known non-
singular matrix a!, then (35) being an algebraic identity in o and g remains
true when a and b are put in their place.

If z; = Mg + 7. is the matrix defined in §2.11 (32), then so long as A; # 0,
we may set @ = Aipi, B = 7; since Aip; = (A\.,)?; and in this case the Taylor
series terminates since 7;* = 0, that is, T,; = 0 and the square of the terminating
series for (\ip; + %.)? in powers of 9; equals Ay; + ni. It follows immediately
from (32) and (27) that, if z is a matrix no one of whose roots ig 0, the square
of the matrix

(36)

B 2’“_4)' . pi—1
—1)7~? ( G) ]
+( / 22”—3(1“._2)!(1:‘-—1)! As
is .

If the reduced equation of z has no multiple roots, (36) becomes
(37) zt = Ex{ﬁa,’
and this is valid even if one of the roots is 0. If, however, 0 is a multiple root
of the reduced equation, z may have no square root as, for example, the
01
o o

Formula (36) gives 27 determinations of z} but we shall see later that an
infinity of determinations is possible in certain cases.

matrix

2.14 Reducible matrices. 1f 2 = z, + z, is the direct sum of z; and r, and
e1, e; are the corresponding idempotent elements, that is,

6T = T; = &y, eie; =0 G315 =1,2),

then z7 = 2] + 2] (r > 2) and we may set as before 1 = z° =z} + 23 = e; + €.
Hence, if f\) = A» + b\~ ! + ... 4+ b, is any scalar polynomial, we have

(@) = eif(@) + eaf(x) = fz1) + f(2) — bumy
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and if g(A) is a second scalar polynomial
J@)g(x) = eif (z1)g(x1) + eaf(2)g(z2).

Now if fi(A\) is the reduced characteristic function of z; regarded as a matrix
in the space determined by e;, then the reduced characteristic function of z;
as a matrix in the original fundamental space is clearly Af:(A) unless A is a
factor of fi(A) in which case it is simply f:(A). Further the reduced character-
istic function of £ = z; 4 a3 is clearly the least common multiple of fi(A) and
fo(\); for if

yA) = fi)g: () = Hr(M)g(N)
then

Yo + 1) = ew(z1) + exyix2)
efilzdg(z) + efo(xs)gelzs) = 0.



CHAPTER 1III
INVARIANT FACTORS AND ELEMENTARY DIVISOKS

3.01 Elementary transformations. By an elementary transformation of a
matric polynomial a(A) = || ¢;; || is meant one of the following operations on
the rows or columns,

Type I. The operation of adding to a row (column) a different row (column)
multiplied by a scalar polynomial 6(\).

Type II. The operation of interchanging two rows (columns).

Type III. The operation of multiplying a row (column) by a constant
k= 0.

These transformations can be performed algebraically as follows.
Type I. Let

Pii=148Ne; @57,

6(\) being a scalar polynomial; then | P;; | = 1 and

Pia = E Qppq T 0 Z Qjgliq
¢

e

which is the matrix derived from a(\) by adding @ times the jth row to the 7th.
The corresponding operation on the columns is equivalent to forming the
product aP;..

Type II. Let Q;; be the matrix

Qi =1—ei—cj+ e, + ¢ @ #7)

that is, @;, is the matrix derived from the identity matrix by inserting 1 in
place of 0 in the coefficients of ¢;; and ¢;; and 0 in place of 1 in the coefficients
of e;; and e;;; then | @;;| = —1 and

N\
Qia = z : Qpifpg — z : Qig€ig — 2 , @jq€iq + z : @igiq + 2 ; Qigligy
q q q

P, q 1

that is, Q;;a is derived from a by interchanging the ith and jth rows. Similarly
a@);; is obtained by interchanging the 7th and jth columns.

Since any permutation can be effected by a succession of transpositions, the
corresponding transformation in the rows (columns) of a matrix can be pro-
duced by a succession' of transformations of Type II.

Type 11I. This transformation is effected on the rth row (column) by multi-
plying on the Jeft (right) by R = 1 4+ (k — 1)e,,; it is used only when it is
convenient to make the leading coefficient in some term equal to 1.

! The transformation corresponding to the substitution (pl p2 o Z ) isQ = E €ip;.
102 - P
3

33
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The inverses of the matrices used in these transformations are
Pii=1—6e; Q7 =Qij, R'=1+4 (k"' — ey

these inverses are elementary transformations. The transverses are also ele-
mentary since P;; = P;; and Q;; and R are symmetric.?

A matric polynomial b(\) which is derived from a(\) by a sequence of ele-
mentary transformations is said to be equivalent to a(\); every such poly-
nomial has the form p(A)a(A)g(A\) where p and ¢ are products of elementary
transformations. Since the inverse of an elementary transformation is ele-
mentary, a(M) is also equivalent to b(A). Further, the inverses of p and ¢
are polynomials so that these are what we have already called elementary
polynomials; we shall see later that every elementary polynomial can be
derived from 1 by a sequence of elementary transformations.

In the following sections we require two lemmas whose proofs are almost
immediate..

LEMMA 1. The rank® of a matriz is not altered by an elementary transformation.

Forif | P| # 0, AP and PA have the same rank as 4 (§1.10).

LeEMMA 2. The highest common factor of the coordinales of a matric polynomial
18 not allered by an elementary transformation.

This follows immediately from the definition of elementary transformations.

3.02 The normal form of a matrix. The theorem we shall prove in this sec-
tion is as follows. -

TueoreM 1. If a()) 18 a matric polynomial of rank r, it can be reduced by
elementary transformations to a diagonal matriz

0!1()‘)
ax(M)

r

O D) alNes = (M) = P()a(NQM),
1 0

0
2 The definition of an elementary transformation given above is the most convenient
but not the only possible one. All three transformations have the form T' = 1 4 zS8y
with the condition that 1 + Szy is not 0 and is independent of A.
3 By the rank of a matric polynomial is meant the order of the highest minor which does
not vanish identically. For particular valuee of A the rank may be smaller than r; there
are always values of A for which it equals 7 and it cannot be greater.
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where the coefficient of the highest power of N in each polynomial a;(\) is 1, a; 18 a
Jactor of o5 41, 21y ar (0 =1,2, «++, r — 1), and P(A), @(\) are elementary
polynomials.

We shall first show that, if the coordinate of a(\) of minimum degree m, say
a5, 18 not a factor of every other coordinate, then a()) is equivalent to a matrix
in which the degree of the coordinate of minimum degree is less than m.

Suppose’ that a,, is not a factor of a,; for some ¢; then we may set a,; =
Ba,, + a,; where B is integral and a,, is not 0 and is of lower degree than m.
Subtracting 8 times the gth column from the ith we have an equivalent matrix
in which the coordinate* (p, 7) is a,; whose degree is less than m. The same
reasoning applies if a,, is not a factor of every coordinate a;, in the gth column.

After a finite number of such steps we arrive at a matrix in which a coordinate
of minimum degree, say k,,, is a factor of all the coordinates which lie in the
same row or column, but js possibly not a factor of some other coordinate k,;.
When this is so, let &,; = Bkpq, kiy = vk,, where 8 and v are integral. If we
now add (1 — B) times the ¢th column to the jth, (p, j) and (7, j) bceome
respectively

k;;i = kyi + (1 — Bse = kpoy k:‘i =kij+ (1 — Bksg = ki + (1 — ﬁ)')’kpq-‘

Here either the degree of k;; is less than that of k,,, or k,; has the minimum
degree and is not a factor of k;;, which lies in the same column, and hence the
minimum degree can be lowered as above.

The process just described can be repeated so long as the coordinate of lowest
degree is not a factor of every other eocordinate and, since each step lowers the
minimum degree, we derive in a finite number of steps a matrix || b;; || which
is equivalent to a(A) and in which the coordinate of minimum degree is in fact
a divisor of every other coordinate; and further we may suppose that b;, =
a1(M) is a coordinate of minimum degree and set by, = vy, bj; = &b, Sub-
tracting v, times the first column from the ith and then §; times the first row
from the jth (7,7 = 2,3, -+, n) all the coordinates in the first row and column
except by, become 0, and we have an equivalent matrix in the form

a0 0 .-~ 0
0 bn b -+ ba
2) 0 by by -+ b
0 bnz bnﬂ ot b'rm

in which «; is a factor of every b;;. The coefficient of the highest power of A
in a; may be made 1 by a transformation of type IIL
The theorem now follows readily by induction. For, assuming it is true for

¢ That is, the coordinate in the pth row and 7th column.
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matrices of order » — 1, the matrix of this order formed by the b’s in (2) can
be reduced to the diagonal matrix

az()\)
aa()\)

a,(\)

0

where the o’s satisfy the conditions of the theorem and each has «; as a factor
(83.01, Lemma 2). Moreover, the elementary transformations by which this
reduction is carried out correspond to transformations affecting the last n — 1
rows and columns alone in (2) and, because of the zeros in the first row and
column, these transformations when applied to (2) do not affect its first row
and column; also, since elementary transformations do not affect the rank
(83.01, Lemma 1), s equals » and a(\) has therefore been reduced to the form
required by the theorem.

The theorem is clearly true for matrices of order 1 and hence is true for
any order.
Corollary. A matric polynomial whose determinant is independent of A\ and is
not 0, that is, an elementary polynomial, can be derived from 1 by the product
of a finite number of elementary transformations.

The polynomials a; are called the tnvariant factors of a(X).

3.03 Determinantal and invariant factors. The determinantal factor of the
sth order, D,, of a matric polynomial a(\) is defined as the highest common
factor of all minors of order s, the coefficient of .the highest power of A being
taken as 1. An elementary transformation of type I either leaves a given
minor unaltered or changes it into the sum of that minor and a multiple of
another of the same order, and a transformation of type II simply permutes
the minors of a given order among themselves, while one of type III merely
multiplies a minor by a constant different from 0. Hence equivalent matrices
have the same determinantal factors. Bearing this in mind we see immediately
from the form of (1) that the determinantal factors of a(A) are given by

D, = a1y ++* a, ‘s =1,2, -+, 1), D,=0(s>r),
80 that®
a; = Da/Da—l-

The invariant factors are theréfore known when the determinantal factors are
given, and vice versa.

t Since a, _ 1 is a factor of a,, it follows that also D? is a factor of D, - 1 D, , ..
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The definitions of this and the preceding sections have all been made relative
to the fundamental basis. But we have seen in §1.08 that, if a; is the matrix
with the same array of coordinates as a but relative to another basis, then
there exists a non-singular constant matrix b such that ¢ = b7'a;b so that @
and a, are equivalent matrices. In terms of the new basis @; has the same
invariant factors as a does in terms of the old and a, being equivalent to a,,
has therefore the same invariant factors in terms of the new basis as it has in
the old. Hence the invariant and determinantal factors of a matric poly-
nomial are independent of the (constant) basis in terms of which its coordi-
nates are expressed.

The results of this section may be summarized as follows.

TueoreM 2. Two matric polynomials are equivalent if, and only ‘if,  they
have the same invariant factors.

3.04 Non-singular linear polynomials. In the case of linear polynomials
Theorem 2 can be made more precise as follows.

TueoreM 3. If ax + b and ch + d are non-singular linear polynomaials which
have the same tnvariant factors, and if | ¢ | = 0, there exist non-singular constant
matrices p and q such that

plax + b)g = cx + d.

We have seen in Theorem 2 that there exist elementary polynomials P(A),
Q(\) such that

3) A+ d = P\ (ax 4+ b)Q(N).

Since | ¢ | # 0, we can employ the division transformation to find matric poly-
nomials pi, ¢; and constant matrices p, ¢ such that

P\) = (A +dpi+p, Q) = qleh +d) + ¢
Using this in (3) we have

(4) ox+d=plax +b)g+ (A + d)pi(ax + )Q + Plax + b)gi(eX + d)
- (C)\ + d)Pl(a)\ -+ b)Ql(Cx + d)

and, since from (3)
(ax +b)Q = Peh +d), Plax +b) = (ex + )@,
we may write in place of (4)

plax + b)g = [1 — (A + H(@P + @'y — pi(aX + b)g)l(ex + d)
={1 = (N + DReN+ d)

where R = pP,~1 4+ Q~1q1 — pi(ar + b)qy, which is integral in X since P and @
are elementary. If 2 = 0, then, dince |¢| # 0, the degree of the right side

6)
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of (5) is at least 2, whereas the degree of the left side is only 1; hence B = 0
so that (5) gives p(eX + b)g = ¢h + d. Since ch 4 d is not singular, neither
p nor g can be singular, and hence the theorem is proved.

When |¢] = 0 (and therefore also | a| = 0) the remaining conditions of
Theorem 3 are not sufficient to ensure that we can find constant matrices in
place of P and @, but these conditions are readily modified so as to apply to
this case also. If we replace A by A/u and then multiply by g, aX + b is replaced
by the homogeneous polynomial ax + bu; and the definition of invariant factors
applies immediately to such polynomials. In fact, if |a| » 0, the invariant
factors of ah 4 bu are simply the homogeneous polynomials which are equiva-
lent to the corresponding invariant factors of aA + b. If, however, |a| = 0,
then | a\ + bu | is divisible by a power of u which leads to factors of the form
p' in the invariant factors of a\ 4+ bu which have no counterpart in those
of an + b.

If |[¢] = 0 but |cA + d| = 0, there exist values, \; # 0, w, such that
| e\ + dui | # 0 and, if we make the transformation

(6) A= Ne, p=wma+ 8,

a\ + by, cA + du become aia + b8, cia + dif where a1 = a\y + bui, &1 =
¢A\1 + duy, and therefore | c; | # 0. Further, when aX 4 bu and ¢\ + du have
the same invariant factors, this is also true of a;e + b8 and c;a + di8. Since
[ei] = 0, the proof of Theorem 3 is applicable, so that there are constant
non-singular matrices p, ¢ for which p(ma + bi8)g = cia + dif, and on revers-
ing the substitution (6) we have

pla\ + bu)g = e\ + du.

Theorem 3 can therefore be extended as follows.

THEOREM 4. If the non-tingular polynomials a\ + by, ¢ + du have the
same invariant factors, there exist non-singular constant matrices p, q such that
plaX + bu)qg = e\ + du

An important particular case of Theorem 3 arises when the polynomials
have the foorm A — b, A — d. For if p(A\ — b)g = A — d, on equating coeffi-
cients we have pg = 1, pbg = di hence b = p~ldp, that is, b and d are similar.
Conversely, if b and d are similar, then A — b and A\ — d are equivalent, and
hence we have the following theorem.

TueoreM 5. Two constant matrices b, d are stmilar if, and only if, A —b
and N — d have the same invariant factors.

3.05 Elementary divisors. If D = |a\ + b| is not identically zero and
if Ay, Ay, -+, X, are its distinet roots, say

D= (A= M"(\=X)% o0 (A= A)%,
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then the invariant factors of a\ + b, being factors of D, have the form

o = (A= M)A = N2 0 (N = Y™
ap = (A — M)A — Ay ooe (A — A

(7) . .‘ ....................... . .- .. ........ . --'..-

= (N = M) = A e (A = A

where 2 vji = »; and, since «, is a factor of «; 4 4,
i=1

(8) v v < --'Sun;(i=1,2,"',$).
Such of the factors (\ — A;)"i as are not constants, that is, those for which
vi; > 0, are called the elementary divisors of ax + b. The elementary divisors
of A — b are also called the elementary divisors of . When all the exponents
vi; which are not 0 equal 1, b is said to have simple elementary divisors.

For some purposes the degrees of the elementary divisors are of more impor-
tance than the divisors themselves and, when this is the case, they are indi-
cated by writing

(9) [(an) Vp—1,1, **"y Vll)y (Vn‘b Vo —1,2y """ Vl?)) t ]

where exponents belonging to the same linear factor are in the same paren-
thesis, zero exponents being omitted; (9) is sometimes called the characteristic
of ax 4+ b. If a root, say A, is zero, it is convenient to indicate this by writing
»?, in place of ..

The maximum degree of | aX + b | isn and therefore Z v; < n where the
equality sign holds only when | a | 5 0. ¥

The modifications necessary when the homogeneous polynomial aX + bu
is taken in place of a\ + b are obvious and are left to the reader.

3.06 Matrices with given elementary divisors. The direct investigation of
the form of a matrix with given elementary divisors is somewhat tedious.
It can be carried out in a variety of ways; but, since the form once found is
easily verified, we shall here state this form and give the verification, merely
saying in passing that it is suggested by the results of §2.07 together with a
study of a matrix whose reduced characteristic function is (A — Ay)*.

THEOREM 6. If Ay, Ag, -+, A, are any constants, not necessarily all different
and vy, vy, -, v, are Posttive inlegers whose sum is n, and if a; s the array of v;
rows and columns given by

1 0 -« 0 O
0O 1 -+ 0 ¢
(10) o o
0 0 0 A1
0 0 0 0 X\
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where each coordinate on the main diagonal equals \;, those on the parallel on s
right are 1, and the remaining ones are 0, and if @ ts the matrix of n rows and column.
given by ‘ :

a
a

(11) .aq =

a,

composed of blocks of terms defined by (10) arranged so that the main diagonal
of each lies on the main diagonal of a, the other coordinates being 0, then X — a
has the elementary divisors

(12) ()‘ - >‘1)”: O‘ - k2)’"; ] ()‘ - >‘l)"

In addition to using a; to denote the block given in (10) we shall also use it
for the matrix having this block in the position indicated in (11) and zeros
elsewhere. In the same way, if f; is a block with »; rows and columns with
1’s in the main diagonal and zeros elsewhere, we may also use f; for the corre-
sponding matrix of order n. We can then write

A—a= E(Xf; - a.-), f.-a = Qq; = af;, Efi = 1.
The block of terms corresponding to Af; — a; has then the form
A—XN -1
A—-N -1

(13)
(vi rows and columns)

A— A

where only the non-zero terms are indicated. The determinant of these »;
rows and columns is (A — ;)% and this determinant has a first minor equal
to =+1; the invariant factors of Af; — ai, regarded as a matrix of order »;,

are therefore 1, 1, -+, 1, (\ — X\;)* and hence it can be reduced by elementary
transformation to the diagonal form
A =A%
1
1.

If we apply the same elementary transformations to the corresponding rows
and columns of A — a, the effect is the same as regards the block of terms
Afi — a; (corresponding to a; in (11)) since all the other coordinates in the rows
and columns which contain elements of this block are 0; moreover these trans-



[3.07] MATRICES WITH GIVEN DIVISORS 41

formations do not affect the remaining blocks Af; — a; (j # <) nor any 0 coordi-

nate. Carrying out this process for¢ = 1, 2, .-+, s and permuting rows and
columns, if necessary, we arrive at the form
()\ - )\1)’
()\ — M)
= >‘l)"
1
1,

Suppose now that the notation is so arranged that
‘k1=)\2=..-=kp=a, y1_>__y22...21;p’

but A\; # a for ¢ > p. The nth determinantal factor D, then contains (A\ — «)
P

to the power 2 v; exactly. Each minor of order n — 1 contains at least p — 1
1

of the factors
(14) A=), (A —a), -, A — Q)
and in one the highest power (\ — «)” is lacking; hence D, _; contains (\ — a)

P
to exactly the power 2 v; and hence the nth invariant factor «, contains il

2
to exactly the »ith power. Similarly the minors of order » — 2 each contain
at least p — 2 of the factors (14) and one lacks the two factors of highest degree;

P
hence (A — «) is contained in D, _, to exactly the power 2 v; and in a, _;

3
to the power ».. Continuing in this way we see that (14) gives the elementary
divisors of a which are powers of (\ — «) and, treating the other roots in the
same way, we see that the complete list of elementary divisors is given by (12)
as required by the theorem.

3.07 If A is a matrix with the same elementary divisors as g, it follows from
Theorem 5 that there is a matrix P such that A = PaP~! and hence, if we choose
in place of the fundamental basis (e, €5, - - -, e,) the basis (Pe;, Pes, ---, Pe,),
it follows from Theorem 6 of chapter 1 that (11) gives the form of A relative
to the new basis. This form is called the canonical form of A. It follows
immediately from this that
ay
a

(15) P-14XP =

-
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where a is the block of terms derived by forming the kth power of a; regarded
as a matrix of order v;.

Since D, equals |\ — a|, it is the characteristic function of a (or A) and,
since D, . is the highest common factor of the first minors, it follows from
Theorem 3 of chapter 2 that a, is the reduced characteristic function.

If we add the f’s together in groups each group consisting of all the f’s that
correspond to the same value of A;, we get a set of idempotent matrices, say
@1, @2, ', ¢r, corresponding to the distinct roots of a, say ai, as -, a.
These are the principal idempotent elements of a; for (i) ag; = ¢iq, (ii) (¢ — ai)e;
is nilpotent, (iii) Z¢; = Zfi = 1 and piwp; = 0 (¢ # j) so that the conditions of
§2.11 are satisfied.

When the same root «; occurs in several elementary divisors, the corresponding
f’s are called portial idempotent elements of a; they are not unique as is seen
immediately by taking ¢ = 1.

If « is one of the roots of A, the form of A — « is sometimes important.
~Suppose that Ay = Ay = -+ = A, = o, \; # a (¢ > p) and set

bl' = a; — a. )
the corresponding array in the sth block of a — « (ef. (10), (11)) being
A,‘ - 1
)\,‘ i 4 4 1
(16) . .
1
>\i - .
In the case of the first p blocks \; — @ = 0 and the corresponding b, b, - -+, b,

are nilpotent, the index of b; being »; and, assuming », = »» > .- = v, as
before, (A — a)* has the form

| b
b;
P-1(4 — a)*P = -

&

ty

or, when k = v,

0

0

k
()ﬂ'+'l

(17 ‘ P4 — a)*P =
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Since none of the diagonal coordinates of b, 43, -+, b, are 0, the rank

P

of (A — a)*, when k = », is exactly n — 2"‘ = Zv.-and the nullspace
1 p+1

of (A — a)* is then the same as that of (4 — «)". Hence, if there exists a

vector z such that (4 — o)*z = 0 but (4 — a)* ~ !z = 0, then (i) &k < »,
(ii) z lies in the nullspace of (4 — a).

3.08 Invariant vectors. If A is a matrix with the elementary divisors
given in the statement of Theorem 6, then A — A is equivalent to A ~ a and
by Theorem 5 there is a non-singular matrix P such that A = PaP-!, If we
denote the unit vectors corresponding to the rows and columns of a; in (10)
by ef, e;, +--, e, and set

i [PeiG=1,2, -, w;i=1,2 -, )
(18) x; { 0 <J < 1or > v or 7 <1or >s)

then

ael = \el,aei = Nei +ef, -+, 06} = Nel + €} 3
and hence
(19) Azi =Xzl +zi_ (=12 -, v5i=12 -+, s).

The vectors z} are called a set of tnvariant vectors® of A.
The matrix 4 can be expressed in terms of its invariant vectors as follows.
We have from (10)

i i

and hence, if

(20) yj = (P)te} = (PP')-iz,

then

(21) A=) 0zl ol 08y = D) 280w + vl
' Y

where it should be noted that the y’s form a system reciprocal to the z’s and
that each of these systems forms a basis of the vector space since | P | # 0.
If we form the transverse of A, we have from (21)

(22) A=) 0wl 4y 48z
iy

¢ If homogeneous coordinates are used so that vectors represent points, an invariant
vector is usually called a pole.
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so that the invariant vectors of A’ are obtained by forming the system recip-
rocal to the z’s and inverting the order in each group of vectors corresponding
to a given elementary divisor; thus

Ayl = yb, Ayl v = Mooy, e Ay = Al s

A matrix A and its transverse clearly have the same elementary divisors and
are therefore similar. The matrix which transforms A into A’ can be given
explicitly as follows. Let ¢; be the symmetric array

00 .-~ 01
00 10
............... (vi rows and columns).
0 1 00
10 00

It is easily seen that ¢;a; = a;g¢: and hence, if Q is the matrix

q1
q2

ds
we have Qa = a/Q, and a short calculation gives 4’ = R71AR where R is the
symmetric matrix

(23) R = PQ-'P’' = PQP".

If the elementary divisors of A are simple, then @ = 1 and R = PP’.

If the roots A; of the elementary divisors (12) are all different, the nullity
of (A — ;) is 1, and hence z} is unique to a scalar multiplier. But the remain-
ing z; are not unique. In fact, if the z’s denote one choice of the invariant
vectors, we may take in place of z;

2l =kizi4+kizi o4+ - FEEi (G=1,2 -, w)

where the k's are any constant scalars subject to the condition & = 0. Sup-

posenow that A, = A= - = A, =g M Zad>pandy Zwn = -+ =y,
as in §3.07. We shall say that zi, 2, -+, 2 is a chain” of invariant vectors
belonging to the exponent k if

z,-=(A—a)"“fzk¢0 (’L=1,2,,k)
24) (4 — a2 = 0.

It is also convenient to set z; = 0 for ¢ < 0 or > k. We have already seen
that £ < » and that 2, lies in the nullspace of (4 — «)"; and from (17) it is

7 We shall say that the chain is generated by zx.
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seen that the nullspace of (A — a)” has the basis (z};j = 1,2, -+, v, ¢ =

L 2 - P)
Since z; belongs to the nullspace of (4 — «)*, we may set

(25) Z, = zp: i Gz}

i=1 j=1

and therefore by repeated application of (15) with A; = a
(26) (A - a)’zk = 2 §'.-,-:c; -2

i
From this it follows that, in order that (4 — «)*z, = 0, only values of j which

are less than or equal to % can actually occur in (25) and in order that
{A — a)* ~1z 5 0 at least one {; must be different from 0; hence

2, = 2 (tazi + tir—1zh—1+ -+0)

(27) Z—1 = 2((fk$;_1+§'i‘k_1x;_2+ C)

Finally, if we impose the restriction that 2z, does not belong to any chain per-
taining to an exponent greater than k, it is necessary and sufficient that & be
one of the numbers », », ---, v, and that no value of 7 corresponding to an
exponent greater than R occur in (27).

3.09 The actual determination of the vectors z} can be carried out by the
processes of §3.02 and §3.04 or alternatively as follows. Suppose that the
first s; of the exponents »; equal n,, the next s, equal n,, and so on, and finally
the last s, equal n,. Let 3% be the nullspace of (4 — )™ and 9; the nullspace
of (A — a)~1; then M, contains N;. If I, is a space complementary to
N in Ny, then for any vector z in P, we have (4 — o)z = 0 only when
r = ny. Also, if x1, 23, -, Zm, is a basis of Iy, the vectors

(28) A-az(r=0,1, -+, my — 1)

are linearly independent; for, if

m—1

2 2 A — ez =0,

r=3a 1

some &;; being different from 0, then multiplying by (4 — «)™ — ¢~ ! we have

(A = o) =1 D) kuas = 0,
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which is only possible if every ¢, = 0 since x;, 3, * -+, Zm, form a basis of I
and for no other vector of M, is (4 — a)m — 1z = 0. The space defined by (28)
clearly lies in N,;; we shall denote it by . If we set M, = Ny + & where N,
is complementary to £; in My, then N, contains all vectors which are members
of sets belonging to the exponents 7y, n;, :-- but not lying in sets with ‘the
exponent n;.

We now set N, = N; + D, where N, is the subspace of vectors z in N, such
that (4 — a)»~ 1z = 0. As before the elements of I, generate sets with
exponent n, but are not members of sets with higher exponents; and by a repeti-
tion of this process we can determine step by step the sets of invariant vectors
corresponding to each exponent 7.



CHAPTER IV
VECTOR POLYNOMIALS. SINGULAR MATRIC POLYNOMIALS

4.01 Vector polynomials. If a matric polynomialin A is singular, the elements
of its nullspace may depend on A. We are therefore led to consider vectors
whose coordinates are polynomials in a scalar variable X; such a vector is called
a vector polynomial. Any vector polynomial can be put in the form

zZN) =zAN"FzAm T4 s+ 2,

where 2o, 21, - -+, z» are vectors whose coordinates are independent of X and,
if zo # 0, m is called the degree of z(\). In a linear set with a basis composed
of vector polynomials we are usually only concerned with those vectors that
have integral coordinates when expressed in terms of the basis and, when this
is 80, we shall call the set an integral set. In a basis of an integral set the
degree of an element of maximum degree will be called the degree of the basis.

In practice an integral set is often given in terms of a sequence of vectors
which are not linearly independent and so do not form a basis. For the present
therefore we shall say that the sequence of vector polynomials

(1) zl()‘)) ZZO‘); ) zko‘)

defines the integral set of all vectors of the form Z{;(\)z:(\) where {’s are scalar
polynomials, and show later that this is really an integral set by finding for it
an integral basis. The sequence (1) is said to have rank r if | z;2;, - - 2, |
vanishes identically in A for all choices of s z’s when s > r and is not identically
0 for some choice of the z's when s = r.

The theory of integral sets can be expressed entirely in terms of maltric
polynomials, but it will make matters somewhat clearer not to do so at first.
By analogy with matrices we define an elementary transformation of a sequence
of vector polynomials as follows. An elementary transformation of the sequence

(1) is the operation of replacing it by a sequence z;, z;, - -, 2z, where:
Type I:2; =12+ E $io 2y = 2q, (g % 0),
pHi

Type 1I: 2} = 2, 2] = 242, = 2, (q # %, J),
Type I1: 2z, = piz,, (p = 1,2, -+-, k)

where the {’s are scalar polynomials and the p’s constants none of which is 0.
The rank of a sequence is not altered by an elementary transformation, and
two sequences connected by an elementary transformation are equivalent in
the sense that every vector polynomial belonging to the integral set defined
by the one also belongs to the integral set defined by the other.
Two sequences which can be derived the one from the other by elementary
transformations are said to be equivalent. The corresponding integral sets
47
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may also be said to be equivalent; and if only transformations with constant
coefficients are used, the equivalence is said to be strict. Equivalence may-also
be defined as follows. If P is an elementary matrix which turns any vector. of
the integral linear set (21, 2;, - -, z) into a vector of the same set, then it is
easily shown_ that this set is equivalent to (Pz, Pz, ---, Pz) and conversely;
we also say that the linear set (z1, 25, -, 2) is tnwariant under P although the
individual elements of the basis are not necessarily unchanged. If the restric-
tion that P leaves (21, 22, -+, 2:) invariant is not imposed, .the two sets are
said to be similar.

4.02 The degree invariants. We have seen in the previous section that
the sequence in terms of which an integral set is defined may be transformed
by elementary transformations without altering the integral set itself. We
shall now show how we may choose a normalized basis and determine certain
invariants connected with the set. Let the vectors (1), when written in full, be

(2) Z"()\) = Nz + ANz 4+ -+ Zim,,
and suppese the notation so arranged that my < m, < -+ < my. Suppose
further that the leading coefficients 2w, 23, -+, 2, -1 o are linearly inde-
pendent but that

s —1

20 = 2 i 240

1

the 7’s being constants not all 0; then m, > m; t = 1,2, --+, s — 1) and

a—1
2, =2, — E na™ T ™iz,
1

is either O or has a lower degree than z,, and it may replace z, in the sequence.
After a finite number of elementary transformations of this kind we arrive
at a sequence equivalent to (1) which consists of a number p of vector poly-

nomials z;, T3, - -+, 2, in which the leading coefficients are linearly independent
followed by k — p zero-vectors. Now if we form |z, - z,| using the
notation of (2) with z’s in place of 2’s, the term of highest degree is A= + -+ +m»
‘| Zroxz0 -+ Tpo!, which is not 0 since the leading vectors zi, 220, -, Tpoare

linearly independent. But the rank of a sequence is not changed by ele-
mentary transformations; hence p = r and we have the following theorem.

THeOREM 1. If 21, 25, ---, 24 1s a sequence of vector polynomials of rank r,
the set of vectors of the formZ{,-()\)zi()\), the ¢’s being scalar polynomials, form

an integral set with a basis of order r which may be so chosen that the leading coeffi-
cients of its constituent vectors are linearly independent.
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When a basis of an integral set satisfies the conditions of this theorem and
its elements are arranged in order of ascending degree, we shall call it a nor-
mal basis.

Corollary. 1If z1, 2y, -+, z, is & normal basis with the degrees m; < m, <

- < my, and if &, &, - -, & are scalar polynomials, then the degree of the

vector polynomial z = 2 tix; (£, # 0) is not less than m,.
1

TurorEM 2. If z1, 2o, -+, z, 18 a normal basis of an tnlegral set and
m < my < -+ L m, the corresponding degrees, and if yi, Y, -, Y- 1S @ny
other hasis with the degrees ny < ny, < +-+ X ny, then

m S nl;"n‘ls Ngy, -*°, mrs Nr.
Further, the exponents mi, ma, -+ -, m, are the same for all normal bases.

Let s be the first integer for which n, < m, so that n; < n, < m,for7 < s.
Since (zi, x5, ---, z,) is a basis, we may set

yi= D) EsWz()  (i=1,2 <, ).

Here no value of p greater than s — 1 is admissible since the degree n; of y;
is less than m,. This would mean that the rank of , %, -, v, was less
than s, which is impossible since they form part of a basis. Hence m, < n,
for all values of s.

If both bases are normal, it follows immediately that m; < n; and also
ny < my, whence m; = n,, that is, the set of exponents my, my, - -+, m,is the
same for all normal bases. We shall call these exponents the degree invariants
of the integral set.

4.03 Elementary sets. If z;(A), z:(\), ---, 2,(\) is a basis of an integral
set, but not necessarily a normal basis, the r-vector |21z, --- 2,|, which we
call the determinant of the basis, is not identically 0 but may vanish for cer-
tain values of A. If it vanishes for A = Ay, then zi(A1), z2(A\1), -+, 2.(A1) are
linearly dependent, that is, there is a relation Z{;z;(\;) = 0; we may assume
{1 # 0 without loss of generality. It follows that Z¢:z;(\) has a factor of the
form (A — M), @ > 1, and hence

, z 2 A
z1(\) = ()f_“)(‘l))a
is integral; and, since {; # 0, every element of (z;(\), z(A), -+, z2.(\)) is
integrably expressible in terms of (z;(\), z2(\), -+, z,(A)). Moreover, since
| 2122 Zy l ()\ — )\1)a l 2122 Zr |;
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the determinant of the new basis is of lower degree than that of the old and so,
if we continue this process, we shall arrive after a finite number of steps at a
basis (zi(A), z2(\), -+, z,(A)) whose elements are linearly independent for all
values of A. A set which has a basis of this kind will be called an elementary
integral set; and it is readily shown that every basis of an elementary integral
set has the given property, namely, that its elements are linearly independent
for every value of A\. These results are summarized as follows.

THEOREM 3. Every integral set of order r is contoined in an elementary set
of the same order. .

We also have

TuEoREM 4. Let zy, 22, -+, x, be a basis of an elementary set. If r < n, there
exists a complementary elementary basis z, .1, -+, z,Suchthat | z1zs -+ x,| # 0
for any value of N and this basis can be so chosen that its degree does not exceed
that of z1, 3, + -, 2.

TueorREM 5. If x1, x;, -+, &, i3 a basis of an elementary set, there exists an
elementary matric polynomial X such that z; = Xe; 1t = 1,2, «++, 1).

For let y be a constant vector which for some value! of X is not linearly depen-
dent on z1, 75, - -, z, so that we do not have identically y = Znz; for any 7's
which are scalar polynomials. If for some value of A, say A\, we have y =
Ztszi(Ay), the &'s being constants, then y — Zfz:(A) has the factor A — ; and,
as in the proof of Theorem 3, we can modify y step by step till we arrive at a
vector polynomial z, .., such that zy, 2o, -+, z,, 2, +; form an elementary
basis. The degree at each step of this process does not exceed that of the
original basis since only constant multipliers are used. This procedure may
be continued till a basis of order n is reached, which proves Theorem 4.

The proof of Theorem 5 is immediate; in fact, using the basis derived in the

n

proof of Theorem 4, X = 2 ziSe; satisfies the required conditions and
1
| X| = |22z +-+ za[, which does not vanish for any value of \.

As a converse to Theorem 5 we have that, if X ¢s an elementary matriz, then
zi = Xe; (1 =1,2, ---, 1) is a basis of the elementary set (x1, 3, **, ).

4.04 1If 2z, 25, --+, 2 is a sequence of vector polynomials ot rank », we may
always assume k£ < n by merely increasing the order of the fundamental space,
if necessary. Setting z; = Z{;e;, let us consider the matric polynomial

1If the question of degree is not important, any vector polynomial satisfying this
condition may take the place of a constant vector.
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{u tw O 0
$a tae 0 0 k
Z T | = Zz‘.Se‘.
...................... 1
$mp vt e O -0 0

The elementary transformations used in §4.02 in finding a basis of the integral
set correspond when applied to Z to a combination of elementary transforma-
tions, as defined as §3.01, and because these transformations involve columns
only, they correspond to multiplying Z on the right by an elementary poly-
nomial @,. Similarly, if

Z = ZeiSy., yi = Ztie;

the process of finding a basis for yi1, y2, - -, ¥, Whose rank is r, corresponds
to multiplying Z on the left by an elementary polydomial P;.
We shall now suppose that ¥ = r so that @, = 1; then P,Z has the form

wy v e 0 e 0
Wy e Wor 0 Y 0
Zl = P1Z = Wr1 o Wry 0 P O
o -~ 0 0 0
0 -« 0 0 --- 0

We now bring Z, to the normal form of §3.02, say

9}
g

PZ,Q = PPiZQ = s

0
where {y, &5, -+, - are the invariant factors of Z (or Z:) and in doing so only

the first » rows and columns are involved so that

(3) Qez’:ei; (i=T+1,T+2,"',7Z).



52 VECTOR POLYNOMIALS [IV]

Therefore, if z; = (PP;)'e;, we have successively

PP]ZQG,' = g‘,'e,-, ZQe.; = (,-(PPI)‘le.- = {.,-a:.-, (1 = 1, 2, LN 7‘)
and, if @ = || ¢y |l

Qei = quer + quer + -+ + grer, (0=1,2, -+, 1)
and hence

4) e = ZQei = quizs + quita + ++ + @ri2r, 1= 1,2, -+, 7).

But from (3) and the fact that | @ | is a constant different from 0, it follows that
the determinant of the coefficients in (4) is also a constant different from 0,
and hence these equations can be solved for the z’s in terms of the z’s giving, say

z2; = Eb:‘ifﬂ?i (7’ = 1: 27 ) T)

where the b’s are scalar polynomials. ‘
Returning now to the case £ > r, we see that, since we can pass to the case

k = r by elementary transformations, the {’s are still the invariant factors of
k

Z = E z:Se;. They are therefore also invariants of the integral set independ-
1

ently of the basis chosen to represent it, and so we shall call them the {nvariant

factors of the set.

We can now state the following theorem.

TueOREM 6. If {1, &2 -+, {- are the invariant factors of an integral set of
vector polynomials, we can find a basis of the form
§‘III; 52172; ] g-rzr
where x1, 2, -+, T, define an elementary sel.

4,05 Linear elementary bases. We shall derive in this section a canonical
form for a basis of an elementary linear set. If

(5) 21, 2 c vy Bry B0 = TN T Y,

. [ . . 0 a .
is a basis of an elementary linear set, it is convenient, though not necessary, to
associate with it the matrix

(6) AN — B = E g:Sz; = 2 gS@ + i)
1 1
where ¢, g2, -+, g- is a sequence of linearly independent constant vectors.

When this is done, it should be noted that multiplying AN — B on the right
by an elementary matrix P corresponds to replacing (5) by the similar sequence
Pz, .-, P'z,. Multiplying on the left by P has no immediate interpretation
in terms of the sequence except when

Pg" = Ep"igf (}L = 1) 2} "'lr)

i=1
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in which case we can write
4 r T
\
P(AN — B) = Z g:S Z Piizi = E g:8z
i=1 i=1 i=1

and the set (z;,2;, - -, 2)is equivalent to (5); when P is constant, the equiva-
lence is strict.

Instead of restricting ourselves to the matrix (6), we shall only assume to
begin with that AN — B is a linear matric polynomial of rank » < n. The
nullspace M of AN — B is then an elementary integral set, a normalized basis
of which we shall take to be

) a;\) = aid™ +auN "'+ - Fa,, (GE=1,2 - n — ).
From (AN — B)a; = 0 we have
Aayp =0, Aa;; = Bay, -+, 0 = Baim,
or, if‘we set a;, = 0 fort < O ort > my,
(8) Aay, = Ba;,; -1 (¢t=0,1,2, -+, m; + 1).

We shall now show that the vectors a;; ¢ = 1,2, -+, n — r;j =0, 1,
..+, m;) are linearly independent. Assume that a;; are linearly independent

fOI‘(i= L2 - p—l;j=0;17 Y mi)and(i:'-p;j:();l; Uty (I"l)
but that

g—1 p—1 m
9 apq + 2 Qpillp + 2 E aiai; = 0.

i=0 i=1 7=0

Let &’ be the greatest value of j for which some a;; # 0 and let s be the greater
of & and ¢q. If we set .

g—1 p~1 mg
(10) €t = apg—s+t+ E:am’ap,i—-+l+ E: E:aiiai.i—a+h

i=0 i=1 ;=0

thenc_; = 0,¢, = 0 and

g—1 =1 myg
N
Co—1=0Qp g-1T 2,¢1p]'ap,j—1+ z: z:aiiai,j—l,

i=1 i=1 j=1

which is not 0 by hypothesis, except perhaps when ¢ = 0 and every o; (7 # 0)
in (9) is 0, which, however, is not possible since by Theorem 1 the leading
coefficients a;, in (7) are linearly independent. Also from (8) it follows that
Ac, = Bec, _,, and hence

(11) ) =coN =14 N2+ oo 4y
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is a null-vector of AN — B of degree less than m,. But every such integral
null-vector is linearly dependent on a;, as, -, @, —1 with integral coeffi-
cients, sayv

(12) W) = D rWa);

and this gives
p—1 p—1
Co—1=¢(0) = 2 vi(0)ai(0) = 2 vi(0)aim
1 1

which is impossible since ¢, -1 is obtained from (9) by lowering the second
subscript in each term and no such subseript greater than m; can occur in any
a;;. Hence the a;; are linearly independent.

In order to simplify the notation we shall now set

(13) a"i=Qe;.' (7'= 1,2 ---,n—r;j=0, 1:"‘: m.-)
where Q is a constant non-singular matrix and e} are fundamental units rear-

1=1

ranged by setting, say, ¢, = ¢} when k = 2 (my 4+ 1) + 7 + 1; as before

g=1
ej = 0for j < 0 and j > m:. We shall denote the space defined by the e}
by M and the complementary space by M,; since the bases of I, and M,
can be chosen as sequences of fundamental units, they are reciprocal as well as
complementary.
We return to the particular case in which AX — B is given by (6). Corre-
sponding to (12) we define a new set of vectors w by

(14) wi=@Q2z (=12 -+, 1)

and when this is done a normal basis of the nullspace RN; of (AN — B)Q =
2g:Sw; is given by
(15) bi=e\MdeNm—t 4 oo Fg (=1,2 -0, n—1).

We have seen in §1.10 that b, b, ---, b, —, is the space reciprocal to

Wy, W, -+-, Wy, Now in I, the E m; vectors
1

(16) fi=ei_1—-2N} (=12 -,n—r;j=12 -, m)

are linearly independent; and they form the set reciprocal to (14) in 9 since
Sfib, = 0 for all 4, j, p and the sum of the orders of the two sets is Zm; +
(n — r) which is the order of . Hence the total set (wy, w,, ---, w,) recip-
rocal to (by, by, -, by —.) is composed of (15) together with IM,. We shall
call this form of basis a canonical basis of the set (13). We can now state the
following theorems.
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THEOREM 7. A linear elementary set.of order r has a basis of the form
(17) g? (J =12, "')m))g;' =@ai;-1+ )‘aii(i =12, ";V;j =12- ";mi)

where the constant vectors g3, ai; are linearly independent for all j and i and the
inlegers m; are those degree tnvoriants of the reciprocal set that are not 0.

We shall call each set g} (j = 1, 2, -+, m,) a chain of index m;, and define
the integers my, m,, -, m, as the Kronecker invariants of the set. A basis
of the form (17) will be called canonical.

THEOREM 8. Two linear elementary sets are similar if, and only if, they have
the same Kronecker invariants and the same order.

It should be noted that, if r is the order of the set, then
(18) m+Ems=r,7n+E(m.-+1)-sn,vsn—r.
1 1

If r = n, all the Kronecker invariants are 0 and there are no chains in the basis.

If z,, 2, - -+, 2,1s a normal basis of an elementary linear set, the first m being
constant and the rest linear in A, and g9, ¢; is a canonical basis, the notation
being that of Theorem 7, then clearly the set g5 (j = 1, 2, -+, m) is strictly

equivalent to (zy, 23, + -, 2») and the remaining vectors have the form

(19) gi = w4+ ul + M}

where u} and v} belong to (21, 25, * * -, 2») and the w} are constant linear combina-
tions of 2w 4+1, *++, 2. Since,a canonical basis is also normal,

(20) g?’ (.7 =12 - m)’ w;: (7' =1,2 -, vj=12 -, ms)

is a normal basis strictly equivalent to (z1, 22, -*+, 2,). Now (19) may be
written

(1) wi =g} —ul— M =ai;-1—ul+Na,—0v}) =12} 40}

i

(22) zi=aij_1— v 14 Nay; — vd).

Here (22) together with the g% form a canonical basis which from (21) is strictly
equivalent to (20) and therefore to (z1, 2z, - -+, z,). We therefore have the
following theorem.

where b} = v{ _; — u} is a constant vector of the linear set (g7, g3, - - -, gm) and

TueorREM 9. Every normal basis of a linear elementary sel is strictly equivalent
to some canonical basis.

4.06 Singular linear polynomials. Let AN 4+ B be a matric polynomial
of rank r < n. Its left and right grounds are linear integral sets of rank r,
and by Theorems 3 and 7 we can find canonical bases in terms of which the
vectors of the two grounds can be integrally expressed, say

(23) 21,2, -+, 2, and wy, we, -, Wi
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respectively, where the first « 2’s and 8 w’s are constant and the rest linear in .
When AN 4 B is expressed in terms of these bases, then, remembering that no
second degree term can appear, we see that it has the form

a ] ’ r—a B a r—§8
(24) E 2 (R + ki)zeSw; 4 2 E kats, %+ sSw; + 2 2k.‘,5+,-2¢sw3+,-.

i=1j=1 =1 j7=1 1=1 j=1

The row vectors

8 r—8
(25,) b= 2 (h‘ix + k'.i)wj + Zkl'.ﬂ+fwﬂ+i (7' =1, 2; v 'xa)
i=1 i=1
8
(25”) p¢+i=2k¢!+‘vfwi (7"=1)2;"')T_a)
i=1

form a set of r linearly independent vectors and, since the set (25”) depends
only on 8 w’s, we must have r — a < 8. Setting'y = @ + 8 — r we may
replace wy 4.1, -+, ws by Pa+1, -+, p-in (23) without destroying the canon-
ical form of the basis. A similar change can be made independently in the

2 basis by replacing 2, 4 by D) ks +i (G = 1,2, <7 = B =a — 7).
1

When we assume that these changes have been made to begin with, we may
take in place of (24)

r—a r—4a

a 8
20  AN+B = D) D7 (hid + ki)2iSw, + ) zar Sy g+ D) 274 150s 1,

t=1 ;=1 1=1 i=1

Figure 1 shows schematically the effect of this change of basis. To begin with
the coefficients in (24) may be arranged in a square array AR of side r; the

Y B8 r a8
A B c D
Y E F G H
[2 4
J K L M
’
N P Q R
atp

Fia. 1
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first double sum corresponds to the rectangle AL, the second to J@ and the
third to CM, and the rectangle LR contains only zeros. After the transforma-
tion which leads to (26), the only change in the scheme is that in JQ the part
JP is now zero and the square K@ has 1 in the main diagonal and zeros else-
where, and CM also takes a similar form.

If we set

Zati= Zayi+ Z (Piyyeih + kiyii)zy (E=1,2,---,r—a)

i=1

¥
Whas = WoiF D (uriih+ byeidw; G=1,2-,7r—p)
i=1
then zi, -++,2, 244y *++, 27 and Wy, +++, Wg, Wp41, *  +, w, are still elementary
bases of the right and left grounds, and in terms of them (26) becomes

¥ r—a r—8
2 (hih + kij)zsSw; + E 2o +SWy 4 + 2 2y +£Sw¢; +i4
6, i=1 i=1 i=1
The number of terms in these summations after summing for jis v + (r — a)
+ (r — B) = r. Hence the rank of the square array Ay + ki; (4,7 = 1, 2,
.-+, v) is v and by a change of variable of the form A — A, = X, if necessary,
we can secure that the array k,, is also of rank «.

The transformation just employed disturbs the canonical form of the basis
and we have now to devise a different transformation which will avoid this.
Let us set in place of wy, ws, -+, w,

)
w; =w, — E Di, t—We (.7 =12 -, 7)

t=y+1

where the p’s are constants to be determined later, and for brevity set also

¥ Y
h; = 2 hizsy Ky = 2 ki G=12 - 8);

since thé rank of ki, (1 = 1, 2, -+ -, v) is v, the vectors ki, ks, -, k, form a
basis of (z;, 25, - -+, 2,). After this change of basis the part of the first double
sum (cf. (26)) which correspondsto ¢ = 1,2, -+, y;7 =~ + 1, -+, B is
8 Y
27) > [h,-x D R TN (S k,)] Sw;.
i=r+1 t=1

Consider now a single chain of #’s of index s which by a suitable change of
notation we may suppose to be za +1, Za +2, ***, 2a 4., we shall seek to deter-
mine the p’s so that the corresponding part of (27) shall become

y+s

(28) 2 (@) -1- + Ngi = 5)Sw;,

i=y+1
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the ¢’s being vectors in the spade (z1, 25, ', 2,). Equating corresponding
terms in (27) and (28) we have

go= ky41+ 2 puky, g1 = hy 1 + 2 Pah = kyi2 + 2 P ke
t t t

Je—1 = h7+a—l + 2 pt,a—lhl = k7+. + Z p,,kz, gs = h‘y+a + 2 pt.sht-
t i t

Choosing py (t = 1, 2, -+, v) arbitrarily we define g, by the first equation;
then the second defines p since the vector hy +1 + 2 pah: — k, 42 can be
t

expressed uniquely in terms of the basis (ki, ks, ---, ky); and the remaining
p's are similarly determined in succession, while the last equation defines g,.
If we now in our basis put in place of z, 4+ ¢

Zo 4y = Zat it §io1F N (G=1,2 -, 3

and combine the corresponding part of (27) with 2 2y 1+ Swy 4 5, the two

i1=1
.

together give 2 2. 4+ Sw, 4 ; and the new basis is still canonical. We then

=1

treat all the z chains in the same way and have finally in place of (26)

a

Y 8 r—a
D) ik + k)zdw; + DO, D) (hih + ki)zSw) + D) 2k 4 Sy 4

i, 7=1 d=r+l j=1 =1

r=§8
+ Z 2y + iSWs +

i=1

The changes in the bases used above have replaced the coordinates hy;, ki;
by O for the range ¢ = 1,2, -+, v; 5 = v + 1, +++, 8 and have left them
wholly unaltered fori = v + 1, .-+, @;5 = 1,2, -+, v. We can therefore
interchange the réles of the z’s and w’s and by modifying now the w-chains we
can make these coordinates zero for the second range of subscripts without
altering the zeros already obtained for the first range. Hence it is possible
by a suitable choice of the original canonical bases to assume that (26) is
replaced by

-y

p 8
AN+ B = 2 (hish + kij)ziSw; + 2 2 (hih + kipziSw;

i, i=1 i=v+1 j=7+1

r—a r—8
+ §>2u+iS'wv+i+ E:Zv+iswﬁ+i‘
i=1

i=1

(29)
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Here the first summation can be reduced to a canonical form without affecting
the rest of the expression; we therefore neglect it in the meantime and deal
only with the remaining terms. This is equivalent to putting v = 0, and in
making this change it is convenient to alter the notation so as to indicate the
chains in the bases.

As in §4.05 let the chains of the z and w bases be

fisy+ N} (G=1,2 -+, 8;0=1,2 -+, 1)
and .

92—1'*')\92 (q=172: "'7tp;p=172: "';V2)

respectively, and denote the constant vectors of the respective bases by z?
and w} where %, j, p, ¢ take the values indicated above since, when v = 0, we

have Es,- =r—a=24 th =r — B = a. We have then to determine
1 1

a canonical form for the matrix

(B0) D) (RN +E2DZSwE + D) (fi 1+ MDSwi + D) 218051 + M),
207400 ¢ LER P.q

and in doing so we shall show that the first summation can be eliminated by a
proper choice of the bases of the chains.

It will simplify the notation if we consider first only two chains, one of index
s in the z-basis and the other of index ¢ in the w-basis and, omitting the super-
scripts, choose the notation so that these chains are fo + Afy, -+, fo =1 + M,
and go + Ay, -y ge—1 + Ag.. We now modify these by adding a; —; + Aa;
to fi -1 4+ Afjand b; —; 4+ Ab; to g; —1 + Ag: choosing

! [
a; = Zaiizi (]=0,1, cey, S), bi=2ﬁ;iwi (’L=O’1, ceey t)
i=1

i=1
in such a way as to eliminate the corresponding terms in the first summation
of (30). To do this we must choose the a’s and §’s so that
(31) hii=aii+6ih kii=ai.i—1+5i—1.7 (7'.=1;2: "')t;j=172; "',S).
Forj > 1thisgives a;,; -1 = hi,; =1 — Bi, i —1 and hence if I;; = ky — hi, 5 -1
we may write
(32’) kt’l = ln = Q4o + Bi—l.l
(32") Ly = Bi—1,i — Bii—
If we give oo (1 = 1, 2, -+, t) arbitrary values, (32') defines B for 7 = 0,
1, -++, t — 1 and leaves 8, arbitrary; then j = 2 in (32"') gives B for ¢ =
0,1, -+, t — 1 and leaves 8 arbitrary, and so on: and when the s are found

in this way, certain of them being arbitrary, the first equation of (31) gives the
remaining a’s.

(i= 1721 ) t;j=2;3; "',S).
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Combining every z chain in this way with each w chain in turn, we finally
eliminate all the terms in the quadruplé sum in (30), and (29) may therefore,
by a proper choice of the two bases, be replaced by

(33)
AN+ B = 2 (hih + kip)zsSw; +2 (Fi i+ MDHSwE + D) 22805 -1 + N?)

$,i=1 i,7 r.q

where no two of the linear sets

(34l) - (zly Q2 7y z‘r); (fS,fI; o 7fs.7 7 2: Tty Vl)r
(zzlryz?’ tt Yy z’;pip L2 -, V2)

have any vector in common, and also no two of

(34”) (wl: Wey * 7y 'w‘r)y (w:)wé-i Y wini =12 -, Vl))
(ggx gz;’ RS gP;p’p =12 - 1’2)

have any vector in common.

We shall now for the moment suppose that the order n of the fundamental
space is taken so large that we can introduce vectors z§ (p = 1, 2, - -+, ») into
the third set in (34’) without causing the three spaces to overlap, and also
ws (i = 1,2, -+, ») into the second set of (34’"). As a matter of convenience
we can then find two constant non-singular matrices P, @ such that

Pz, =e; = Qui, Pfi =e¢; =Qwi  Pb=eptr=Qyg"
where the range of the affices is as in (34) and where
=1

P = e k=7+2<s¢+1)+j+1, et = e

€

k-v+§ (s1+1)+2(t + 1) 4+qg+1

t=1

and, when this is done,

(85) P4\ + B)Q = E (hah + EidesSe; + 2 (6§ =1 + Nei)Se!
Hi=1
+ D et S(e”;tg’ + hept).
p,q
This matrix is composed of a number of blocks of terms arranged along the
main diagonal, the remaining coordinates being 0. It must be carefully observed
however that, owing to the introduction of the vectors z5, wi and to the fact
that a chain of index s depends on s 4+ 1 constant vectors, the total number
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of rows and columns employed is greater than the rank r by the total number
of chains in the left and right grounds.

The first summation in (35) gives a block || 2;A + &;; || of v rows and columns.
Each chain in the second and third summation gives a block of the respec-
tive forms

010 00 0 00 0 0
0 x 1 0 0 1 X0 0 o
0 0 A---00 01 x---D 0
(836) e e
000 ---x1 0 0 0---x 0
0 0 0---0 A 00 O0---1 A\

If we take AN + By in place of AN + B and calculate the invariant factors
these forms show that we obtain the invariant factors of 2 (hiX + kyu)esSe;

together with a number of 1’s from the blocks of type (36), the number con-
tributed by each being one less than the number of rows it contains, that is,
the index of the corresponding chain. This gives the following theorem.

TueoreM 10. Two matric polynomials AN + Bp and CA 4 Du are strictly
equivalent if, and only if, they have the same invariant factors and their respective
right and left grounds have the same Kronecker tnvariants.

That these conditions are necessary is obvious; that they are sufficient follows
readily from the form (33) derived above. In the first place, since the Kro-
necker invariants are the same for both, the second and third summations in
(33) have the same form for both and are therefore strictly equivalent by
means of transformations which do not change the terms in the first summation.
Secondly, the first summation in both yields the same invariant factors since
the number of 1’s due to the remaining terms depends only on the number of
chains, which is the same for both; hence these summations are strictly equiva-
lent and, because of the linear independence of the constant vectors involved,
the equivalence is obtainable by transformations which do not affect the
remaining terms.

When the first summation in (35) is in canonical form, we shall say that
AN + B is in its canonical form. This is however not altogether satisfactory
since the space necessary for this form may be of greater order than n. If
v is the greater of »; and v2, (33) shows that the minimum order of the enveloping
space is ¥ + Zs; + Zt, + ». A canonical form for this number of dimensions
can be obtained as follows. Pair the blocks of the first and second types of
(36) till all of one type are used up, taking the order of the constituents in, say,
the order of (36): then in the composite block formed from such a pair discard
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the first column and also the row which contains the first row of the second

block. This gives a canonical form for such a pair, namely,

10-..
ANl e
0 X«

0
37) 0
0
0

o .
o

DR e i e B e 2 — I

0
0
0

- = OO .

0
0

- OO0 O O -

- 0
- 0
-0

Y
-1

If the number of chains in the left and right grounds is not the same, there

will of eourse be blocks of one of the types (36) left unpaired.



CHAPTER V
COMPOUND MATRICES

5.01 In chapter I it was found necessary to consider the adjoint of 4 which is a
matrix whose coordinates are the first minors of | A |. We shall now consider
a more general class of matrices, called compound matrices, whose coordinates
are minors of | A | of the rth order; before doing so, however, it is convenient
to extend the definition of Szy to apply to vectors of higher grade.

5.02 The scalar product Let z; = Zfie, ¥i = Znie, 0 = 1,2, --+) be
arbitrary vectors, then, by equation (37) §1.11 we have

Q.
¢y) | ziz2 + - 2| = (Z)/ Vi Eae v o0 &ri || €083 o0 4y
and hence it is natural to extend the notion of the scalar product by setting

2
@) Slawwe -« 2 llyge -+ yr | = D Ekon oo Eri |l mames oo e |-

(5
We then have the following lemma which becomes the ordinary rule for multi-
plying together two determinants when r = n.

LeMMma 1.
3 Slaae - g1y -+ y-| = | Szay, .
For8|zixs -+ 2, || eies, -+ e | = | &uidei, -+ £, |, hence

Slaze o+ x|l pies, -+ ;| = Ems.l&m e B

= | <Z mif”‘) Eoip ot Eri, | = | STayn, Eaiy 00 Eni IS

again

Slaze o+ o |l ysen - e | = O, maSla - &g - e,
i1 .

2 Nai, | Szayr bas, + o0 Eri |

= | Sz S2ays b3y ++ Eri, |

The lemma follows easily by a repetition of this process.
The Laplace expansion of a determihant can clearly be expressed as a scalar
product. This is most easily done by introducing the notion of the comple-
63
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ment of a vector relative to the fundamental basis. If ¢, %, - - -, £, is a sequence
of distinct integers in natural order each less than or equal to nand ¢, 44, - ~, ia
the remaining integers up to and including n, also arranged in natural order,

the complement of | e;e; -+ e; | relatively to the fundamental basis is
defined as!
4) ] €iliy, €4, |¢ = (—1) Fatrr+ D/ l €iry1€iryq 7 Cip|
and the complement of | z,z» -+ z,| by
»
(%) Vg« 2z, o = 2 l Euoeiy o &rifl€sen oo e \‘7

(%)
which is a vector of grade n — r.

Laplace’s expansion of a determinant in terms of minors of order » can now
be expressed in the following form.

LemMma 2.
6) S|z - xr[c|$r+i$r+z coo | = | Enbag o Enn | = | Szie; |
= Slzl .« x””el “ e enl = (—l)f(ﬂ_f)slxlxz P xrllxr+l cen znlc.

Further as an immediate consequence of (5) we have

Lemma 3.
M Slzzs -+ o lelyyz - Y le =82z - 2o |lyye - yr |-
5.03 Compound matrices. If A = Za;ei;, then, as in (1),
| Az, Azy -+ Az, | = Z*I_&" e by || ey, - Ae, |.
i)

But 4e¢; = 2 a;e:i; so a second application of (1) gives
i

| Azidzy - - Az, | = 2* 2*\ b e B || @i o Gl e e,
@ o)

But the determinants | --- &, | are the coordinates of the r-vector
|z -+ z,|; hence | Az, --- Az, | is a linear vector form in |zzs --- z,]|
in the corresponding space of (}) dimensions. We denote this vector func-
tion or matrix by C.(4) and write

(8) | Az, Az -+« Az, | = C.(A) | n1z2 -+ z.].
We shall call C,(A) the rth compound of A. Important particular cases are
8" Ci(4) = 4, Cu(4) = |41,

1 The Grassmann notation cannot be conveniently used here since it conflicts with.the
notation for a determinant. It is sometimes convenient to define the complement of
lewes -+ en| a8 1.
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and, if & is a scalar,

(8"") C.(k) = k.
THEOREM 1.

9) C.(AB) = C.(A)C.(B).
For

| ABz;ABz; -+ ABz, | C.(A) | Bz;Bz, -+ Bz, |

C.(A)C.(B) |zy2g +++ z,|.

I

Corollary. If | A| = 0, then

(10) [C.( )] = C.(A-Y).
THEOREM 2,
(1) [C.(4) = C.(4").
For S|z -+ 2, |Co(4) |yayz -+ ¥, | = | Seidy;| = | SA'zw; ]|

=S|A’xl . A’xr”yl . yrl =S]y1 - yrlcr(A,)le"" xrl.

TurorEM 3. If A = E a:Sb;, then
1
(12) C(d) = D57 1 aios - ai | 8] baby - by .
(i)
This theorem follows by direet substitution for A irr the left-hand side of (8)
It gives a second proof for Theorem 2.

If r = m, (12) consists of one term only, and this term is 0 unless m is the
rank of A, a property which might have been made the basis of the definition

of rank. In particular, if X = 2 eSx;,, ¥ = z y:Se;, then C.(X) =

1
leweg o+ e, |S|zixp -+ 2|, C:(Y) = |yy2 -+~ y,]S]elez -+ e, | so that
C/(XY) = |eaeg - e |S|mxe - 2 [lywe - yr | S]eer ¢ e;|. But

XY = E eSxy;Se; so that C.(XY) = I Sz, ” ey - C; ' S l es - €, |‘

43
Comparing these two forms of C,(XY) therefore gives another proof of the
first lemma of §5.02,
If we consider the complement of | Az,Ax, --- Ax,| we arrive at a new
matrix C7(4) of order (}) which is called the rth supplementary compound of A.
From (7) and (12) we have

(13) | Amdas -+ Az o= D) as o+ aq [oS]by -+ bile @ oo 2]

= Cr(A) I ity « - Iy lc

and derive immediately the following which are analogous to Theorems 1 and 2.
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THEOREM 4.

(14) C(AB) = C(4)Cr(B).
THEOREM 5.

(15) [C(4)] = C(4").

The following theorems give the connection between compounds and supple-
mentary compounds and also compounds of compounds.

THEOREM 6.
(16) Cr(A)Cn —,(A) = | A | = C~~(A)C.(4").
This is the Laplace expansion of the determinant | 4 |. Using equation (6)
and setting |e| for |ees -+ e, | we have
[AlS.lexz o el @rpr o Tl = AS |2 o zal e

=S| Az -+ Az,]|]|e]
=8 |Az; -+ Az, || Az 41 o+ Aza|

= SC(A) |z -+ 2,]Cn—(A) |2y 11 -+ 2o
=8|z - 2| C(A)Ch - (A) |20 41 -+ T4

and, since the z’s are arbitrary, the first part of the theorem follows. The
second part is proved in a similar fashion.
Putting r = n — 1in (16) gives the following corollary.

Corollary. adj A = C»—1(4’).
THEOREM 7.
n—~1
an o)) = 14157 < ey

For from (16) with 4’ in place of 4, and from the fact that the order of
C.(A) is (}), we have

1417 = | Cra)Ch (A7) | = | C7(A) | 10— (A ]

and, since | 4 | is irreducible when the coordinates of A are arbitrary variables,
it follows that | C7(4) | is a power of | 4 |. Considerations of degree then show
that the theorem is true when the coordinates are variables and, since the
identity is integral, it follows that it is also true for any particular values of
these variables.

THEOREM 8.
(18) | 4 l( ) CC4)) = |4 ¢ T en - ra))
(19) 14177 eyeran = 14 <D, -4y,
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Using (15), (16) and (17) we get

cc - aneD =) = 1oy | = 141
therefore
14 17 CUCiA)) = CUCHANCLCn ~ AN)Cn = +(Cn = (4))

= CL(CH(A)C" - (A7)0~ (C™ - (4)
= C. (] A ])C = +(Cn ~ ~(4))
= [ 4 1Cn - (Cn - r(A)).

Similarly

Cu(Cr - (ANCHCTA) = Cu(|A]) = A"
and therefore
14 107 (€, - a)) = €D (0 - (A)CCH - (A)CCTAY)

[ Ca (4 | CAC7(A))

=141 e ey,
An important particular case is C,(C* ~1(4)) = |4 |° ~'C"~*(4) whence
(20) Ci(adj 4) = C,(C*~Y4")) = |4 |[*~1C"—+(4").

5.04 Roots of compound matrices. If 4 has simple elementary divisors
and its roots are Aj, Ag -+, A, the corresponding invariant vectors being
ay. ay, - -+, d, then the roots of C,(4) are the products A;A;, --+ i, in which
no two subscripts are the same and the subscripts are arranged in, say, numerical
order; and the invariant vector corresponding to AiAs, -+ A is|asai, -+ ai .
For there are (?) distinet vectors of this type and

C,-(A) ] Ay, * Aq, | = | Aa,-l v Aa;r l = )"'1>‘l'z e >\,',. ] [+ 70 T/ I ]
Similarly for Cr(4) the roots and invariants are A:A;, -+ A and
| 0:Qs, 0 Qi |c-

It follows from considerations of continuity that the roots are ‘as given above
even when the elementary divisors are not simple.

n

5.05 Bordered determinants. Let 4 = || a;l|| = 2 a;Se,, a, = 2 aizei,
i=1 ¢
be any matrix and associate with it two sets of vectors

n

X:z = 2 £ii¢i,
;=1
n

Y: Yi = 2 Nij€;.
i=1

(@ 1,2y "',T>

1
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Consider the bordered determinant

G Qg+ @ Eu o én

G Qa2 (2 YR 27 £
.............................. A X
21 A, = =
( ) An1 [+ 2% Ann Eln Ern Y, 0
m M2 Ma 0O 0

..............................

AL M2 0 Nrn 0 v 0

where r < n, and 0, is a square block of 0’s with r rows and columns.
If we introduce r additional fundamental units ¢, .1, -+, €, +,, A, can be
regarded as the determinant of a matrix % of order » + r, namely,

} n nt2r

A = 2 a:Se; + Z') z:8¢, + i + 2 €n + iSyi = 2 ¢:S8d;.
1 1

1 1

If now we form || = S|e|Cn+,™)|e] as in §5.03, we have
Cosr@) = D) Vew e co |S1di o diy | (0= 1,2, -+, n + 20).

(i)

In this form any | ¢;, -+ ¢;,,, | which contains more than n out of a1, -+, a..
zy, -+, x, is necessarily 0; also, if it does not contain all the z’s, the corre-
sponding |d;, ‘-, di,,,| will contain more than n out of e, ---, e,
Y, -+ -+, yr and is consequently 0. We therefore have
*
C,, + ,-(?I) = 2 ] ;0 * 0 Qi Xy ot Tilp41 " a4 l

(1)
)(Sleile‘.2 e i Yttt Yelasr en+r[ (Z= 1,2, ceey, 'H)

and hence, passing back to space of n dimensions,

(A =2 "Slellay - a2 |S|ew - ey - yrlle]
=E*Slxl T x"“a'il e ain-rlcsleﬁ e ein-rlclyl o yr|

=8|z -z | C ) |y -y

This relation shows why the bordered deéterminant is frequently used in
place of the corresponding compound in dealing with the theory of forms.

5.06 The reduction of bilinear forms. The Lagrange method of reducing
quadratic and bilinear forms to a normal form is, as we shall now see, closely
connected with compounds.
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If A is any matrix, not identically 0, there exist vectors z;, y; such that
Sz, Ay, # 0; then, setting A = A, for convenience, the matrix

SA 1z
Ay, = A, — Ay, 22120
2 1Y Sx1A1y1
has its rank exactly 1 less than that of A. For, if 4,2 = 0, then
SA/IM 2 Sx]A]_Z
Az = - — = - T =
22 Alz A]yl leAlyl A]z Alyl leAlyl
and, conversely if A;z = 0, then
_ SzAdz _
A12 = A1y1 A——Myl = kAlyl;

say, or A,(z — ky)) = 0. The null-space of A, is therefore obtained from that
of A; by adding ¥, to its basis, which increases the order of this space by 1
since Ay; # 0.

If A, # 0, this process may be repeated, that is, there exist zs, ¥» such that
SzsAsys ¥ 0 and the rank of
SA;SBZ
A, = A, — Azyz m

is 1 less than that of A;. If therank of A is r, we may continue this process
by setting

(22) Aoy = Ay = Ay, DAa%

Y Sz A,
where Sz.A.y, # 0and A, = A, A, .1 = 0; we then have

(=142 -, 1)

; SA .,z -
= As " = s
(23) A Z} Y Godn 2 Y
SA 'z,
SxsAsys
take z, = ¥, and it is of some interest to determine when this is not possible.

If SzBx = 0 for every z, we readily see that B is skew. For then Se;Be;
= Se;Be; = S(e; + ¢;)B(e; + ¢;) = 0 and therefore

0 = S(e;: + ¢,)B(e; + ¢,) = Se;Be; + Se;Be; + Se.Be, + Se,Be;,

that is, Se;Be, = —Se,Be; and hence B = —B. Hence we may take z, = y,
solongas 4, = —A,.

where A, = Ay, is a matrix of rank 1. Generally speaking, one may

5.07 We shall now derive more explicit forms for the terms in (23) and show
how they lead to the Sylvester-Francke theorems on compound determinants.
Let z%, 2%, ---, z7, y', % ---, y¥" be variable vectors and set

(24) J = Slxgxlil?? e erC,+1(As)|ysy1y2 N y"l
= S!ISII.”CZ e ‘/Er| 'AsysASyl U Asyr|;
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then from (22)
J =8|zl - 2 || Ay As 1yt o Ay
| Sz, Ay Sz, w1yt -+ Szrd, 2w

If the z’s denoté rows in this determinant, the first row is

82,4y, Steds w1yt -5 STl 4 y”

each term of which is 0 except the first, since x, lies in the null-space of 4, . 1,
and Sz.4.y. # 0. Hence

(25) J = Sz, Ay, | Sz4A, Lyt -0 Sxrd, 7]
and therefore from (24)
(26) Slaat -+ 27| Cryrfd) |yt - v

= Sz AySizt - 2| Co(As ) [yt -+ ¥ ).
Repeated application of this relation gives
@7) Slatsss - Topr-22® o 2|Coy () |y o Yy —ayt oyl
= Sz, A9.5%: + 1Ae s 1Wa 41 " STogp e iotlfyr,-1S|2 -0 27|
Crdas )yt -yl
a particular case of which is
(27) Slaws <+ zo—1x [ Co(A) lys -+ Yy -1y |
= Sl - Sz, 1ds 1 Y. —1SzA .

To simplify these and similar formulae we shall now use a single letter to
indicate a sequence of vectors; thus we shall set X, , . .- for 2,2z, 41 -~
Z, 4+ ¢+ —1and Y~ for yly? ... y7;also C,,, for C.(4,). Equations (26) and (27)
may then be written

(26a) S1aX | Cr v o |9V | = Sz Ay, S| X Crio 41| V7,

@78)  S|XesraiX [ Cosrd| Vasvsios¥ | = [ [ S2d S| X7T1Cryust | V7).

We get a more convenient form for (26a), namely
(28) SlXa,tXT,Cr+t—s+l,a]Y!.tYrI
= stAay,S I Xs+1‘, X7 ] Cr+l—a. s4+1 l Y, +1 Y7 |

by replacing » by » + ¢ — s and then changing z'z% -.- 2"+t~ ¢ into
Zot1 '+ zxb -+ 27 along with a similar change in the y’s. Putting s
= 1,2, .-+, ¢t in succession and forming the produet of corresponding sides of
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the equations so obtained from (28) we get after canceling the common factors,
which are not identically 0 provided that r 4 ¢ isnot greater than the rank of 4,

t
20)  SIXX|Crp | V¥ = [] S S1X01 a1 77,

or rrom (27')
(80) S|XX|Cry:| Y Y| =81X|C|Yel8|X|Cr 41| V7
which may also be written in the form

’ _ S XX Cry | YViY7| _ ; i1
(807 K= STX [C[Yi] = 18240 975

in particular
S| Xz |Cy1(4)| Yy
Slthct(A)l Y‘l

This gives a definition of A, , , which may be used in place of (22); it shows that
this matrix depends on 2¢ vector parameters. It is more convenient for some
purposes to use the matrix A® defined by

(32) SIA(”y = 8 I XLZC [ C[ + ](A.) ] Y;y l .

From (31) we then have Swzid. ' = Szid®y//S|X,|Ci|Y.| and there-
fore from (30')

(31) = SzA 41y

_ |8swdey|  _ 8|X7|C(4®) | Y|
& K= SIxIcav = SIX Ay | vT
Hence
(34) . SIXtXr]Cr+¢(A)IY¢Y’] . SIX'IC"(A(”)]Y'

CISTXC(A) Y]]t
which is readily recognized as Sylvester’s theorem if the 2z’s are replaced by
fundamental units and the integral form of (33) is used.

5.08 Invariant factors. We shall now apply the above results in deriving
the normal form of §3.02. We require first, however, the following lemma.

Lemuma 4. If A(\) is a matric polynomial, there exists a constant vector y and a
vector polynomial x such that SxAy is the highest common factor of the coordi-
nates of A.

Let ¥ = Zne, be a vector whose coordinates are variables independent of A.
Let a; be the H. C. F. of the coordinates of 4 = || a;,|| and set

A= a,B, By = En,b.-,e, = I8¢,
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There is no value A of A independent of the »’s for which every 8; = 0; for if
this were so, A — \; would be a factor of each b;, and «; could not then be the
H. C. F. of the a;,. Hence the resultant of 8, 82, * -, 8. as polynomials in A
is not identically 0 as a polynomial in the #'s; there are therefore values of the
7’8 for which this resultant is not 0, and for these values the 8’s have no factor
common to all. There then exist scalar polynomials &, &, -+, £, such that
2t8; = 1 and therefore, if z = Zfie;, we have SzBy = 1 or Szdy =
Returning now to the form of A given in §5.06, namely

A,y,SA Ze
4= 2 SxAy, !

we can as above choose z,, ¥, in such a manner that Sz,4.y, = a, is the highest
common factor of the coordinates of A, and, when this is done, v, = A.y./a,,
u, = A.z,/a, are integral in \. We then have

(35) A = 2 [1'y+[1’x' = Eq‘vnsu‘.
1 s

Moreover 4,y; = 0 = A,z; when ¢ < s and therefore in
Slay oz || Apdays -+ Aeye | = [ Szidyy; | = ISA;‘ZiZ/: I

all terms on one side of the main diagonal are 0 so that it reduces to Sz A
«:Sz, Ay, = s +-- a.. Hence, dividing by a1 --- «, and replacing
Ajyy,/a, by v; as above, we see that |z, --- z.| and |v; --- ».| are not 0 for
any value of A, and therefore the constituent vectors in each set remain linearly
independent for all values of A. It follows in the same way that the sets
ui, -+, U, and y1, .-+, y,, respectively, are also linearly independent for all
values of A, that is, these four sets are elementary sets. It follows from Theo-
rem 5 §4.03, that we can find elementary polynomials P and @ such that

Pyy=e;=Qu; (1=1,2, --+, 1),
and hence

(36) PAQ =P <2 a.v,Su,) Q= 2 Q,€:5¢;,

1 1

which is the normal form of §3.02.

5.09 Vector products. let z; = S, (6 = 1,2, .-+, r) be a set of arbi-
trary vectors and consider the set of all products of the form Eisés, -« £ni,
arranged in some definite order. These products may then be regarded as the
coordinates of a hypernumber? of order n” which we shall call the tensor product®

* The term ‘hypernumber’ is used in place of vector, as defined in §1.01 since we now
wish to use the term ‘vector’ in a more restricted sense.
3 This product was called by Grassmann the general or indeterminate product.
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of z1, s, -+, z. and we shall denote it by z;22 --- z,. In particular if we
take all the products e;e;, <+ e (i1, %3, -+, ¢ = 1, 2, ---, n) each has all
its coordinates zero except one, which has the value 1, and no two are equal.
Further

Xy - T = ZEribe, o Erieils, o €
If we regard the products e;e;, -+ e, as the basis of the set of hypernumbers,

we are naturally led to consider sums of the type
w = Ewm'z S 4,484 €4

r

where the w’s are scalars; and we shall call such a hypernumber a fensor of
grade r. It is readily seen that the product z:z, --- z, is distributive and
homogeneous with regard to each of its factors, that is,

T(Aze + py2)as o Tr = ALy 0 T, pTYels v T

The product of two tensors of grade r and s is then defined by assuming the
distributive law and setting

(eixeiz e e'ir)(eheh tre ei,) =€i - €8y v 6.

It is easily shown that the product so defined is associative; it is however not
commutative as is seen from the example

Ty — Ty = ZZ(E1akei, — Erifei)enes,
* &y by
Eoqy oy,

Here the coefficients of e;e;, — e;e; (& < 73) are the coordinates of | 2,12 |
so that this tensor might have been defined in terms of the tensor product by
setting

(enes, — €i€).
T3,

]x1x2 ] = T1Xy — T2Zy.
In the same way, if we form the expression*

f(xl: Loy vy xr) = ESgn(ily iﬂ; t ir)xhxiz crt Ty

and expand it in terms of the coordinates of the z’s and the fundamental units,
it is readily shown that the result is

*
2 ] Elﬁgﬁz T ET"r If(eﬁ! Cipy e‘r)‘
(%)
¢ The determinant of a square array of vectors z;; (f,j = 1,2, --+, r) may be defined as
| Zi; | = ESgn(l.l: 7:27 ) ’[’)xlflzﬂz vt Ty

In this definition the row marks are kept in normal order and the column marks permuted;
a different expression is obtained if the roles of the row and column marks are inter-
changed but, as these determinants seem to have little intrinsic interest, it is not worth
while to develop a notation for the numerous variants of the definition given above.
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Here the scalar multipliers are the same as the coordinates of | z)z; -+« z,]
and hence the definition of §1.11 may now be replaced by
llez e x".l = ESgn(ilf Ty ] 7'.r>xi'xxiz Ty

which justifies the notation used. We then have

*
(37 [Zze 2oz, | = 2 PEridoi, = Eri ] | enen o0 e .
T
It is easily seen that the tensors |e;e;, --- e | are linearly independent and
(37) therefore shows that they form a basis for the set of vectors of grade r.
Any expression of the form

ZEiiy oo i ] €i€i, " €4, ]

is called a vector of grade r and a vector of the form (37) is called a pure vector
of grade 7.

5.10 The direct product. If 4; = [|a')|| (¢ = 1,2, ---, r) is a sequence
of matrices of order n, then

. _ 1) . (2) (r)
(38)  Awdszy - Az, = D)l al) el bk e o e,
£.7
= W(wxs -+ z,)
where U is a linear homogeneous tensor function of 2.2 - - - 2., that is, a matrix

in space of n" dimensions. This matrix is called the direct product® of
Ay A4y ---, A, and is denoted by A; X 42 X -+ X A,. Obviously

(39\ . AlBIXAsz><"'=(A1XA2X"')(BJ><32X"‘),
and the form of (38) shows that
(40) (A X As X ) = A XAy X -+,

From (39) we have, on putting r = 1 for convenience,
A, XAy X Ag = (A1 X 1T X 11X Az X D1 X1 X Ay).
Making A; = 1 (1 = 2,3, -+, r) in (38) we have
Atizy -, 2= Za) biba, e bl o e

and hence the determinant of the corresponding matrix equals | A, |" .
Treating the other factors in the same way we then see that

(41) [Ay X Ay X -+« XA, | =414y -+ A"

Again if as in §5.04 we take z, as an invariant vector of A, z; as an invariant
vector of 4,, and so on, and denote the roots of A; by \;;, we see that the rcots

® This definition may be generalized by taking z,, z,, -+ as vectors in different spaces
of possibly different orders. See also §7.03.
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of A; X 4; X +++ X A, are the various products A;,Mg;, -+ Ar;,.  When the roots
of each matrix are distinct, this gives equation (41) and, since this is an integral
relation among the coefficients of the A’s, it follows that it is true in general.

An important particular case arises when each of the matrices in (38) equals
the same matrix A ; the resultant matrix is denoted by II.(4), that is

(42) M(A) = 4 XA X --- {r factors).

It is sometimes called the product transformation. Relations (39), (40), and
(41) then become

(43)  T(AB) = I(A)L(B), (4) = T4, | L) | = A"

5.11 Induced or power matrices. If z), z,, ---, 2. are arbitrary vectors,
the symmetric expression obtained by forming their products in every possible
+ +

order and adding is called a permanent. It is usually denoted by | z1z; -+ =z, |
but it will be more convernient here to denote it by {z:z; - - z,}; and similarly,
if a;; is & square array of scalars, we shall denote by {enes -+ a,,} the fune-
tion Zaisaz, ¢+ @, in which the summation stretches over every permuta-
tiomof 1,2, -+, r.

If some of the z’s are equal, the terms of {z;z; --- z.} become equal in sets
each of which has the same number of terms. If the z’s fall into s groups of
%, 13, - -, ¥, members, respectively, the members in each group being equal
to one another, then

{2y -+ .}

— - Zij=r
21!12! ’L,! ( ! )

has integral coefficients. For the present we shall denote this expression by
{z2s +-- z,}* but sometimes it will be more convenient to use the more

explicit notation
X Ts ' T,
PR A

in which 4, of the z’s equal z;, % equal z,, etc.; this notation is, in fact, that
slready used in §2.08, for instance,

{x 2z y} = 22% + 2zyz + 2ys?
{; 3’1'} = % + zyz + ya? = }{zayl.

The same convention applies immediately to {anam - a-}.
In the notation just explained we have

(44) {rxy - 2.} = 27 {80k, - £ ) lees, -0 e

where the summation 7 extends over all combinations 7%, --- . of the first
» integers repetition being allowed. This shows that the set of all permanents
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of grade r has the basis {eje;, <+- €.} of order (n + r — Dl/rl(n — 1L
From (44) we readily derive

(45) {Amdz, -+ Az} = 2”{(11'1:}‘11'27} co G G ElMen o e
i

which is a linear tensor form in {z;z; -+ z.}. We may therefore set

(46) {Anidzy -+ Az.} = P(A) {72y -+ 2.},

where P,(4) is a matrix of order (n 4+ r — 1)!/r!(n — 1)! whose coordinates
are the polynomials in the coordinates of A which are given in (45); this matrix
is called the rth induced or power matrix of A, As with C,(4) and T1.(4) it
follows that

P,(4B) = P,(4)P,(B), P.(4) = P.(4"),
nt+r—1
1Pyl =141,

also the roots of P,(4) are the various products of the form A" Ay -+ A,
for which Za; = r.

(47)

5.12 Associated matrices. The matrices considered in the preceding sec-
tions have certain common properties; the coordinates of each are functions of
the variable matrix A and, if T(4) stands for any one of them, then

48) T(AB) = T(A)T(B).

Following Schur, who first treated the general problem of determining all such
matrices, we shall call any matrix with these properties an associated matrix.
If S is any constant matrix in the same space as T'(4), then T:(4) = ST(4)S!
is clearly also an associated matrix; associated matrices related in this manner
are said to be equivalent.

Let the orders of 4 and T(A) be n and m respectively and denote the corre-
sponding identity matrices by 1, and 1,; then from (48)

(49) TXL) = T(l), T)T(A) = T(4) = T(4)T(L.).

If s is the rank of T(1,), we can find a matrix S which transforms 7'(1,) into a
diagonal matrix with s 1’s in the main diagonal and zeros elsewhere; and we
may without real loss of generality assume that T(1,) has this form to start
with, and write

- g o

The second equation of (49) then shows that T(4) has the form

L Ty4) 0 H

T) = [l 0 0
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and we shall therefore assume that s = m so that T(1,) = 1.. It follows
from this that | T(4) | # 0 so that T(4) is not singular for every 4; we shall
then say that 7 is non-singular.

A non-singular associated matrix T(4) is reducible (cf. §3.10) if it can be
expressed in the form T(4) = T:(4) + T.(4) where, if E; = Ti(1,), E;, =
Ty(1.), so that B, + E, = 1,, then

T.(4) = E\T(A)E,, T.(4A) = E.T(AE,
E]T(A)Eg = 0 = EQT(A)EI

so that
EE = E], E; = Ez
E1E2 =0 = EgEl
and there is therefore an equivalent associated matrix {(4) which has the form

t(4) 0 '
0 t(4)

When T(A) is reducible in this manner we have

TW(4B) = E\T(AB)E, = E\T(A)T(B)E,
E\T(AYE, 4 E;)T(B)E,
E\T(A)E\T(B)E, = T\(A)T«(B)

t(4) = ‘

so that T1(A) and To(A) are separately associated matrices. We may there-
fore assume T'(A) irreducible without loss of generality since reducible associated
matrices may be built up out of irreducible ones by reversing the process
used above.

5.13 We shall now show that, if A is a scalar variable, then T(\) is a power
of . To begin with we shall assume that the coordinates of T(A\) are rational
functions in A and that T'(1) is finite; we can then set T(A\) = T:(A)/f(\) where
f(\) is a scalar polynomial whose leading coefficient is 1 and the coordinates
of T:(\) are polynomials whose highest common factor has no factor in common
with f(\). If u is a second scalar variable, (48) then gives

T\WTiw) _ Thiw)

JOOS(w) JOw)’
hence f(Au) is a factor of f(\)f(x), from which it follows readily that f(Au)
= f(A)f(u); so that f(A) is a power of A and also
(50) T,(w) = Ti(N)Ti(u).
We also have f(1) = 1 and hence T'(1,) = T(1,) = 1.

Let T\(A) = Fo + AF, + -+ 4+ MF(F, # 0); then from (50)

Fo+ MFy+ oo + NwF, = (Fo + NFy 4 -+ Y(Fo + uFy + )
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which gives

F!=F,FF;=0@G=j5), (Gij=01 8.
Now

TiMNT(4) = fOTMNTA) = fNTAAL) = T(A)T:(N);
therefore

ZFT(AN = ZT(4)F N
and hence on comparing powers of A we have
F.T(4) = T(A)F,

and, since ZF; = T,(1) = 1,, and we have assumed that T(4) is irreducible,
it follows that every #; = 0 except F,, which therefore equals 1.. Hence
T:(A\) = A? and, since f(A) is a power of A, we may set

(51) T(A) = M.
Since TMA) = T(A\)T(A) = rT(A), we have the following theorem.
Tureorem 9. If T(A) is irreducible, and if T(N) is a rational function of the

scalar vartable X, then T(\) = A" and the coordinates of T(A) are homogeneous
funetions of order r in the coordinates of A.

The restriction that 7T(A) is rational in A is not wholly necessary. For
instance, if ¢ is any whole number and e a corresponding primitive root of 1,
then T%(¢) = 1, and from this it follows without much difficulty that T{) = ¢
where s is an integer which may be taken to be the same for any jfinite number
of values of g. It follows then that, if T(\) = {| £;(\) |, the functions t;;(\)
satisfy the equation

t,'j(€>\> = Eat;'j()\)
and under very wide assumptions as to the nature of the funetions ¢,; it follows

from this that T()) has the form A",  Again, if we assume that T(\) = )\“Z T,

then T\ T () = T(hu) gives immediately
T.ufte = T(#)
so that only one value of r is admissible and for this value T, = 1 as before.

5.14 If the coordinates of T(A) are rational functions of the coordinates a;;
of A, so that r is an integer, we can set T(4) = T.(4)/f(4) where the coordi-
nates of T,(A) are integral in the a;; and f(4) is a scalar polynomial in these
variables which has no factor common to all the coordinates of T7(4). As
in (50) we then have

T\(AB) = Ty(A)Ty«(B), f(AB) = f(A)f(B).
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It follows from the theory of scalar invariants that f(4) can be taken as a
positive integral power of | 4 |; we shall therefore from this point on assume
that the coordinates of T(A) are homogeneous polynomials in the coordinates
of A unless the contrary is stated explicitly. We shall call r the index of T(4).

Tareorem 10. If T(A) is an associated matriz of order m and index +, and if
the roots of A are a;, esy ++ -, an, then the roots of T(A) have the form a]'al® «--
o™ where Zr; = r.  The actual choice of the exponents r depends on the particular
associated matriz in question but, if o' aj® -+ «.® is one rool, all the distinct
quantities obtained from it by permuling the o’s are also roots.

If the roots of A are arbitrary variables, then A is similar to a diagonal
matrix 4; = Zae;;. We can express T(4,) as a polynomial® in the o’s, say

(52) T(A) = Zalagr -+ amwF. ...,

where the F’s are constant matrices. If now B = ZBe;; is a second variable
diagonal matrix, the relation T(4,B) = T(4,)T(B) gives as in (50)

Pt = Frre s,
fo"z TnFslsz v sy T 0 ((rly Tay ) #= (31, 8 - ))

and hence T'(4,) can be expressed as a diagonal matrix with roots of the required
form; these roots may of course be multiple since the rank of F,, ... ,, is not
necessarily 1, the elementary divisors are, however, simple.

Since the associated matrices of similar matrices are similar, it follows that
the roots of the characteristic equation of 7T'(4) are given by those terms in
(52) for which #,,,...,, # 0; and, since this equation has coefficients which
are polynomials in the coordinates of A, the roots of 7(4) remain in this form
even when the roots of A are not necessarily all difierent.

The rest of the theorem follows from the fact that the trace of T(4,) equals
that of T'(A) which is rational in the coordinates of A and is therefore sym-
metri¢ in the «’s.

(53)

Tn

TueoreM 11. The value of the determinant of T(A) is | A |™/ and rm/n s
an tnieger.

For T(A)T(adjAd) = T(JA|) = | A|" and therefore | T(4) | is a power of
| A, say | 4| But T(4) is a matrix of order m whose coordinates are poly-
nomials in the coordinates 6f A. Hence sn = mr and rm/n is an integer.

5.15 Transformable systems. From a scalar point of view each of the
associated matrices discussed in §§5.03-5.11 can be characterized by a set of
scalar functions f, (¢ = 1, 2, «--, m) of one or more sets of variables (¢,

¢ If we merely assume that 7(4,) is a convergent series of the form (52), equation (53)
still holds. It follows that there are only a finite number of terms in (52) since (563) shows
that there is no linear relation among those F, ... ., which are not zero. Let F; be the
sum of those F,, ... ,, for which Zr; has a fixed value p;; then T(x) = Z2"iF, and as before
only one value of p, is admissible when T(4) is irreducible.
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j=1,2 .--,n),7=12 ---, r, which have the following property: if the
t’s are subjected to a linear transformation
E:’i=2ailfﬁ \]= 1, 2, '-",n;i': 1,2, "',T)
g=1

and if f;, is the result of replacing ¢:; by £, in fi, then

m

=D auf.

a=1

where the o’s are functions of the a;; and are independent of the ¢’s. For
instance, corresponding to Cy(4) we have

Ji=Jog = b g Peg=12 -, n;p <
EZP £2q
for which
= = Apr aqr
Qij Qpgq, rs Qe Gy .

We may, and will, always assume that there are no constant multipliers such
that ZX;f; = 0. Such systems of, functions were first considered by Sylvester;
they are now generally called transformable systems.

If we put T(4) = || ai; ||, we have immediately T(AB) = T(4)T(B), and
consequently there is an associated matrix corresponding to every transformable
system. Conversely, there is a transformable system corresponding to an
associated matrix. For if X = || ;]| is a variable matrix and ¢ an arbitrary
constant vector in the space of T'(4), then the coordinates of 7'(X)c form a
transformable system since T(4)T(X)c = T(AX)c and ¢ can be so determined
that there is no constant vector b such that SbT(X)c = 0.

The basis fi (¢ = 1, 2, ---, m) may of*course be replaced by any basis
which is equivalent in the sense of linear dependence, the result of such a change
being to replace T(A) by an equivalent associated matrix. If in particular
there exists a basis

gy, g2ty Gky hl, hz, A hk, (kl + kz =k

such that the ¢g’s and the »’s form separate transformable systems, then T'(4)
is reducible; and conversely, if T(4) is reducible, there always exists a basis
of this kind. :

5.16 Transformable linear sets. If we adopt the tensor point of view
rather than the scalar one, an associated matrix is found to be connected with
a linear set § of constant tensors, derived from the fundamental units e;, such
that, when e; is replaced by Ae; (¢ = 1,2, ---, n) in the members of the basis
of &, then the new tensors are linearly dependent on the old; in other words
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the set § is invariant as a whole under any linear transformation A of the funda-
mental units. For instance, in the case of Cy(A4) cited above, § is the linear
set defined by

leieil (i,j=1,2,-~-,n;i<j).

We shall call a set which has this property a transformable linear set.

Let wi, us, -+, un be a transformable linear set of tensors of grade r and let
u; be the tensor that results when e; is replaced by de; (j = 1,2, -+, n) in u;.
Since the set is transformable, we have

wp= D ey = T (G =1,2 -, m)
i
where the a;; are homogeneous polynomials in the coordinates of 4 of degree r.
If we employ a second transformation B, we then have

W) = TAOTBus, of =TABuw (=12 -, m

and therefore T'(4) is an associated matrix.

We have now to show that there is a transformable linear set corresponding
to every associated matrix. In doing this it is convenient to extend the notation
Suv to the case where « and v are tensors of grader. Let E; (¢ =1,2, :++, n")
be the unit tensors of grade r and

u = ZYHi, v = Z¢E;

any tensors of grade r; we then define Suv by

Suv = <Z tluwi)/r!

where the numerical divisor is introduced solely in order not to disagree with
the definition of §5.02.

Let 2; = 2¢ie; 0 = 1,2, -+, r) be a set of variable vectors and X; (¢ = I,
.2, +--, s) the set of tensors of the form zi'zi* --- zi* (Zj; = r); we can then
put any product &' £ ... £ for which Z8;; = r in the form kSE.X;, k
being a numerical factor. This can be done in more than one way as a rule; in

fact, if E ﬁ.’,‘ = ﬁ,,', then
i

1
L Seﬁll.__eﬂmxﬂl
11 Eln 61! 1 n 1
and from the definition of Suvit is clear that the factors in e{" - €™ can

be permuted in any way without altering the value of the scalar. It follows that

) for o e
Bu o ogBm - ' iy
£i1 £in Bl Bual -+ Bunl S B - - Bln}xl
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and repeating this process we get
kléﬁuaﬂzlz Efr; =8 € v e,,} eﬂ}xflxgz xer
o Bln - ﬂrn

where %, is a numerical factor whose value'is immaterial for our present purposes.
If f is any homogeneous polynomial in the variables ¢;; of degree p, it can be
expressed uniquely in the form

=33 - Sf& -.~e,.}._. [} ...eﬂxa‘_”xf,
f s Brn Iﬂll tee Bln Brl ot Brnf !
where the inner summation extends over the partitions of 8;into B, Bi, ¢, Bin

(i =1, 2 ---, r) and the outer over all values of 8, 8, -, 8+ for which
ZB8:; = p. We may therefore write

f = 2 SF]X,
1
82

where, as above, X; = z%'28* ... zf and

g v eg e - en
Fi = Fog 6= 2o o {f;n Isln} {lrl Brn}.

The expression of f in this form is unique. In the first place, F; = 0 unless
each gg, ... 5., is zero, since the set of tensors of the form

€1 ' 8y ey - e o
{Bll e Blﬂ} o {61’1 e ﬁrn} (2611 P)

are clearly linearly independent. Further, if ZSF,X; = 0, then each SF,X;
is zero since each gives rise to terms of different typein the £;;; and finally the
form of F; shows that SF,X; = 0 only if F; = 0 since in

SF,'X]- = k12¢ﬂll 3rn£Fl“ o rﬁr:"

each term of the summation is of different type in the £,;.
Let (f.) be a transformable system; we can now write uniquely

(54) fo= D) SFuX; (k=1,2 -, m)
i

and we may set

F= Z f.E; = 2 ESFX;
]

where f; = 0 when 7 > m. If we transform the z’s by A = || a;; || and denote
II.(A) temporarily by II, then X; becomes 1IX; and F is transformed into F*
where

(55) F* = > ESF X, = ) ESTF; X,

i7 i
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But the f’s form a transformable system and hence by this transformation f;

becomes
f: = E aikfk

k
so that

(56) F* = 2 anfils = E E.S 2 ik 2 F, X,
7 % 7

kot

Comparing (55) and (56) we have

(87) E S I:E osiFr; — H'F.',-] X, =0
i k

and therefore, as was proved above, each of the terms of the summation is zero,

that is,

(58) II'F; = 2 aaFi;

k

and therefore, if j is kept fixed, the linear set
(59) (FlJ': FZ:': ° )

is transformable provided F;, Fu;, - -+ are linearly independent.
If there is no j for which the set (59) is linearly independent we proceed as
foliows. Let fi; = SF;;X; so that

f1 =f11 +f12 + +f1a
fo=Ju +fe+ - +fa
(60) e

If the removal of any column of this array leaves the new f; so defined linearly
independent, they ferm a transformable system which defines the same asso-
ciated matrix as the original system ; we shall therefore suppose that the removal
of any column leads to linear relations among the rows, the coefficients of these
relations being constants. Remove now the first column; then by non-singular
constant combinations of the rows we can make certain of them, say the first
my, equal 0, the remainder being linearly independent. On applying the same
transformation to the rows of (60), which leaves it still a transformable system,
we see that we may replace (60) by an array of the form

f1 =fu
(61\’ fml =fm|l
fm1+1=fm,+1,1+fml+1,2+ +fm.+1,n
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where fo, +i — fo +i,1 (0 =1, 2, -+, m — my) are linearly independent. Tt
follows that fi, ---, fm, are transformed among themselves and so form a
transformable system. For these functions are transformed in the same way
as fu, fa -+ -, fm1, and if the last m — m; rows of (61) were involved in the
transformation, this would mean that fi, ---, fa3, when transformed, would
depend on f,, . ;. ¢ etc., which is impossible owing to the linear independence
Offm1+l' —'fml+i.1 =12 -, m— m).

Corresponding to the first column of (61) we have tensors Fu, For, <+, Fou
and we may suppose this basis so chosen that F;; (¢ = 1, 2, ---, p) are linearly
independent and F; = 0 for j > p; and this can be done without disturbing
the general form of (61). If p = m, we have a transformable system of the
type we wish to obtain and we shall therefore assume that p < m. We may
also suppose the basis so chosen that SF,F;; = 6;; (4,5 = 1,2, ---, p) as in
Lemma 2, §1.09. It follows from what we have proved above that Fy;, Fa,
«++, Fna is a transformable set.

Let A be a real matrix, the corresponding transformation of the F’s, being,
as in (58),

(62) Fli= D) auFy = WFy, (i = 1,2, . p);

we then have

(63) F = E auF; = W(A)Fy
7

so that the F;; also forms a transformable set. Since Fy, -+, Fy,; form a
transformable set, a;; and &;; are 0 when 2 > m; and j < m; no matter what
matrix A is. Now

ai; = SFuFY = SFIV(A)F,; = ST(A)F,F,, = SIV(AF;F,

which equals 0 for ¢ < my, §j > my since by (63) II'(4")F;; is derived from F;
by the transformation A’ on the z’s and for j < m;, is therefore linearly depend-
enton F; (j =1,2, ---, m;). Hence the last m — m, rows in (61) also form
a transformable system, which is only possible if the system fi, fo, -+, fm is
reducible. If T(A) is irreducible, the corresponding transformable system is
irreducible and it follows now that there also corresponds to it an irreducible

transformable set of tensors.

5.17 We have now shown that to every associated matrix T(4) of index r and
order m there corresponds a transformable linear set of constant tensors
Fy, F,, ---, F,, of grade r whose law of transformation is given by (62). Also
since II'(A) = II(A’), we have

(64) IIF; = Za},Fy, NF, = ZaF;
where T(4") = || a}; |].
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Since Fi, Fs, ---, Fn are linearly independent, we can find a supplement to
this set in the set of all tensors of grade r, say

G, Gy +-+, Gy (b =n"—m)

such that

(65 SFG; = 0.

It is convenient also to choose bases for both sets such that
(65") SF.F; = 8:;: = 8SG.Gj.

Since the two sets together form a basis for the space of II, we can set
II'G; = ZBkiFr + ZvkiGe

and this gives
B:; = SF,II'G; = SGIIF,

which is 0 from (64) and (65), hence the G’s are transformed among themselves
by II'. This means, however, that II’ is reducible, and when it is expressed
in terms of the basis (Fy, :+:, Fm, Gy, :++, G,), the part corresponding to
(Fi, +-+, F») has the form || a;; || and is therefore similar to T(4). Hence:

TueoreMm 12. Every irreductble associated matriz T(A) of index r is equiva-
lent lo an irreducible part of I1.(A), and conversely.

5.18 Irreducible transformable sets. If F is a member of a transformable
linear set § = (F,, Fy, ---, F,), the total set of tensors derived from F by all
linear transformations of the fundamental units clearly form a transformable
linear set which is contained in &, say $:; and we may suppose the basis of §
so chosen that § = (Fy, Fy, +--, Fi) and SFiF; = 6;; (4,5 = 1,2, -+, m).
Let G be an element of (Fi 41, -+, F) and G’ a transform of @ so that

G, = Z’"; ’)’.'F.'.
i=1

Then SF.G' = v;. But SF,G’ = SFG, where F is the transform of F; obtained
by the transverse of the transformation which produced G’ from G so=that F
isin ; fort < k. Hencevy; = 0fori =1,2; ---, k, thatis, (Fx +1, *+*, Fm)
is also a transformable set; and so, when the original set is irreducible, we must
have §; = §. If we say that F generates {, this result may be stgted as follows.

LemMA 5. An irreducible transformable linear set is generated by any one of
its members.

We may choose F so that it is homogeneous in each e¢;; for if we replace, say,
e1 by Xe, then F has the form ZX*H, and by the same argument as in §5.13,
any H: which is not 0 is homogeneous in e; and belongs to §. A repetition of
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this argument shows that we may choose F to be homogeneous in each of the
fundamental units which occur in it. If r is the grade of F, we fnay assume

that F depends‘on e, e, ---, e, and, if ky, ko, - -, ks are the corresponding
degrees of homogeneity, then Z&; = r and, when convenient, we may arrange
the notation so that k; > bk, > -+ > k..

If we now replace ¢; in F by e; + Ae; (z > s), the coefficient H of X is not 0,
since ¢ > s, and H becomes k. F when ¢ is replaced by e;; it therefore forms a
generator of § in which the degree of e, is one less than before. It follows that,
when r < n, we may choose a generator which is linear and homogeneous in r
units e, e;, ---, e,. It is also readily shown that such a tensor defines an
irreducible transformable linear set if, and only if, it forms an irreducible set
when the transformations of the units are restricted to permuting the first
r ¢’s among themselves. Further, since the choice of fundamental units is

arbitrary, we may replace them by variable vectors z;, s, -:-, z.. For
instance, the transformable sets associated with II,, P, and C, are 2, +-- Z,,
{zix2 -+ 2.} and | 12, - - - .|, respectively, and of these the first is reducible

and the other two irreducible.

5.19 It is not difficult to calculate directly the irreducible transformable sets
for small values of r by the aid of the results of the preceding paragraph. If

we denote x;, 3, --- by 1,2, ---, the following are generators for r = 2, 3.
generator r =2 order
21 {12} n(n + 1)/2
2.2 |12 n(n — 1)/2
r=3

3.1 {123} nin + (n + 2)/6

3.2 [1]23]] n(n? — 1)/3

3.3 | 1{23} | n(n® — B73"

3.4 | 123 | n(n — 1)(n — 2)/6.

This method of determining the generators directly is tedious and the follow-
ing method is preferable.” Any generator has the form

w; = Ew;ﬂ'z PRI i 2 2 7
. A 1,2, -« r .
and if ¢, ... ., denotes the substitution | . ; ; ) We may write
1 2
w = Ew;l.-z oo 4.y, . W rZ, I,
= 91($1$2 e xr)

where ¢; may be regarded (see chap. 10) as an element of the algebra S whose
units are the operators ¢ of the symmetric group on r letters. Now w, gener-
ates a transformable set and hence, if w; = ¢;(z; --- z,) (1 = 1,2, ---)isa

7 Fuller details of the actual determination of the generators will be found in Weyl:
‘Gruppentheorie und Quantentheorie, 2 ed. chap. 5.
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basis of the set, and Q is the set of elements ¢, ¢;, --- in S, then the set of
elements Q¢ = (qiq, g.q, - --) must be the same as the set Q, that is, in the
terminology of chapter 10, @ is a semi-invariant subalgebra of S; conversely
any such semi-invariant subalgebra gives rise to a transformable set and this
set is irreducible if the semi-invariant subalgebra is minimal, that is, is con-
tained in no other such subalgebra.

It follows now from the form derived for a group algebra such as S that we
get all independent generators as follows. In the first place the operators of S
can be divided into sets® Sy (k = 1, 2, - -+, ) such that (i) the product of an
element of Si into an element of S; (k = j) is zero; (ii) in the field of complex
numbers a basis for each S; can be chosen which gives the algebra of matrices
of order n}; and in an arbitrary field S is the direct product of a matric algebra
and a division algebra; (iii) there exists a set of elements uii, uss, ***, Us,

in S; such that 2 uk; i8 the identity of Si and u}; = wr: % 0, wesur; = 0 (¢ = j)

and such that the set of elements u;Seux; is a division algebra, which in the
case of the complex field contains only one independent element; (iv) the
elements of S, can be divided into v sets Sy (£ = 1, 2, ---) each of which
is a minimal semi-invariant subalgebra of S and therefore corresponds to an
irreducible transformable set.

8 It is shown in the theory of groups that ¢ equals the number of partitions of r.



CHAPTER VI

SYMMETRIC, SKEW, AND HERMITIAN MATRICES

6.01 Hermitian matrices. If we denote by & the matrix which is derived
from z by replacing each coordinate by its conjugate imaginary, then z is
called a hermitian matrix if

{1) I =ua,

We may always set x = z;, + ix; where z, and z, are real and (1) shows that,
when z is hermitian,

(2) x; = I]_,ZC; = == Ty

80 that the theory of real symmetric and real skew matrices is contained in that
of the hermitian matrix. The following are a few properties which follow
immediately from the definition; their proof is left to the reader.

If z and y are hermitian and @ is arbitrary, then

x4y, & ', axd’, zy + yz, i(zy — yo),

are all hermitian.

Any matrix z can be expressed uniquely in the form a 4 ¢ where 2a =
z + &', 2b.= —i(r — &) are hermitian.

The product of two commutative hermitian matrices is hermitian. In
particular, any integral power of a hermitian matrix z is hermitian; and, if
g(\) is a scalar polynomial with real coeflicients, g(z) is hermitian.

Turorem 1. Ifa, b, ¢, --- are hermitian matrices such that a* + b* 4- ¢* +
- =0, thena,b,c, -+ areall 0.

If Za2 = 0, its trace is 0; but Za? = Zad’ and the tréce of the latter is the
sum of the squares of the absolute values of the coordinates of a, b, -+ ; hence
each of these coordinates is 0.

TurorREM 2. The roots of o hermitian mairiz are real and its elementary
divisors are stimple.

Let z be a hermitian matrix and g(\) its reduced characteristic function.
Since g(z) = 0, we have 0 = §(&) = g(z’) and, since z and z’ have the same
reduced characteristic function, it follows that g(A) = g(\), that is, the coeffi-
cients of g are real. Suppose that & = « -+ 78 (8 # 0) is a root of g{X); then
£ = a — 18 # ¢ is also a root, and we may set

3) gh) = (N = )N + i(N) = (A = E) (V) — ig:(N))
88
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where g1, g: are real polynomials of lower degree than g, neither of which is
identically 0 since ¢ is real and £, complex. Now'

[1(@)]? + [g2(@)] = [g:1(2) + ig2(2)][g:1(z) — ig2(x)]

and this product is 0 since from (3) A — §; is a factor of ¢;(A) — 7g,(\) and
N — &) (@O + i(\) = g(\). But, since the coefficients of ¢; and g, are
real, the matrices g;(z), g.(x) are hermitian and, seeing that the sum of their
squares is 0, they both vanish by Theorem 1. This is however impossible
since g;(A) is of lower degree than the reduced characterlstlc function of =z.
Hence z cannot have a complex root.

To prove that the elementary divisors are simple it is only necessary to show
that g(\) has no multiple root. Let

g\ = (A — OA0), k() # 0.

If r > 1,set gs(\) = (A — &7~ h(A\); then [g;(\)]? has g(\) as a factor so that
the square of the hermitian matrix g,(z) is 0. Hence by Theorem 1, ¢,(z) is
itself 0, which is impossible since the degree of g, is less than that of ¢g. It
follows that r cannot be greater than 1, which completes the proof of the
theorem.

Since the elementary divisors are simple, the canonical form of = is a diagonal

matrix. Suppose that n — r roots are 0 and that the remaining roots are
&1, &, -+, &; these are of course not necessarily all different. The canonical
form is then

3]

&

&

0.
The following theorem is contained in the above results.
TueoreM 3. A hermitian matriz of rank r has exactly n — r zero roots.
It also follows immediately that the characteristic equation of z has the form
—art 4+ - F(=1Dgxr~ 7 =0 (a, % 0)

where a; is the elementary symmetric function of the &'s of degree 7. Since a,
is the sum of the principal minors of z of order r, we have

THEOREM 4. In a hermitian matriz of rank r at least one principal minor of
order r is not 0.
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In view of the opening paragraph of this section Theorems 1-4 apply also
to real symmetric matrices; they apply also to real skew matrices except that
Theorem 2 must be modified to state that the roots are pure imaginaries.

6.02 The invariant vectors of a hermitian matrix. Let H be a hermitian
matrix, a;, a; two different roots, and a,, a, the corresponding invariant vectors
so chosen that Sa;d; = 1; then, since Ha, = aa,, Hd, = ady, we have

CaiSaud; = Safa; = SH'a;d, = 2Sa.a,

and, since a; # a;, we must have Sa,d, = 0. Again, if « is a repeated root of

order s and a,, a;, -, @, a corresponding set of invariant vectors we may
choose these vectors (cf. §1.09) so that Sa;i; = &;;. The invariant vectors
may therefore be so chosen that they form a unitary set and

@ H = Ta;a;84;.

If U is the matrix defined by

(5) Ues=a; (1=1,2 -+, n),

then

) vl’ =1,

so that U is unitary, and if 4 is the diagonal matrix E aieqSe;, then
1

@) H = UAU’' = UAU,
We may therefore say:

THEOREM 5. A hermitian matriz can be transformed to its canonical form by
a unitary matriz.

If H is a real symmetric matrix, the roots and invariant vectors are real,
and hence U is a real orthogonal matrix. Hence

TREOREM 6. A real symmelric mairiz can be transformed fo its canonical
Jorm by a real orthogonal mairiz.

If T is a real skew matrix, h = T is hermitian. The non-zero roots of T
are therefore pure imaginaries and oceur in pairs of opposite sign. The invari-
ant vectors corresponding to the zero roots are real and hence by the proof
just given they may be taken orthogonal to each other and to each of the
other invariant vectors. Hence, if the rank of T is r, we can find a real orthogo-
nal matrix which transforms it into a form in which the last n — r rows and
columns are zero.

Let ¢« be a root of T which is not 0 and ¢ = b 4 i a corresponding invariant
vector; then Ta = iaa so that

Tb = —ac, Tc¢c = ab.
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Hence
—aSc* = S¢Th = —8bTec = —aSh?, —aSbe = SbTh = 0,
which gives
Sb? = S¢?, Sbc = 0.

We can then choose a so that Sb* = Sc® = 1 and can therefore find a real
orthogonal matrix which transforms T into

0 o
— a1 0
O [s9)

® e 0= Sy iy — ey ).

We have therefore the following theorem.

TaroreM 7. If T s a real skew matriz, its non-zero roots are pure imaginaries
and occur in pairs of opposite sign; its rank is even; and it can be transformed
into the form (8) by a real orthogonal matriz.

6.03 Unitary and orthogonal matrices. The following properties of a unitary
matrix follow immediately from its definition by equation (6).

The product of two unitary matrices is unitary.

The transform of & hermitian matrix by a unitary matrix is hermitian.

The transform of a unitary matrix by a unitary matrix is unitary.

If H, and H, are hermitian, a short calculation shows that

1 —H, iHy — 1

T 1 FEY T H, +1

are unitary (the inverses used exist since a hermitian matrix has only real
roots). Solving (9) for H, and H, on the assumption that the requisite inverses
exist we get

9) U,

W -1 g _dU:+t]

Ho= g1 Us—1°

These are hermitian when U, and U, are unitary, and therefore any unitary
matrix which has no root equal to —1 can be put in the first form while the
second can be used when U has no root equal to 1,

THEOREM 8. The absolute value of each root of a unitary matriz equals 1.
Let oo 4- ¢8 be a root and a 4 b a corresponding invariant veetor; then

Ua + tb) = (« +iB)(a + ib), U(a — ib) = (a — i8)(a — ib).
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Hence
Sa? + Sb? = S(a + b)(a — ) = S(a +B)U'U(a — ib) = SU(a + ib)U (a — 1b)
= (a® 4+ 8H)8(a + )(a — b)) = (a® + B2)S(a? + b?),

so that a? + 82 = 1.
Corollary.

U=Ha + ) = (a — 8)(a + b),

(10) o . 3 .
U'la — ib) = U~ a — ib) = (a 4+ iB)(a — b).

TuEOREM 9. The elementary divisors of a wnitary matriz are simple.

For, if we have
Ula, + tby) = (e + iB) (a1 + ib1), U(az + ibs). = (a + iB)(a: + 1b2) + (@ + iby),
then from (10)

(e +18)S(a; ~ 1) (az + b)) = SU’(ay — tby)(az + 1by) = S(a, — b)) U(as + tby)
= (a 4+ 18)S(a, — b1)(ag + 1bs) + S(a; — 7b1) (a1 + 7by)

which is impossible since S(a; — b;)(a; + b)) = Sal + Sb} = 0.
The results of this section apply immediately to real* orthogonal matrices;
it is however convenient to repeat (9).

TreorEM 10. If U s a real orthogonal matriz, it can be expressed in the form
1 + T)/(1 — T) if it has no root equal to 1 and in the form (T — 1)/(T + 1)
if it has no root equal to —1, the matriz T being a real skew matriz in both cases;
and any real matriz of this form which is not infinite, is a real orthogonal matriz.

6.04 Hermitian and quasi-hermitian forms. Let H be a hermitian matrix and
z = u + 1w a vector of which w and 7 are the real and imaginary parts;
then the bilinear form f = SzHz is called a hermitian form. Such a form is
real since

f = 8zH: = SzH'z = SiHzx = f.

In particular, if z and H are real, f is a real quadratic form and, if H = ¢Tisa
pure imaginary, T is skew and f = 0.

If we express H in terms of its invariant vectors, say H = Za;a,8a; and
then put £ = Z&a;, the form f becomes f = Za. ;. This shows that, if all
the roots of H are positive, the value of f is positive for all values of z; H and f
are then said to be positive definite. Similarly if all the roots are negative,
H and f are negative defintte. If some roots are 0 so that f vanishes for some
value of z # 0, we say that H and f are semi-definite, positive or negative as
the case may be. It follows immediately that, when H is semi-definite, STHzx
can only vanish if Hz = 0.

1 The first part of the theorem applies also to complex orthogonal matrices,
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Tuaeorem 11. If H and K are hermitian and H s definite, the elementary
divisors of HN — K are real and simple.

Since AN — K and = (H\A — K) are equivalent, we may suppose that H is
positive definite. Its roots are then positive so that

H; = EaiaiSdi
has real roots and hence is also hermitian so that H*KH—* is hermitian. But
H\N — K = HY\ — HiKHYHH?}

so that Hx — K is equivalent to A — H—*KH~* which has real and simple ele-
mentary divisors by Theorem 2.

In order to include the theory of complex symmetric matrices we shall now
define a type of matrix somewhat more general than the hermitian matrix and

closely connected with it. If A = A(\) is a matrix whose coefficients are
analytic functions of a scalar variable A, we shall call it quasi-hermitian if
(11) A'N) = A(—N).

For convenience we shall set A”(\) for A(—\) with a similar convention for
vector functions.

If A = B 4+ M\, B and C being functions of A2, then A” = B — AC so that,
if A is quasi-hermitian, B is symmetric and C skew just as in the case of a
hermitian matrix except that now B and C are not necessarily real. If 4 is
any matrix,

2P/ = A/ + All - 2Pl/, 2Q/ = (A/ _ A”)/x - 2Qll
so that any matrix can be expressed in the form P + AQ where P and @ are
quasi-hermitian.

If z = v + Av, where u and v are vectors which are functions of A? and if 4
is quasi-hermitian, then

(12) fO) = 8z"Ax = f(—N)
is called a quasi-hermitian form. Again, if |1 + XA| £ 0, and we set
Q = (1 —AA)/(1 + \A), then
, (1 =NA") 1 —=NA"
V=T “ 10 -7

so that
(13) QQ" =L
We shall call such a matrix guasi-orthogonal.

6.05 Reduction of a quasi-hermitian form to the sum of squares. We have
seen in §5.06 that any matrix A of rank r can be expressed in the form

‘ . SA 'z,
(14) A= Z{ Ay gt
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where
SA .z, _
A, 1=A4,— Ay Sz,A,y. 4, = A, SzAy. =0,
and thé null space of 4, ,.; is obtained by adding (v, %2, -, ¥s,) to the null

space of A and the null space of A, , ; by adding (zy, 2, - -, z.) to that of A",
Suppose now that A is quasi-hermitian and replace v,, z, by z,, z, and set
Z, = U, + Av,, A, = B, + AC, so that

Szi Awze = Su,Bau, + 22(28u,Cve — Sv.B.vs)

and, so long as A, is not 0, we can clearly choose z, so that Sz, 4,2, # 0. Each
matrix A, is then quasi-hermitian since A; = A, and

A Az,8A4"2"
15 4 = pinlatindeind L
(19 21) Sz A2,
If z is an arbitrary vector and

[ =7\ = 8z42”, o,(\) = Szdez, = ¢,(\) + Mx.(N?)

then ¢, and x, are linear functions of the coordinates of x which are linearly
independent and

SzA28402,2" _ Y eNes (V) Y YI0) — A%\
(16) 7= Z SZ”A,Z, h SZLIAeZa - E SZZA,Z,

which is the required expression for f(A?) in terms of squares.
If A is hermitian, then A = i and ¥, x., Sz,4.,2, = SzA.z are real and,
if S2,A.2, = a3, (16) becomes
(17) ‘ f = E U PsPs.
1
If A\ = 0, then A is symmetric and

(18) f=8zdz = D ayt

1

where the terms are all real if A is real. A
In terms of the matrices themselves these results may be expressed as follows.

THEOREM 12, If A s a hermitian matriz of rank r, there exist an infinity of
sets of vectors a, and real constants a, such that

r

(19) A= D) aaSa;

1
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and, if A is symmetric, there exists an infinity of sets of vectors a, and constants
a, such that

T

(20) 4 = aasa,

1
a, and «, being real if A is real.

If 7 of the o’s in (19) are positive and v are negative, the difference ¢ = = — »*
is called the signature of A. A given hermitian matrix may be brought to the
form (19) in a great variety of ways but, as we shall now show, the signature is
the same no matter how the reduction is carried out. Let K; be the sum of
the terms in (19) for which «, is positive and — K; the sum of the terms for
which it is negative so that A = K, — K;; the matrices K, and K, are positive
semi-definite and, if k; and k., are their ranks, we have r = %k, + k;. Suppose
that by a different method of reduction we get A = M, — M, where M, and
M, are positive semi-definite matrices of ranks m; and m. and m; + m. = r;
and suppose, if possible, that 22 < m,. The orders of the null spaces of K,
and M, relative to the right ground of 4 are r — %, and r — m; = myand,
since r — k; + my > r, there is at least one vector z in the ground of A which
is common to both these null spaces, that is,

Az = Kix = —M.x # 0,

and hence SEK;x = —SiM,z. But both K, and M, are positive semi-definite;
hence we must have SZK;z = 0 which by §6.04 entails K;z = 0. We have
therefore arrived at a contradiction and so must have k;, = m, which is only
possible when the signature is the same in both cases.

In the case of a skew matrix the reduction given by (16) is not convenient
and it is better to modify it as follows. Let A’ = —A4 and set

B Ay.SAzx,  Ax.S4.,
(21) Au +1 = Aa + Sx,A.,y. Sx,A.y, ?

A4, =4, 8SzA4d.y,#0.

So long as 4, # 0, the condition Sz,4,y, ¥ 0 can always be satisfied by a
_ suitable choice of z, and y, and it is easily proved as in §5.06 that the null
space of A, ,, is obtained from that of 4, by adding z,, y,; also 4, is skew so
that we must necessarily have z, & y,. It follows that the rank of 4 iseven
and

(22) A = 2 Az,SAy, — Ay.SA.z,

bl’, s = Ea;(ah - 1Sa2. - ag,Saz. 1 )

where each term in the summation is a skew matrix of rank 2 and

= SxaAsysy Aoy -1 = Aaxay Aoy = Aays-
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This form corresponds to the one given in Theorem 12 for symmetric matrices.
If we put

r/2

T = 2 (20 —1Se2s — €285, _1) = — 1"
1

r/2

(23) R = 2 a.(eza - lseZO - 925802.7 - l) = —R'

1
r/2 r/2

P = Z (ctezeSers + "doe—1Sezs — 1), Q= 2 (@2sS€2s + G2s — 18€25 — 1)

1

then (22) may be put in the form A = PTP’ = QRQ'. When r = n, the deter-
minant of T equals 1 and therefore | A| = | P [%. The following theorem
summarizes these results.

THEOREM 13. If A is a skew matriz of rank r, then (i) r ¢s even; (ii) A can be
expressed by rational processes in the form
r/2

(24.) 4 = 2 Otn(az: — 1862, — az8as, - 1) = PTP' = QRQ,

1

where P, Q, R and T are given by (23); (iii) #f r = n, the determinant of A is a
perfect square, namely | P|% (iv) if = and y are any vectors and w =
EC!, , Qos — 102, l, then

(25) ‘ SzAy = S| zy | w.

The following theorem contains several known properties of hermitian
matrices.

TueoreM 14. If T(A) is an associated matriz Jor which T'(A) = T(A'),
then, when A is quasi-hermitian, T(A) 1s also quasi-hermitian.

For A’ = A” gives T'(A) = T(A") = T(4”") = T"(4).

Particular cases of interest are: If A is hermitian, T'(4) is hermitiap. If
T(uA) = wT(A) and A is skew, then T(A4) is skew if s is odd, symmetric if
8 is even.

r

6.06 -The Kronecker method of reduction. Let A = 2 z:Sy; be a quasi-

1
hermitian matrix of rank r; then

(26) TylSz; = A’ = A" = 2278y},
from which it follows that y; is linearly dependent on z{, zj, ---, z?, say

r
Yi = 2 gy, gl #0, (=12 -+, 1.

i=1
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Using this value of y; we have
A = Zq;zSz], A" = Zq;x18z;, A" = Zqlx!8z;
and therefore
@) Gt = Ol
Further, since | ¢;;| # 0, we can find s;; (¢, j = 1,2, ---, r) so that

<
£ TSk = dik
7

and then (27) gives s;; = s;-',-.

Let =y, -+, &, - +1, -+, ©x be a basis and 2, 2, - - -, 2, the reciprocal basis.
r
Then, if w; = E ) s;i#7, the basis reciprocal to yy{, -+, y7, Tr +1, ***, Tnis Wy,
1
e, Wy Zr 41, ***, .. Hence

r
P = E : wiSz; = ES,']'Z’,-/SZ,'
1

is quasi-hermitian. Further, if 4 = ZE,-xi, then Su”Pu = 3]s, and we
1

can choose u so that this form is not 0. We also have

AP = 2 a:,-Sy,- 2 w,-Sz,- = 2 QJiSZ.',
1 1

1

whence APu = u.
Let

_ uSuf

Su" P,
where P, is formed from 4, in the same way as P is from A and u, is a vector
of the left ground of A, such that Su’P,u, # 0; also, as above, A,P.u = u
for any vector u in the left ground of A, and A, in quasi-hermitian. The
vector u/ belongs to the right ground of 4, and therefore every vector of the
null space of 4, lies in the null space of A4, . ;; also

9 Su” Pu,
* Su" P,

=y, — Uy = 0.

(28) A3+1=A, A1=A, P1=P,

Aa +1Paua'= AxPsua -

Hence the null space of 4, ., is derived from that of A, by adding P,u, to it.
It then follows as in §6.06 that A can be expressed in the form

r Sul/
(29) A =D
Z Su'y Psus
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which is analogous to (16) and may be used in its place in proving Theo-
rem 12,

We may also note that, if @ is the matrix defined by Q'¢; = z; (j = 1, 2,
»++, n), then

A= QD) queiSeq” = ¢BQ"
1

where B is the quasi-hermitian matrix 2 gi;eiSe;. It may be shown by an
1

argument similar to that used for hermitian matrices that a basis for the a's
may be so chosen that @ is quasi-orthogonal provided A is real.

6.07 Cogredient transformation. If SzxAy and SzBy are two bilinear forms,
the second is said to be derived from the first by a cogredient transforma-
tion if there exists a non-singular matrix P such that SxAy = SPzBPy, that is,

(30) A = P'BP.

When this relation holds between A and B, we shall say they are cogredient.
From (30) we derive immediately A’ = P’B’P and therefore, if

_ A4+ 4, _A-4 _
R = 3 = R/, S = 3 = =5
_B+B _B—-B _ .
v="2Z=v, Vv=22--v,

then
R 4+ AS = P(U + AV)P

so that R + AS and U 4 AV are strictly equivalent.

Suppose conversely that we are given that B + AS and U + AV, whichare
quasi-hermitian, are strictly equivalent so that there exist constant non-singular
matrices p, ¢ such that

R + A8 = p(U + AV)q
or
@31 R =pUg S =7pVg
then, remembering that R and U are symmetric, S and V skew, we ha
R = qUyp, S = q¢'Vp'
Equating these two values of R and S, respectively, we get
(@)'pU = Up'¢™,,  ()7'pV = Vp'g™
or, if W stands for U or V indifferently, and
(32) J = () 'p,
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we have
JW = WJ',
repeated application of which gives
JW = W)
From this it follows that, if f(\) is a scalar polynomial,
(33) JOW = W) = WEJ))'.

In particular, since | J | = 0, we may choose f(A) so that f(J) is a square root
of J and, denoting this square root by K, we have KW = WK’ or

W = K-'WK/, K? = J, (W="UorV).
Using this in (31) we have
R = pK'UK'q, 8 = pK~'VK'q
and from (32) p = ¢'J = ¢’K?or
pK™' = ¢K = (K'g)".
Hence, if we put P’ = ¢’K, there follows
R = P'UP, S = P'VP

or

A=R+8=P(U+V)P = PBP.
We therefore have the following theorem, which is due to Kronecker.

TureoreM 15. A necessary and sufficient condition that A and B be cogredient
is that A + MA’ and B + AB’ shall be strictly equivalent.

If A and B are symmetric, these polynomials become A(1 + A) and B(1 + A)
which are always strictly equivalent provided the ranks of A and B are the
same. Hence quadratic forms of the same rank are always cogredient, as is
also evident from Theorem 12 which shows in addition that P may be taken
real if the signatures are the same.

The determination of P from (31) is unaltered if we suppose S symmetrical
instead of skew, or R skew instead of symmetrical. Hence

TuEOREM 16. If R, S, U, V are all symmetric or all skew, and tf B 4 AS
and U + AV are strictly equivalent, we can find a constant non-singular matriz P
such that

R+ X8 = P(U 4+ AV)P,
that is, the corresponding pairs of forms are cogredient.

In the case of a hermitian form SZAz changing z into Pz replaces A by
P’AP and we have in place of (30)

(34) A = P'BP.
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If we put B = Z8,b,Sb,, then
P'BP = 28,P'b,8b,P = 28,P'b,SP'b, = 2B,c.Sc:.

where ¢, = P’b,. Equation (34) can therefore hold only if the signature as well
as the rank is the same for B as for A. Conversely, if A = Za,a,8d; and
A and B have the same signature and rank the notation may be so arranged
that «, and 8, have the same signs for all s; then any matrix for which

- 3
P'b,=<%f> @G (s=1,2 -+, 1), |P|#0

8

where r is the common rank of A and B, clearly satisfies (33).2 Hence

TuroreMm 17. Two hermitian forms are cogredient if, and only if, they have
the same rank and signature.

The reader will readily prove the following extension of Theorem 16 by the
aid of the artifice used in the proof of Theorem 11

TuroreM 18. If A, B, C, D are hermitian matrices such that A + AB and
C + M\D are (i) equivalent (ii) both definite for some value of N, there exists a con-
stant non-singular matriz P such that

A + \B = P'(C 4+ \D)P.
6.08 Real representation of a hermitian matrix. Any matrix H = A 4 B

in which A and B are real madtrices of order n can be represented as a real
matrix of order 2n. For the matrix of order 2

.o -1
=11 -0
satisfies the equation ¢; = —1 and, on forming the direct product of the original

set of matrices of order n and a set of order 2 in which 7, lies, we get a set of
order 2n in which H is represented by

N

As a verification of this we may note that
|A -B HC -D H _ ‘ AC — BD —(AD-}-BC)H
D ¢~

| B A AD + BC AC — BD
which corresponds to
(A + i{B)(C + iD) = AC — BD ¥ (4D % BC).
2 The proof preceding Theorem 15 generalizes readily up to equation (33); at that

point, however, if K = f(J), we require K’ = f(J'), which is only true when the coefficients
of f(A) are real.
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This representation has the disadvantage that a complex scalar o 4+ i8 is
represented by

a —f ‘
8 B o

which is not & scalar matrix although it is commutative with every matrix of
the form . Consequently, if H has a complex root, this root does not corre-
spond to a root of ©. If, however, all the roots of H are real, the relation
HK = aK is represented by $® = afl when « is real so that « is a root of
both H and 9.

To prove the converse of this it is convenient to represent the vector z + 7y
in the original space by (z, y) in the extended space. Corresponding to

(A +iB)(z + iy) = Az — By + i(Bz + 4Ay)

we then have

(x_: y) = (Az — By, Br + Ay).

IA—B
B A

If therefore $ has a real root « and (z, y) is a corresponding invariant vector
so that

(@, ¥) = a(z, v) = (az, a),
we have
Az — By = az, Bz 4+ Ay = oy,
which gives
(A4 + iB) (z + iy) = alz + ).

It follows that invariant vectors in the two representations correspond provided
they belong to real roots. This gives

TareorREM 19. To every real root of H = A + iB there corresponds a real
root of
B

A —
o= 1 B 4 H
and vice-versa.

In this representation H and H’ correspond to

“ A B A’ —PB \‘
—-B A B A "
respectively, and hence, if H is hermitian, B’ = —B so that 9 is symmetric.

The theory of hermitian matrices of order n can therefore be made to depend
on that of real symmetric matrices of order 2n. For example, if we have proved
of real symmetric matrices that they have real roots and simple elementary
divisors, it follows that the same is true of hermitian matrices, thus reversing
the order of the argument made in §6.01.



CHAPTER V1T

COMMUTATIVE MATRICES

7.01 We have already seen in §2.08 how to find all matrices commutative with
a given matrix z which has no repeated roots. We shall now treat the some-
what more complicated case in which z is not so restricted. If

(1) Ty = yz

then z'y = yz’ so that, if f(A) is a scalar polynomial, then f(z)y = yf(z). In
particular, if f; is a principal idempotent element of z, then fiy = yfi. Remem-
berine that Zf; = 1 we may set

xz = Ifix = Zx, y = Zfy = 2y,

and also, by §2.11, z; = A\ -+ z;, where z; is nilpotent. Since yiz; = 0 = zy;
(¢ # j), the determination of all matrices y which satisfy (1) is reduced to
finding y so that

yiZs = Yy, Y = fy = yfs

We can therefore simplify the notation by first assuming that z has only one
prineipal idempotent element, 1, and one root which may be taken to be 0
without loss of generality; = is then nilpotent.

Let e, €3, - -, ¢ be the partial idempotent elements of z and let their ranks
be ny, ng, - - -, n,; z is then composed of blocks of the form

010 0
0 01 0
000 0 (n, rows and columns)
0 00 1
0 0 0 0

provided the fundamental basis is suitably chosen. ‘Lo simplify the notation
further we divide the array of »? units e;; into smaller arrays forthed by sepa-
rating off the first n; rows, then the next n, rows, and so on, and then making a
similar division of the columns (see figure 1). And when this is done, we shall
denote the units in the block in which the #th set of rows meets the jth set of
columns by

e,ﬁé (i:j= 1,2 -, 5p=12 -, n59=12 -, 0.
102
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It is also convenient to put e;Z = 0 for p > n;or ¢ > n,.

m Ny N3
ny | 11 |12 | 13
ny | 21 | 22| 23

m | 3L (32| 38

F1a. 1
The expression for z is now
3 ng—1
2;2 pp+l = z;xi
t=]1 p=1 t=1
and we may set
y= = E ; Yij
‘vJ-p [}
where
ng nj
Yis = eye; = E 2 5265 -
p=1 ¢=1

The equation zy = yz is then equivalent to
(2) TiYi; = YiiZi (7').7 =12 - 8).

If we now suppress for the moment the superseripts ¢, j, which remain con-
stant in a single equation in (2), we may replace (2) by

ni—1 ni—1
E:ep.p-l—l E: _S-:nlmelm_ E: E:mmelm E:eq,q—f-l
p=1 =1 m=] =1 m=1 g=1
or
nj ni—1 ng ny—1
(3) z : § : Np + 1, m€pm = z : z : ﬂlqel.q+l-
m=1 p=1 =1 ¢g=1

Equating corresponding coefficients then gives

(4) NMp+1,¢+1 = Mpg.

Since ¢ > 1 on the right of (3), it follows that 4, 41,1 = 0 (p = 1, 2, ,
n; — 1) and, since p < ny — 1 on the left, 9, = 0(¢ =1,2, --+, n; — 1)
and hence from (4)

% Mttt =0=1m4_4 ,_,

wherep = 0,1, -, ny —t,g=t+ 1,8+ 2, ---,n; — 1, =0, 1,

From (4) we see that in y,; all coordinates in an oblique line parallel to the
main diagonal of the original array have the same value; from the first part
of (5) those to the left of the oblique 4 B through the upper left hand corner
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are zero, as are also those to the left of the oblique CD through the lower right
hand corner; the coordinates in the other obliques are arbitrary except that,
as already stated, the coordinates in the same oblique are equal by (4). This
state of affairs is made clearer by figure 2 where all coordinates are 0 except
those in the shaded portion.

A \
A c
- \\Q °l, B
) D o
ni < n; ng > n
F1a. 2
As an example of this take
a 1
@
a 1
a 1
z = @
a 1
a 1
a 1
a 1
@
The above rules then give for y
QG w . bo b1 . . . Co C
aQy . . bo . . . . Co
do dy e e € . . fofxfz
do . € €1 . . . fo fl

€ . . . . fo

go v ho b he G0 4 G G 1

©)

ga . ho h1 . ’l..o 7:1 ’iz 7:3
hoe . . to 3 12

to %

where the dots represent 0.
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If we arrange the notation so that n; < n, < -+« < n,, a simple enumera-

tion shows that the number of independent parameters in y is
2s— D+ (28—~ 3)m2 4+ -+ + n,.
We have therefore the following theorem which is due to Frobenius.

THEOREM 1. If the elementary divisors of x are N — \)™i, 1 =1,2, ---, 1,
J=1,2, -« s, where Ay, Ny, -+, A areall different and ny < ne < -+ < na,,
then the general form of a matrix commutative with x depends on

t=] jm]

independent parameters.

7.02 Commutative sets of matrices. The simple condition zy = yz may
be replaced by the more stringent one that y is commutative with every matrix
which is commutative with z. To begin with we shall merely assume that y
is commutative with each of a particular set of partial idempotent elements e;;
ag in the previous section we may assume that z has only one principal idem-
potent element.

In order that e;y = ye; for every 7 it is necessary and sufficient that y;; = 0

when 7 = j; if w;, ug, -, u, are the partial nilpotent elements of z corre-
sponding to e, €, ‘--, ¢, and we set m; = n; — 1, this gives for y
@ Y= D) (i + nai + o+ + mimt7).

If we now put z = 2 (Bie; + ui), where no 8; = 0, and if g(A) is any scalar
polynomial, then (cf.‘ §2.11)
9(2) = Zg(Bwes + w) = Z(gBes + g'Bus + -+ + g™ (B)uT/ml)
and when y is given, we can always find g(A) so that
1 = g®(8:)/k!

provided the #’s are all different. Hence every y, including z itself, can be
expressed as a polynomial in z.

We now impose the more exacting condition that y is permutable with every
matrix permutable with z. Let ni; (¢ # j) be the matrix of the same form as
¥i; in §7.01 but with zero coordinates everywhere except in the principal oblique;
for example in (6) uss is obtained by putting fo = 1 and making every other
coordinate 0. We then have

€sUs; = Ugj€5, UUs; = UiUy.
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Hence yui; = wuyy gives yuuiy = uiy,; and therefore from (7)
(mies + maut + o+ nimUTOUG = ws(njee; + nptt; + 0 A pmy
= (s + muws + -+ + nmuT Uy
from which we readily derive for all ¢, j and &
Nik = Nk

with the understanding that 7;; does not actually oceur when & > m;, When
t is the matrix used in deriving (6), these conditions give in place of (6)

ay a1
g
Gy a1 Qg
Qo a;
Qo

(8)

Gy 4y 0Oz Q43 Q4

o Q1 Qa2 a4z

an aQy Qo
Qo Q1
ag.

Comparing this form with (7) we see that y is now a scalar polynomial in z,
which in the particular case given above becomes g(z — «) where

g\) = ao + aN + a\? + a\® + a)t
The results of this section may be summarized as follows.

TuroreEM 2. Any matriz which is commutative, not orlzy with x, but also with
every matrix commutative with x, 1is a scalar polynomial in .

7.03 Rational methods. Since the solution of zy — yz = 0 for y can be
regarded as equivalent to solving a system of linear homogeneous equations,
the solution should be expressible rationally in terms of suitably chosen param-
eters; the method of §7.01, though elementary and direct, cannot therefore be
regarded as wholly satisfactory. The following discussion, which is due to
Frobenius, avoids this difficulty but is correspondingly less explicit.

As before let zy = yrand set a = A — z;alsolet b = L~'aM ! be the normal
form of a. If uis an arbitrary polynomial in X\ and we set

P = L~ Y(au + y)L, Q= M(ua + y)MY
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then
Pb = PL7'aM~' = L7%au + y)aM ' = L~'a(ua + y)M—! = bQ.
Conversely, if Pb = bQ and, using the division transformation, we set
9) LPL-' = av + y, M~'QM = va + y,
where y and y; are constants, then
0=Pb—0bQ = L Yav + y)aM~t — L-'a(v,a 4+ y)M~!

or a(v — »)a = ay; — ya. Here the degree on the left is at least 2 and on
the right only 1 and hence by the usual argument both sides of the equation
vanish. This gives

ava = ana, ay = ya

whence v; = v and, since a = N\ — z, also ¥ = y so that zy = yz.
Hence we can find all matrices commutative with = by finding all solutions of

(10) Pb = bQ.

Let a), az -+, an be the invariant factors! of a and ni, ny ---, n, the
corresponding degrees so that b is the diagonal matrix Zae,;, and let P =

| Piill, @ = || Qull; then
(11) Pijaj = aiQi;.
By the division transformation we may set

Pij = Ry + pij, Qi = Sia; + ¢
and then from (10) we have

Ri; = 8y Py = augs

or,ifp = |[piill, g = Il giill,
(12) pb = bg.

Hence P = p, Q@ = ¢ is a solution of (10) for which the degree of p,; is less than
that of a; and the degree of ¢;; is less than that of «;. It is then evident that,
when the general solution p, ¢ of (12) is found, then the general solution of
(10) has the form

P=bR+p, Q=Rb+g

where R is an arbitrary matric polynomial in A. We are however not con-
cerned with E; for

LPL-' = LbRL™* + LpL~' = aM—'RL~ 4+ LpL—!
so that in (9) the value of y depends on p only.

1 Since we may add a scalar to z we may clearly assume that the rank of a is n.
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The general solution of (12) is given by

253

Pii = — Sijy Pis = 85
aj C
(13) (O]
Qg
Qi = Sij Qis = — 8ji
g

where s, , is an arbitrary polynomial whose degree is at most n, — 1 and which
therefore depends on 7, parameters. It follows that the total number of
parameters in the value of y is that already given in §7.01.

7.04 The direct product. We shall consider in this section some properties
of the direct product which was defined in §5.10.

Tueorem 3. If fi; (4, j= 1, 2, ---, m) is a set of matrices, of order n, for
which
(14) fiifoa = Sinfiay Efﬁ =1,

1=1

then m s a factor of n and any matriz of order n can be expressed uniquely in the
Jorm Zay;fi; where each ai; is commutative with every fpq; and, if n = mr, the rank
of each f,, ts 1.

For, if z is an arbitrary matrix and we set
(15) ai; = kaixfik;
k=1

a short calculation shows:
(i) = = Zaifi;
(i) aiifpq = fpeaifor ali e, j, p, ¢;
(iii) the set U of all matrices of the form (15) is closed under the operations
of addition and multiplication;

(iv) if by, be, --- are members of ¥, then Tb;f;; is zero if, and only if, each
b.‘j = 0.,
If (a1, a3, -+, ar) is a basis of ¥, it follows that
(apfl'f'. P = 1: 2} Tt l; Z,] = 1; 2: Ty m)
is equivalent to the basis (e;;, 7,7 = 1, 2, -+, n) of the set of matrices of order

n. This basis contains im? independent elements and hence n? = Im? so thai
n = mr,l = r2 Let r;; be the rank of f;;. Since fii = fi;f;i, it follows from
Theorem 8 of chapter I that r;; < ryi; also from fifii = fii we have r;; < ry;
hence r; = r; and therefore each r;; has the same value. Finally, since
1 = Zf;;, and fif;; = 0 (¢ # 7) and ri; = 7j;, we have mr;; = n and hence each
Tij =71,
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We shall now show that a basis g;; can be chosen for % which satisfies the
relations (14) with r in place of m. Since the rank of fi; is r, we can set

r

(16) fu = 2 a:SBix (=12 -, m

1
where the sets of vectors (aw) and (Bux) ¢ =1,2, «+-, m;k =12, .-, 1)
each form a basis of the n-space since Z fio=1. If (af}), (8%,) are the corre-

=1

sponding reciprocal sets and

pi = D BiuSaly  (E=1,2 -, m)
1

we have, since Saua;, = 80k,
Zpu = ZfiZpu = Eza;kSﬁ;kB:iSa:i = ZagSai;, = 1,
and similarly
Jups = 2 awSasy,  fupi =0 (@ #)).
&
Hence

(17) Jis = JuZpi; = 2 apSa’y,
k

that is B = ayy.

Since fi; = fufsifis, the left ground of f,; is the same as that of f,; and its right
ground is the same as that of f;;. Let

Jii = ZawSvik.

The vectors v;z (k = 1, 2, - -+, r) then form a basis for the set a}, (k = 1, 2,
-++, r) and, since the basis chosen for this set in (16) is immaterial, we may
suppose vix = ay, (j = 1,2, +--, m;k = 1,2, .-+, r), that is,

’
fli = -S- , au,Sa,'k.
k

Similarly we may set fi = Za;S6u and then since

E awSay,, = fu = fiifn = E akaa,'-ka,-.Sﬂx. = ZauSti,
k

k,o
!
we have 6 = «,, and therefore

7
Ji = ZapSay;,
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and finally

(18) fii = fufuy = 2 agSaya; Saj, = ZaySaj,.
k,s

If we now set au = Peu —1r +# then by §1.09 P is non-singular and a;,
= (P)~'e; — »yr + x; hence, if

r

(19) hi; = Ef(i—nrﬁ-k. (G—Dr 4k
k=1

we have
(20) fii = PhyP~L,
Also if

m—1
(21) kij = 2 €ar + i, 87 + )

8=0
then
(22) Bihp 41, g 41 = €pr i, gr 47 = Np 41, g +1Kij

so that the set (e;;) of all matrices of order n may be regarded as the direct
product of the sets (h;;) and (;;). Finally, since any matrix can be expressed
in the form Zb;;h;;, where the b;; depend on the basis (%.;), it follows that an
arbitrary matrix can also be expressed in the form

P3bihi Pt = ZPbyP~ Yy,
Pb,;P~! depends on the basis (Pk;;P~!) and hence, if we set
gi; = Pk;;P~! (Gij=1,2, .-+, 1)
the ¢’s form a basis of U which satisfies (14).

7.05 Functions of commutative matrices. Let z and y be commutative
matrices whose distinct roots are Ay, A, --- and ui, s, --- respectively and
let R; be the principal idempotent unit of z corresponding to A; and similarly
S; the principal idempotent unit of y corresponding to u;. Since R; and S;
are scalar polynomials in z and y, they are commutative. If we set

Ty = R:S;
those T';; which are not 0 are linearly independent; for if Z¢,;T:; = 0, then
0 = RB28;T:Sq = £pgTpg,
since B, R; = 8,,R,, S;S, = 8;,8,, so that either £,, = 0 or T}, = 0.



[7.06 ] SYLVESTER’S IDENTITIES 111

From the definition of T'; it follows that 7;;T,, = 0 when 7 = p or j # g,
and T%; = Ty, 2T:; = 1; hence

z= D)t @ —MITw, v =D, b+ @ — )Ty

where (z-— A;)Ty; and (y — p;)Ts; are nilpotent. If ¢(A, p) is any scalar poly-
nomial then

POW) = ¥ ) + D $EIO = N7 — )
where ¢ :7 are scalars, we have therefore

¥z, y) = 2 |:¢(>\,-, p) T + 2 Yrilz — N)"(y - #i)’Tﬁ:I
= 20 W )T+ D DT

Ti; =@ =MW —s)Ty

and r runs from 1 to p; — 1, where p; is the smallest integer for which
(x — N)?,R; = 0, and s has a similar range with respect to y. The matrices
T';% are commutative and each is nilpotent; and hence any linear combination
of them is also nilpotent.

Let

where

2=y, u) Ty, w = SZPSITTY;

then w, being the sum of commutative nilpotent matrices, is nilpotent. If we
take in z only terms for which T';; & 0, we see immediately that the roots of z
are the corresponding coefficients y(\i, u:); and the reduced characteristic
function of z is found as in §2.12. We have therefore the following theorem
which is due to Frobenius.

Turorem 4. IfR;, S; ¢ =1,2, ---;5 = 1,2, ++.) are the principal idem~
potent units of the commutative matrices z, y and Ti; = R.S;; and if Mi, p; are the
corresponding roots of x and y, respectively; then the roots of eny scalar function
¥(z, v) of x and v are y(\;, u;) where i and jtake only those values for which T:: # 0.

This theorem extends immediately to any number of commutative matrices.

7.06 Sylvester’s identities. It was shown in §2.08 that, if the roots of z
are all distinct, the only matrices commutative with it are scalar polynomials
in z; and in doing so certain identities, due to Sylvester, were deri* .d. We
shall now consider these identities in more detail.

We have already seen that ip

O =[A—z|=XFar" "1+ - +a,_ A+ an
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the coefficient a, of A» — r is (—1)" times the sum of the principal minors of z
of order r; these coefficients are therefore homogeneous polynomials of degree r
in the coordinates of z. We shall now denote (—1)7a, by [%]. If z is replaced
by Az + uy, then [%] can be expressed as a homogeneous polynomial in A, g

of degree r, and we shall write

Az 4 py | N [z Y o —
(23) [ T ]_;{s T—s})\# )
We shall further set, as in §2.08,
(24) Az + py)r = 2 {: , z s} Atur =

=0

where {% ¥} is obtained by multiplying s z’s and ¢ y’s together in every possible
way and adding the terms so obtained.
In this notation the characteristic equation of Az 4+ py is

(25) 0= j (‘1)'[” t ”y] (A + py) -7

r=0

== z y .x y tn—t
rZ‘[s r—s]{t—s n+s—r—t})‘# !

where in the second summation (] %] or {Z ¥} is to be replaced by 0 if either
p or ¢ is negative and [5 %] = 1. Since A is an independent variable, the
coefficients of its various powers in (25) sare identically 0, and therefore

@) 2 (_1)'[2 rKS]{tfs n+sy—r—t}=0 ¢=0,1, -,

L
r,a=0

a series of identical relations connecting two arbitrary matrices.
These identities can be generalized immediately. If z;, z;, ---, 2 are any
matrices and Ay, Ay, - -, scalar variables, we may write

ZNze | _ T1 Ty o Tm|yn s ) Tm
[ r ]_z[rl ]x AJ e AL
(27 (Zrs=71)
r = T T2 *°° ZTwmlyn T, 2\Tm
= D T

and by the same reasoning as before we have

R T1 X2 v Tm x Fe 2 e T -

(5-)
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where s, 8, : -, s i8 any partition of n, zero parts included, and as before
a bracket symbol is 0 when any exponent is negative.

Since I:E)\;x‘:l is the sum of the principal minors of ZA;z; of order r, we see

that {:l :2 o f"‘] (Zr: = r) is formed as follows. Take any principal minor
1 2 """ m

of z; of order r and the corresponding minors of z,, z;, - -, . and replace r;
of its columns by the corresponding columns of z,, then replace r; of the remain-
ing columns by the corresponding ones of zs;, and =0 on; do this in every possible
way for each of the minors of order r of z; and add all the terms so obtained.

There is a great variety of relations connecting the scalar functions defined
above, a few of which we note here for convenience.

@ [:]=?'<_nn—‘—r>' [f ﬂw(;n——_%)’v[x}
HEE R B

(i) The value of l:xl o 'r x"':l is unchanged by a cyclic permutation of

the z’s.
(i) [11"'1]=____"’__
TiTy **: Tm () (n — Zr)?

2711?2"'35".1 = (n—Er,)' [leg"‘zm]
TiTy “** Tm 8 slm — s —Zr)l|nre m
gz oz gy C)l 2y yp]
TITy ** Tm 8 ** 8p () [Zresy -+ 8

, el[wmoe - va| - o lownawe - 2wiyi,, Y

(iv) [r][l 1 1] 2[1 1 -1 1 e 1]

where the summation extends over the n!/r!(n — r)! ways of choosing r integers
out of 1, 2, .-+, n, the order being immaterial.

7.07 Similar matrices. In addition to the identities discussed in the pre-
ceding section Sylvester gave another type, a modification of which we shall
now discuss. If z, y, a are arbitrary matrices, we have

(29) ar+lg—aytl=z(xatz"tay+ 2 "%yt + -+ + ay’)
—(@at+a~lay +zr "%y’ + -0 + ayly
or say

zrtlg—gagytl=2z(z,a9),— (2,0 9y
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where

r

(30) (2,0, 9)r = D) a7~ ayt

i=0
Suppose now that z and y satisfy the same equation f(A\) = 0 where
f()\) = )\m__l_al)\m—l__l_ +am_1)\+am

z and y being commutative with each a; and @ commutative with every a;. Let
m—1

(31) u = 2 al’(xy a, y)m —i—1;

then
(32) 0 = f(z)a — af(y)

If { u| # 0, it follows that y = w~'zu, that is, z and y are similar.
It can be shown that @ can be chosen so that | % | # 0 provided z and y have
the same invariant factors and f(\) is the reduced characteristic function.

Za;(zm~fa — ay™ — %) = 2u — uy.



CHAPTER VIII

FUNCTIONS OF MATRICES

8.01 Matric polynomials. The form of a polynomial in a matrix has already
been discussed in §2.11 but we repeat the principal formulas here for con-
venience. If z is a matrix whose reduced characteristic function is

o) o) = H A =A%, D=,

and

mi\) = o)/ = N)%, M.M)m) + N — A)EN) =1,
@ @A) = M\mi(\),
3 ei = i), hi= (2 — Moy

and if g(A\) is a scalar polynomial in X, then

, _S Yoo b g/ b o ee 4 T TIODRE T
4) g(z) = 2 [g(x,)¢. + ¢'(Aohs + + TT]

i=1
This formula can still be interpreted when the coefficients of g(A) are matrices,

but in this case the notatjon g(z) is ambiguous. Let gA) = ao + aX + - --
+ a.\™; then

a+azrx+ -+ +a.z and gy + z0 F -0 4 27aa

are called, respectively, the dextro- and laevo-lateral polynomials corresponding
to g(A). It is clear that (4) holds for a dextro-lateral polynomial and will
give the corresponding laevo-lateral polynomial if g(A)es, g’(A\)hs, ete., are
replaced by ¢.g(\:), hig’(\1), ete.

8.02 Infinite series. If a,, @i, --- are matrices and A a scalar variable the
coordinates of the matrix

(5) g\) = a0+ a\ + a2 + -

are scalar infinite series in \; and if each of these series converges for mod X less
than p, we say that the series (5) converges. When this condition is satisfied,
the series

(6) g(x) = as + a1z + az® + ---
115
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converges for any matrix x for which the absolute value of the root of greatest
absolute value is less than p. For if gn is the sum of the first m terms of (6),

then by 4) g = 2 gmi where

gm“-' - 1)()\‘.)}1":.' -1
(V.' - 1)' )

The matrices ;, h; are independent of m and, since the absolute value of each
X; is less than p, gn(A), gn(Xs), <+, gm® = P(N) converge to g(\s), g’(As), -+,
g® ~ Y(\;) when m approaches infinity.

As an illustration of such a series we may define exp z and log (1 + z) by

gmi = gn(\)ei + gn(AdRs + -+ +

T = z zz
@ expr=e=1+71 +5+

(8) log(1+x)=z—%z+%s+...

The first of these converges for every matrix z, the second for matrices all of
whose roots are less than 1 in absolute value.

The usual rules for adding series and for multiplying series whose coefficients
are commutative with z and with each other hold for matric series. For
instance we can show by the ordinary proof that, if zy = yz, then e=+v =
¢V but this will not usually be the case if zy # yz.

8.03 The canonical form of a function. In the case of multiform functions
(4) does not always give the most general determination of the function
which is only obtained by taking into account the partial as well as the princi-
pal elements of the variable z. Asin §3.06 suppose that z has the canonical
form

a
az
9 z=
ar

where @ is a block of terms

A 1 O

0 M 1 0
(10) (riTows and columns).

0 FPI |
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It is convenient to let a; stand also for the matrix derived from (9) by replacing
every a; by 0 except when j = 7. We can then write

(11) z = Za;, aa; = 0 (z = ])
and we may set
(12) a; = hie; + 25

where (cf. §3.07) e = ¢, z; is a nilpotent matrix of index r;, and

2 e, =1, €iz; = 2; = Ziei, ee; = 0, ez; =0 = z;e; (7 # 7).
The part of z; which is not 0 is given by the oblique line of 1’s in (10); 2% is
obtained by moving all the 1’s one place to the right except the last which dis-
appears, and in general z™ — ! has a line of 1’s starting in the mth column of
(10) and running parallel to the main diagonal till it meets the boundary of
the block.

It is now easy to see the form of a scalar polynomial ¢g(x) or of a convergent
power series with scalar coefficients; for

DAz ‘:|

(13)  g@) = Zg(aje; = [g(k:)e- F ozt o+ = D!

and the block of terms in g(z) which corresponds to a; in (10) is, omitting the
subscripts for clearness,

’ g’ "' gt~ ()

o0 I'N HE e T

o CO g

g g H r—2)!

/ g =)

(14) e oo
g™
g\

where all the terms to the left of the main diagonal are 0, the coordinates in
the first row are as indicated, and all those on a line parallel to the main diagonal
are the same as the one where this line meets the first row.

If the characteristic function is the same as the reduced function, no two
blocks of terms in (9) correspond to the same root and e, z; are the principal
idempotent and nilpotent elements of z corresponding to A; and (13) is the
same as (4). This is not the case when the same root occurs in more than one
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of the blocks (10) and, when this is so, the a; are not necessarily uniquely deter-
mined. For instance let

¥y 0 0
(15) z2=10 v 1| =+~ exn.
0 0 ¥

Here we have

a; = vyey, a = y(en + €3) + e,

€ = éu, € = en T e, z1 = 0, 22 = én.
But if
fu = €11 — €13 f12 = €19 fls = €13
fu = ey — en S = ex Jos = ens
S = esn — €13 + en — ey, fa2 = ex + e, fi3 = e + e,

the f’s form a set of matric units and
=+ v+ fs) + fus

so that we might have chosen fi = fi;, f2 = fo + fss = en + e + €15 28 idem-
potent elements in place of e, and e,.

It should be carefully noted that fi, f, are not commutative with e;, e, and
in consequence different determinations of a multiform function may not be
commutative with each other. For instance, if z is the matrix given in (15)
with y¥ £ 0, and ! is a particular determination of the square root of v, we have
already seen in §2.13 that determinations of 2} are given by

U = 75611 - ‘)’*(322 + eaa) - 823/275
’Y’fu - 7*(]'22 + fas) - f23/2‘y’
= 75(611 - 613) - 7*(@22 + exw + 613) - 623/279

Uy — 2‘/*6;3,

U

and these two values of z! are not commutative.

8.04 Roots of 0 and 1. The reduced equation of a nilpotent matrix of index
m is z» = 0 and this matrix can therefore be defined as a primitive mth root
of 0; the index m cannot be greater than n and it exceeds 1 unless z = 0. The
canonical form of # must contain at least one block of order r; = m, similar
to (10) but with A; = 0, and a number of like blocks of orders, say, r; ( =

2,3, --) where r; < r and E r; = n. This gives rise to a series of distinct
1

types in number equal to the number of partitions of » — m into parts no one
of which exceeds m, and z is a primitive mth root if; and only if, it is similar
to one of these types.
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If z is a primitive mth root of 1, its reduced characteristic function is a
factor of A»'— 1 and hence z has simple elementary divisors. Let ¢ be a scalar
primitive mth root of 1, and let fy, fs, ---, f, be idempotent matrices of ranks

i—1
1, 1o, -+ for which fif; = 0 (¢ # j), Zfi = 1, for instance, if p; = 2 r;, W6
fm=1
may set
P¢+1
fi= €ji (t=1,2, -+, 8;p 41 = n).
p‘-+1
The canonical form for z is then

(16) fy + e + oo 4 €,

where the exponents ¢; are all different modulo m and at least one ¢, say the
first, is primitive. Any primitive mth root of 1 is then similar to a matrix of
the form (16), and conversely.

8.05 The equation y™ = &; algebraic functions. Let A, A; --:, A, be
the distinet roots of z and u; = A!/™ a particular determination of the mth root
of \; for7 = 1,2, .-+, s; then, if y = z, the roots of y are all of the form
€'iu;, where ¢ is a primitive scalar mth root of 1.  Suppose that the roots of y are

—_ — —_—
Bl = p1y M1z =€ M1, oty i = €U

(L7 e e e e
MHal = Mgy HMs2 = eml-‘a; ctty Mer, = € tlg

and let a particular choice of the partial idempotent and nilpotent elements
corresponding to ui; be fis and Ay (B = 1, 2, «-+); also let the index of hip
be 7. Then

(18) y = Z(wiifoir + hage)

and hence

(19) y™ = Z(uifin + hap)™ = Z\iJuie + i)
where ¢ is the nilpotent matrix

(20) Giie = (iifie + Ri)™ — w7, fin.

Further, if X; ¢ 0, (20) can be solved for A;;: as a polynomial in g.;; for we
can write (20) in the form

@D i = arhip + azh%jk + -

and, since a; = mu7~ ' # 0, the ordinary process for inverting a power series
shows that we can satisfy (21) by a series of the form

(22) Rije = Bugiie + Bogise + -7y (81 &= 0),
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there being here no question of convergence since any power series in a uilpotent
matrix terminates. It follows from (21) and (22) that the indices of gi; and
hi;i are the same.

We shall now show that the matrices f;;. and gs; torin a set of partial idem-
potent and nilpotent elements of z provided always that z is not singular. If
this were not so, then f;; must be the sum of two or more partial idempotent
elements; for the sake of brevity we shall assume that it is the sum of two
since the proof proceeds in exactly the same way if more components are taken.
Let fin = di + dy where d;, and d, are partial idempotent elements of z and
let ¢i, ¢ be the corresponding nilpotent elements; then

Gijt = €1 + Ca cic; = 0 = cacy,

Hence also hijx = by + by, bibo .= 0 = bb, where b, 1s obtained by putting c,
for g.jx in (22); and this is impossible since we assumed that f;; and A were
partial idempotent and nilpotent elements of y. We have therefore the fol-
lowing theorem.

TueoreEM 1. If z s a non-singular malriz, any determination of y = z'/™
can be obtained by expressing x in terms of partial idempotent and nilpotent ele-
ments, say x = T(\:fi + ¢:) and putting

y = Z0i + 97" = IS mTIAT g+ dmrimt = DATRG 4 ),

Here the binomial series terminates and A'™ is a determination of the mth root of

i which may be different for different terms of the summation if this root occurs
with more than one partial element.

There is thus a two-sided multiplicity of mth roots of z; the A}/™ have m
possible determinations in each term and also there is in certain cases an infinity
of ways of cnoosing the set of partial elements. Since the canonical form is
independent of the actual choice of the set of partial elements out of the possible
sets, any choice of such a'set can be derived from any other such set by trans-
forming it by a matrix u; and since z itself is the same no matter what set of
partial elements is chosen, we have uzu~! = z, that is, u is commutative with z.
It follows from the development given in §§7.01,7.02 and 7.04 that a matrix u
which is commutative with every partial idempotent element is a polynomial in.z.

8.06 < We must now consider the case in which z is singular and in doing so it
is sufficient to discuss mth roots of a nilpotent matrix; for the principal idem-
potent element of z which corresponds to a root u is the sum of those principal
idempotent elements of y which correspond to those roots whose mth power
is u, so that the principal idempotent element corresponding to the root 0 is
the same for both z and y. Let the elementary divisors of y be A™, A™, ... \™;
then

y=mt+uypt+ -ty
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where y; is a nilpotent matrix of index m,, and we may suppose the fundamental
basis so chosen that the significant part of y; is

01
01

(23) " ) " ) (m; rows and columns).

01
0

To simplify the notation we shall consider for the moment only one part y;
and replace it by y and m; by n so that y» = 0 and

n—1

Yy = 2 e.-Se,'+1.

1

If we now form the mth power of #. then y» = 0if m =2 nandif m < n

n-—m

y" = E eiSe; & m.

1

If we define r and k& by
(24) —-1m+k=n<m k > 0)
then r > 2 and

(25) ymei = 0, y™ei 1 m = €, Y™Cit2m = €igm Y it r—Dm =it (r—Dm
G=1,2 - k)

giving & chains of order r of invariant vectors, and similarly for 7 = & + 1,
k+ 2, ---, m, we have m — & chains whose order is r — 1 since for these values
of < the last equation in (25) is'missing. If we set » and v for blocks of terms
like (23) only with r and r — 1 rows and columns, respectively, then we can
find a non-singular matrix P which permutes the rows and columns in y™ so that

u
(26) P-ympP = U (kwsand m — k v's).

v

We are now in a position to consider the solution of y™ = z where z is a
nilpotent matrix of index ». In the elementary divisors of x suppose p; expo-
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nents equal r, p, equal » — 1, and in general p;equalr —j + 1 (7= 1,2, -+, r);
here the p’s are integers equal to or greater than 0 such that

E(r—j-i-l)p;:n, p # 0.
i
The maximum possible exponent for any elementary divisor of y is rm; let
¢i @ =1,2, --+, m;j =1,2, -+, r) be the number of exponents which equal
r—Jj+1Im—72+1=0C—-Hm+ (m—1+ 1)
Forming y™ and using (24) and the results of (25) we then see that
(27 gicnet+2¢-1s+ o+ (= Dgioym + mgn + (m — 1)gp
+ o Fgm=p G=12 1590 =0)
E[(r—j—i— Dm — 1+ 1 gu = n.
i)
These relations form a set of Diophantine equations for the ¢’s. When a set .
of ¢’s have been found, we can find the matrix P (cf. (26)) for each part of y»

and then set y = TR~'y,R where R has the form SP.Q;, @Q: being commutative
with P7'y7P; and so chosen that R is not singular.

8.07 The exponential and logarithmic functions. The function exp y = ¥
has already been defined in §8.02 by the series

e =1+ 2 y™/m!
1

or in §8.03 in terms of the partial units of y. Let the distinct roots of y be

w1, M, *++, #s and let a choice of the partial idempotent and nilpotent elements
corresponding to ui be fi;, hi; ( = 1,2, -+, ki) so ihat

ki ki
(28) Ji= Zfiz‘: he = Ehn‘ i=12 -+, 9)

i=1 i=1

are the principal idempotent and nilpotent elements of y. If we set z = e,
we have

, 5 R
= = Hif y I e i
z = e E 2 [ Sk ha + 5 e = 1)!}

= E Z ()i + gu))

where v;; is the index of &,; and

(29)

i 1
(30) gy = b+ e R 6y = DL
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The index of g; is clearly »i;. Solving (30) for k;;, we have the formal solution
hi; = log (1 4 gi;) and on using this or inverting the power series in (30) we get

(31) hij = g — 35 + -0+ (=1)%igki (v — 1),

As in §8.05 it follows that f;, g;; form a set of partial elements for r and, when =
is given so that y = log z, the method there used gives the following theorem.

THEOREM 2. If z is a non-singular matriz whose distinct roots are Ay, g
vo0, Ay, and of log Ay, log Ay, -+, log A, are particular determinations of the
logarithms of these roots, then the general determination of log z ts found as follows.
Take any set of partial elements of x, soy fi;, 95 (€ = 1,2, -+, r;5=1,2, -+, ky)
where fij, gi; correspond to \; and the index of ¢i; is vij, let hi; be the nilpotent
matriz defined by (31), and let k;; be any integers, then

(32) logz = E z [(og Xi + kurn/=1)fs + hijl.

The discussion of the relation between different determinations of log = is
practically the same as for 2/ and need not be repeated.
If f; and h; are defined by (28), a particular determination of log z is given by

(33) Logz = 2 {dog Ni + kirn/—=1)fi + R,

This form of log « has the same principal elements as z provided log As + %:
# log \; + Z; for any 7 = j, and even when this condition is not satisfied, it is
convenient to refer to (33) as a principal determination of log z. This deter-
mination is the one given by the series (cf. §8.02 (8))

(34) logz =(z—-1) —3—-D+¥z—- 17— -

provided each %; is 0 and the principal determination of log A; is used. The
series converges only when the roots of # — 1 are all less than 1 in absolute value.

8.08 The canonical form of a matrix in a given field. If the coefficients of a
matrix are restricted to lie in a given field of rationality, the canonical form
used in the preceding sections requires some modification. The definition of
the invariant factors is rational as are also the theorems regarding similar
matrices which were derived from them in Chapter 3; and hence if X and z
are rational matrices which have the same invariant factors there exists a rational
matrix P for which P~izP = X. The definition of elementary divisors requires
only the natural alteration of substituting powers of irreducible polynomials
for (\ — X))
Let

aM) =N+ a4 -0 4 oap,
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be a scalar polynomial in a field F which is irreducible in F; then the matrix
of order m defined by

—a, —O —ldm =1 —0m
1 0 0 0
35) e 0 1 9 0
0 0 1 0

has a(\) as its characteristic function; since a()) is irreducible in F, it follows
immediately that z, is an irreducible matrix in F and that «()\) is also the
reduced characteristic function. It is easily seen that the invariant factors of
A — z are given by m — 1 units followed by a(A).

Again, if we consider

Zs 1
Za 1m
(36) T = (r rows and columns)

In
s

which is a matrix of order rm, we see as in §8.03 (14) that, if g(A) is a scalar
polynomial in A,

g(xa) g,f'-ca) cee gl = 1>($a)/(7‘ — !
9(@a) o 9" P(za)/(r — 2)!
9(za) = .
g,(xa> .
g(za).

It follows that, if g(za) = 0, we must have g = (z,) = 0 and therefore a(X)
is a factor of g — D(\) so that [«(N)]" is a factor of g(\). Butif we put g(A)
= [a(\)] the first (r — 1) derivatives of g(A\) have a(\) as a factor and so
vanish when \ is replaced by z,; hence g(z,) = 0. It follows that the reduced
characteristic function of z. is [a(X)})" and, since the degree of this polynomial
equals the order rm of z,, it is also the characteristic function so that the
invariant factors of z. are given by 1 repeated rm — 1 times followed by [a(M\)]".
The argument used in §3.06 then gives the following theorem,

THEOREM 3. Let an(N), aa(N), -+, ar(N) be polynomials, not necessarily dis-
tinct, which are rational and trreducible in a field F and whose degrees are my,
mg, -, my respeciively; and let vy, rq, -, ri be any positive integers such that
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k

2 rim; = n; then, if Za, 18 the matriz of order rim; formed from ai(N) in the same
1
way as Tq tn (36) is formed from a()), the matriz of order n defincd by

Za,
Za,

37N z =
Za,
has cu(V), az(\), + -+, ar(\) as its elementary divisors in F.

If X is any matrix with the same elementary divisors as z, it follows from
§3.04 Theorem 5 that we can find a rational nonsingular matrix P such that
PXP-! = z. We may therefore take (37) as a canonical form for a matrix
in the given field F.

8.09 The absolute value of a matrix. The absolute value of a matrixa = || ap, Il
is most conveniently defined as

k4 3
(38) Ial = < 2 apqdpq>

Pig=1

where the heavy bars are used to distinguish between the absolute value and
the determinant | a|. It must be carefully noted that the absolute value of a
scalar matrix A is not the same as the ordinary absolute value or modulus of A,
the relation between them being

(39) IA] = ntmod A.

It follows immediately from (37) that
(40) mod (|al —1b]) <la+b]<lal+1bl;
and from

E Aprlor 2 baql-):q = Z [%2 (aprasq - a'pabrq)(dmbsq - dmbrq)
pir 'L P T8
+ 2 aprbrq dpsBeq_I:

we have
(41) lab] < lallbl.

Since the trace of ad’ is Za,,d,,, the absolute value of ¢ might also have
been defined by

(42) jal? = traa’ = tra'a.
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From this we see immediately that, if ¢ is unitary, that is, ag@’ = 1, then
(43) la] =nt,  |ab] =]b]

where b is any matrix.

No matter what matrix a is, ad’ is a positive hermitian matrix, semi-definite
or definite accordjmg—as a is or is not singular; the roots g, gz, -, ¢ of ad’
are therefore real and not negative. If we set

Pr=Z20102 ** gy, P=0p.=(mod|a])?, s=p =]al
then

— ) n—1 n
"p, S 2(91 + ge + e+ gr)f < <:_1__ i)sr, Pr > <:>p(r—1>/<r> = <n>pr/")

r

Egi')

whence!

LAV _fn—1\,
(40 (e s e (P2 )

If Cr(a) is the rth supplementary compound of a (cf. §5.03), and a = pt
is put for mod | a |, then p, = | C"(a) |* and we may write for (44)

n 2rin r 2 —rn-_1 2r
<r>a <|Cr@|*<r (T_1>|a|

and, since (¢’)~! = C*~Ya)/| a |, we have

n—2

(45) na i <|a | < (n—1) ¢ Jal*=1a

provided | a | # 0. Thisinequality enables us to deal with expressions involving
negative powers of a.

Since a—! = exp (— log a), we also have
fa=b] =11 —loga + H(oga)? — -+ | < (1 o, a
+ hillogal?+ ---)|b
and therefore
(46) la—b] < eltosal|p].
Putting b = 1 we also have
47 |[a—t] < nt — 1 4+ eltosel and |a—t| < nlellosel

It is also sometimes convenient to note as a consequence of (41) with b = g~!
that

(48) la=t] > ntlal-

LIf r = n, (44) gives Hadamard’s expression for the maximum value of mod |l a|.
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8.10 Infinite products. As an illustration of the use of the preceding section
we shall now investigate briefly the convergence of an infinite product. Let
(49) Po=00+a)1+a) - (14 am

+lahd +1laD o @ +]anl),

then, if ¢ is an arbitrary matrix,

(50) IPm_'1|SQm—1<EE|‘“l—1,
(51) | Puc| < 124l c|,

Ea.
(52) |Pr = Pel < @n — @ < Zla,lu' !

For on expanding P,, we have

1+zap+2a,,aq+ 2 ApQeGr + o+

p<g¢ p<¢<r
therefore
le—1|<EIap|+2|apllaql+--~=Qm—1
p<gq
| Pac| < (1+2|%|+2|%Ilaql+ el =Qulel < &%) c].
p<yq

The proof of (52) follows in the same manner.
Hence P,, converges when Q,, does, for which it is sufficient that Za; is abso-
lutely convergent in the sense that Z|a;| converges.

8.11 The absolute value of a tensor. If w is a tensor of grade r, we define the
absolute value of w by?
(53) mod w = (r!iS@w)i.

We shall for the most part consider only vectors of grade 1 as the extension to
tensors of higher grade is usually immediate.
If z and y are any vectors, we derive from (53)

(54) mod (x + ¥) £ mod z + mod g, mod Szy < mod z mod y.
If A is a matrix,
(mod Az)? = SAiAz = SzA'Ax.
By §6.02
A'A = Zg.a:8a;

2 The 7! enters here only because of the numerical factor introduced in defining Suv
(cf. §5.16).
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where the ¢’s are real and not negative, and Sd.a; = §;; so that mod a; = 1;
hence

Sid’Az = Z¢:8%d,Sa;x = Zg; (mod Saiz)?
< Zg; (mod a; mod z)? = (Zg;)(mod z)?
= |4 ]? (mod 2)?,
or
(55) mod Az < | 4| mod z.
From (54) we then have
(56) mod SydAz < | A | mod z mod y.
8.12 Matric functions of a scalar variable. If the coordinates of a matrix
a(t) = || ap (1) || are functions of a scalar variable ¢, the matrix itself is called
a matric function of £. The derivative, when it exists, is defined as
da . alt+h) —al) _ ‘ da,,
57) i i P
h being a scalar. The fundamental rules of differentiation are
d(a +b) _da d(ab) _ da db da’ _ <da>’
TGt Twoattew w-\a
to which we may add, when | al # 0,
dat _ _da _,
(58) i a ar a~t,
Other examples are
da® _da da da® _ da ? . da
TTa' T @ attegetew
and in general, if m is any positive integer,
da™ _ a da/dt
(59) FT {m 1 1 }

Under the usual conditions each of the coordinates of a(t) is expansible as a
Taylor series and this is therefore also true of a(t). If f(1) is a scalar function,
f(a) may or may not have a meaning. For instance, if f(t) can be expanded in
a power series which converges for mod { < «, then the same power series’ in

S If g{t) = Zuat? un. scalar, the series intended here is Zu,a”. Other definitions are
possible, e.g., if we set

G(a) = E Un E ac(n) coeelm) geln)
7, n 1 in

where E c(i"o) c(l."l) cl”n = 1, we still have G(t) = g(¢).
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a converges when |a| < «; but if f(¢) is defined by a Fourier series which is
not differentiable, f(a) will not have a meaning when the elementary divisors
of a are not simple, as is seen immediately on referring to the form of §8.03 (14).
If f(a) and f'(a) have a meaning and if da/dt is commutative with a, we have
df(a)/dt = f'(a)da/dt. For instance, if z is a constant matrix and ¢ = ¢ — =,
then

dlog t — x) _ 1

(60) dt i— x

as is also easily proved directly.
The integral of a(t) is defined as follows. If C is a regular contour in the
t-plane, we shall set

(61) fc a(t)dt = “ /c apg(t)dt “

or if ty,t;, --- isa series of points on C and ¢; a point on the are (¢, t: + 1), and
if the number of points is increased indefinitely in such a way that mod
(ts +1 — t:) approaches O for every interval, then

(62) /a(t)dt = lim Za(t;)(t; 11 — to).

The conditions for the existence of this limit are exactly the same as in the
scalar theory.

If M is the least upper bound of | a] on C and L is the length of C, it follows
in the usual manner that

(63) Ua(t)dtl < /Ia(t)lmod dt < ML.

As an illustration of these definitions we shall now employ contour integration
to prove some of our earlier results. If z is an arbitrary constant matrix and
C a circle with center ¢ = 0 and radius greater than | z |, then all the roots of =
lie inside C and on C the series

—
Rl e

is uniformly convergent. Hence

1 at 1 < dt
64 = -1 N I
(64) 2m'/ct-x 2m‘21£"*‘
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a result which may also be derived from the definition of log (! — z) in §8.07 and

2 = log (- ol

1 tdt 1
Q_ﬁ'_/;t—x 27 < )dt—x

and in general, if g(¢) is a scalar function of ¢ which is analytic in a region
enclosing C,

(65) gu-—/wwt

t—x

v

we then have

Suppose now that [ ¢ — z| = 8(t)e(t), adj (¢ — z) = 6(1)a(t) where 4(¢) is
the highest common factor of |t — z | and the coordinates of adj (t — z). We
then have

0!

and under the given conditions this vanishes if, and only if, g{(f)/¢(t) has no
singularities inside C, that is, if ¢ is a factor of g. We have therefore the theorem
of §2.05 that ¢(¢) is the reduced characteristic function of # and that g(z) = 0
only when ¢(t) is a factor of g(t).

Since a(f) = o(f)/(t — z) is a polynomial in z with scalar coefficients and with
degree 1 less than the degree of ¢(t), say

(66) 0@ = o f 98 L

at) = az™" "'+ arm "+ o+ ap,

equation (66) shows that g(z) can be expressed as a polynomial in &, namely,

(67) g9(z) = 1 2 m-,[:g(t)za)(t

We may also note that (66) leads to the interpolation formula §8.01 (4) if
the integral is expanded in terms of the residues at the zeros of ¢(f).

All of these results can be extended to unilateral series in z with matric
coefficients if care is taken to use g(t) (t — z)=* or (¢t — z)~! g(t) according as
dextro- or laevo-lateral series are desired.

8.13 Functions of a variable vector. Before considering functions of a
variable matrix, we shall consider briefly those of a variable vector; for more
extended and systematic treatments the reader is referred to treatises on vector
and tensor analysis.

The differential of a function of a variable in any non-commutative algebra
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was defined by Hamilton as follows. Let f(z) be a function of a variable z,
dz a variable independent of z and ¢ a scalar variable: then

(68) df(Z) = lim f(I + tdZ) — f(x)'

t=0 t

We shall assume tacitly hereafter that this limit exists for all the functions we
shall consider.

An immediate consequence of (68) is that df(z) is linear and homogeneous in
dz. Hence, if x = Zte,, dz = Zdte,, then

= 1im S A tdEde) — f(SEed) _ S of o,
df(x) = 1¢1_I.no 7 =2 5k

This leads to Hamilton’s differential operator

(69) V=3

in terms of which we may write (68) in the form
(70) df(z) = (SdzV)f(z).

In using this operator it is frequently convenient to place it after its operand
and, when this is done, some artifice is necessary to indicate the conuection
between them. This is done by attaching the same subscript to both; the
method of doing this will be clear from the following examples in which ¢ =

Zase;, b = ZPie; are vectors and A = || a;; || is a matrix.
Va =2 g%i eie;, AqVa = 2 f;—gj" €€},
VSab = VaSaeb + VaSabs = 2 <Z (Z—?’ B + :3'?’ a;)) e
SVaVsSasbs = 2, %’%—' %,

1

SCLuAVQ = 2 229 %, SaAaVa = 2 g %%j.
} 7

7 $ 7

8a; oa;
ANV, = 2<E '%) €1y Voda =2 Tgfeieisek( );
i ‘

We can now consider the effect of a change of variable from z to* Z. Let
I = Eéiei, V = Eeia/aéf; then

(71) df = Z.8Vudzr = Jdz

tHere Z denotes a new variable and not the conjugate imaginary. Instead of con-
sidering a change of variable, we may regard # as a vector function of z.
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where

(12) J = 2.8V = || 88/¢ |

is the Jacobian matrix of the transformation. Similarly

dz = .8V di = Jdz.

Hence

(73) JJ = 1.

Again, since Sdzv = SdiV = SdzJ'V, hence

(74) v=JY, V=(@{)w=JV.

From (70) and (72) we see that the differentials of J and J’ are given by
dJ = SdaVy-Ja, and  dJ = d5,SV. = JdzSV,
dJ' = SdxV.-J,, dJ' = VoSJudr = V.SdzJ ..

(75)

This leads to the notion of contravariant and covariant vectors. If u is a
vector function of = and 4 the corresponding® function after the change of
variable, u is called contravariant if

(76) 7 = Ju,
and covariant when
(77 a=Jy, u = J'i.
If d,, d; denote two independent variations so that d;(d;z) = di(diz), then
dediz = dy(Jdiz) = dpJdiz + Jdidpx
= J 428V diz + Jdidpx.

(78)

Hence second differentials are neither contra- nor co-variant,.
If A is a matrix whose coordinates are functions of z, the bilinear differential
form Sd,zAd,r when transformed becomes

Sdlf/idgl-: = SdliIAszx
so that, if this form is invariant, that is, Sd;£Ad,% = SdizAd.r, we must have
(79 A4 = JA4J, A = JA4'J, Adz = J'Adz.

8 As will be seen below, this does not necessarily mean merely the result of substituting
Z for z in the coordinates of u.
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Hence when A is defined in this manner, Adz is a covariant vector. If by
analogy with (78) we form a second differential of this vector and of A’dr, we
get, using d = Jdz,

di(Adiz) = dJ'Ad\E + J'dy(Adi%E)
di(A'dyz) = dJ'A'dE + J'di(A'de3).
From (75) dyJ’ = VaSJadsz, diJ’ = 7.SdizJ_; hence after a simple reduction
d(Adiz) + di(A'dsz) = VaSdiz(J'A'J s + J A N)dox + J'(do(Ad\Z) + di(Ad'dpE) )
= V.Sdiz(A, — J'A.J)dix + J'(dg(fid;i) + di(d'dy3T))
which may be written
a = dy(Adiz) + di(A’dyx) — V.SdizAldex
(80) = J'(dy(Adiz) + di(Ad'dsE) — VuSdiiA [ dok)
=J'a
80 that a is a covariant vector. This vector may also be written
¢ = dyAdiz + diA'dox — V.SdizAldyx + (A + A')didsz.
Using a notation suggested by the Christoffel symbols we now write

[4; diz, dux] = (deAdiz + d1A'dor — VuSdizA Ldoz)

(81) _ 0 00 _ _3&_. '
= 22 %(f + 5~ 5 ) dit it en

(82) { dle dgﬂ:} = (A + A) Y d,Adiz + d1A'dsz — V.SdizA .dsx)

= 2(A + A')'[4; diz, dox]
provided that | A + A| = 0. If we now set

A
b= {dl:c, dga:} + didy

and use the relation (4 + 4")-J’ = J Y4 + A’)~!, we have from (80)
(83) b=Jb

so that b is contravariant.
Ifweset A = 3(4 + A") + 3(A — A’) = B + C, we get from (81) and (80)

[4; diz, dyx] = [B; diz, dox] + [C; dix, dox]
(84) [B,' dlx, dzx] + Bdldzl? = J/([B; dlj, dzf] + Bdldzi)
[C; diz, dox] = J'[C; di7F, do7].
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We shall require two transverses of the Christoffel matrices; these are defined

by
4
Sbl4; a, c] = Sc[4; a, b], Sb{A}=SC{A}
a,c a, b
whence
2(4; a, b)’ = VaSad . b + AbSaV, — A.aSbV,
(85)
A l’ _ . N —=1h17
{a,bj =[4;a, (4 + 4")7B]".

To illustrate partial differentiation we shall consider functions which depend
not only on z but also on a contravariant variable vector © = Zwe,. Since

4 = Juand J = || 8&:/0¢; || is independent of u, we have
o e ek o
aw.; aw.- ad),‘ 65.' 6&»,-
0V N 0
Ok 9k 9; 9k Ba;"

Henece, if V' = Ze;0/8w,, V' = Ze;8/0a;, then
AN
(86) v = J'V, V=JV+dJ V

where d.J' = Suv,-J.. Here V' is covariant but V is neither covariant nor
contravariant, which means that formulae dependent on it will not usually be
invariant in form under a change of variable. This difficulty is avoided as
follows. If we combine (83) with (78) and replace diz, dsx by contravariant
vectors a, b, then

A A
(87) diJa = d.Jb = JbSV.a = J{a, b} — {d, 5}.
Hence
, o A ’ L A‘ !
{4 - ()

and therefore

whence

A' ’ ’ “i _— .
(88) st—{u,v,} =J <v-{a’ V,}) = J'D:

D is therefore a covariant differential operator.
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Let v be any contravariant vector and set d,v = SuV,-vs; then, if f is any
function of z and v,

(89) dof = (SvVae + SdwVo)fa = (SvDa + S8.0V.)fa

where §,¢ is the contravariant vector defined by
A
(90) o0 = dyv + {u, v} = Vu.

The tensor corresponding to the matrix V is known as the covariant deriva-
tive of v.

8.14 Functions of a variable matrix. The general theory of analytic func-
tions of a variable matrix z = || £ || is co-extensive with that of n? scalar
variables and hence is so general as to be void of properties peculiar to matrices.
This follows immediately from the obvious relation
& = E €piZe;p
rp=1

which expresses the (7, j) coordinate as a linear function of z.
The differential operator® corresponding to z is

0
a&i;

(91) A= ‘

It is often convenient to have a special notation for the transverse A’ and when
this is so we shall set

= A/,

o -l

These operators may stand after their operands and the same convention as
was used for subscripts attached to V will also be used for A and 8 when

necessary.
The fundamental property of A is
(93) df = tr(dzA')f = tr (dzd)f

where f is any function of z and tr(4) stands for the trace of the matrix 4.
This result follows immediately from

tr(dea’) = 2 D) da o
ik *

¢ This operator first occurs in a paper by Taber (1890, (84)) who however did not make
any systematic use of it. Macaulay in a tract published in 1893 (110) but written in
1887 used A consistently in applying quaternions to physical problems; he used the nota-
tion d for A. Later Born (385) used the same operator to great effect in his theory of
quantum matrices. Turnbull (436) uses Q for A’.
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8.15 Differentiation formulae. We collect here the principal formulae of
differentiation; in each case the operand is z or z’ and the dummy subscript is
omitted except when the medning is ambiguous without it. To simplify the
expressions we set « and B for the traces of the matrices a and b, and ¢, for the
trace of z".

a’zh’A, Aax’'b = ob br’aA

braA’, Alax’b = a'b = a’z’b’A’

Acxb = a'b
A’azb = ab

(94)

Arr =~ t4 gz 2+ (2N 34 - + (&)~ = Az
95) z7A =z~ '4+ a2~ F+ o324 -0 F ()= (z)A’
Alzr =nar~ 4 fizr—2 4 b7~ 4 -0+ & = 27A
Atr (azb) = Atr(baz) = a'b’

96
9% atr(azb) = ba
97 Atr(z7) = Af, = r(2')r 1, atr(z7) = rzr — L,
tr (A)axb = ab = tr (d)axd
(98)
tr (A)z” = rzr— 1! = tr(d)z"
atr{f ‘:} =(+9 {f_ . Z} =tr(a){f ‘;}
(99) ’ i
z a T a
Atr . s} = (r+s)'{r 1 s}'
ALzttt — zAlxl =tr(z7) = &,
(100)

(Aze — T'A) 22 = (2')".

The proofs of these formulae are all very similar and we shall consider here
only the most important leaving the remainder to the reader. If ¢ = || ai; |,

b = {| bi; ||, then
= { 2 @pibpi

r
a'z’b’A’ = (Abza)’ = (b'a)’ = a’b.

= a'b;

]
Aazb = H a_&z', Apearbri

hence also

The remaining parts of (94) follow in the same way. It follows dlso from
(94) that

Al = AuZo™ '+ Azl "1 = 27 1+ Apzzazt ~ % Azl T2
=271 4 22T~ Alxirer” ~ 3 4 Al T8,

and so on; the remaining parts of (95) follow from (94) in the same way.
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To prove (96) we notice first that tr (ab) = tr (ba) and hence in tr (@, - - a,)
the factors may be permuted cyelically. Then, if ¢ = || ¢i; ],

i}
atr (cx) = E e -‘f- 2 Cpefgp = z Cijei; = C.
5.7 7 Prq

Formula (97) follows by repeated application of (96); thus
Atr (z7) = Aatr(zax™ — 1) + Axtr (2] " ')
= (2)7 ' 4+ Aatr (22"~ 1) + Aq tr (2]~ %?)
(@)=t @)

= r(z/)r—1

The remaining formulae are proved in the same way.
If Za,\" is a scalar power series and f(z) = Za,z", then from (97) and (98)

dtr (f(z)) = Zrayzr — 1 = f'(x) = tr (8)f(2)
so that the operators 8 tr ( ) and tr (3) have the same effect on such functions,

Similarly, if F(z) = Za, {f Z}, it follows from (99) that

S,

(101) atr (F) = tr (8)F = Z(r + 5.) {r 2 a}.

8.16 As an illustration of the application of the formulae of the preceding
section we shall give some parts of the theory of quantum matrices which are
applicable to matrices of finite order.

Let q1, g5, **+, g7; D1, * -, Psr be the coordinates of a dynamical system and
$ the Hamiltonian function; these coordinates satisfy the system of ordinary
partial differential equations

. 0 . 0 .
(102) g = a—f—i’ Pi = —a_q‘? (’Lz 1,2, -, f)
We may suppose that f = n?, a perfect square; for, if (n — 1)? < f < n%, we
can introduce 2(n? — f) additional coordinates g; 41, Pr +1, ***; Gnyy Pns Which

do not occur in § so that these variables equated to constants are solutions of
the extended system. When this is done, we can order the ¢’s and p’s in square
arrays || ¢i; ], || pi; || in such a way that p;; corresponds to g;; for all ¢ and j.
Equation (102) then becomes

8 8gss
or, if the matrices || ¢i;|| and || p;: || are denoted by ¢ and p and the corre-
sponding transverse differential operators by 8, and 9,

(103) ¢ = 09,9, p = 9,9.

Gis =

i
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If we transform (103) by the substitution

g =e'Q¢, Q=1Qyll, = e'Pevt, P = || Pyl
where w is a constant matrix, we get

¢ =e(Q +wQ — Que,  pr= (P + wP — Pu)e v,
Also, if ¢ is kept constant,

tr (dgo,) = tr (e“'dQe *'3,) = tr (dQe=¥'d €**)
with a similar relation for p. Hence
g = €06 "¢, 0p = €°'dpev",

Using these results in (103) we get
(104) @Q + wQ ~ Qu) = %9, (P+ wP — Pu) = —3¢9,

9 being expressed in terms of P and @ and, if necessary, also {. Now from (96)

Qu — wQ = 3tr [w(PQ — QP)) —(Pw — wP) = 3qtr [w(PQ — QP)]
and hence, if

(105) R =9 + trlw(PQ — QP)] = © + tr{w(pg — ¢p)],

we have in place of (103)

(106) Q=08 P= -3,

80 thaﬁ the trangformation is canonical.
IfQ = 0 = Pin (104), then

wQ — Qw = 3P, WP — Pw = —0e9
or on restoring the exponential factor
(107) wg — qw = 8,9, wp — pw = —3,9.

When § is given, these are algebraic equations which can be solved for p and g¢;
the solution will of course generally contain arbitrary parameters.
Under the same assumptions (106) becomes

(108) 0rf = 0 = 3¢R,

and if P, @ are independent variables, the only solution is & = constant and
the only solution for $ in (107) then has the form

* = trlw(pg — ¢p)]

apart from an additive constant. Equation (108) may then be written

(109) 35(9 — O*) =0 = 3,( — Y.
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Now, if r, 3, -+, r» are the parameters in the solution of (107) we have
oS — O _ 3V opy 30 = 8 | S 09y 9(® ~
o are Py ore 9
which vanishes in virtue of (109). Hence, if $ is expressed in terms of r,
T, *++, Tm by using the solutions of (107), it will differ by an additive constant

at most from — tr [w(pg — ¢p)].



CHAPTER IX

THE AUTOMORPHIC TRANSFORMATION OF A BILINEAR FORM

9.01 If the variables of a bilinear form whose matrix is ¢ are transformed
cogrediently by a matrix z, the matrix of the new bilinear form is 2’ax; when
this new form is identical with the old, the transformation is said to be
automorphic. The problem of finding all automorphic transformations of a is
therefore equivalent to solving the equation

(1) z2'ar = a.

We shall assume for the present that | a | # 0 in which case also | z | # 0.
It follows from (1) that z’a = az~'. Hence, if f(A) is a scalar polynomial

1" [f@))'a = fz)a = af(z™).
In particular, if f(A) = (1 — N)/(1 + A) and y = f(z~?), then

-zt 2z-1
L T S
provided [z 4 1| # 0. Hence from (1’) y'a = —ay so that

(2) —f(z)

(3) y = —aya~L

Conversely, if y satisfies (3) and |1 — y| # 0,thenz = (1 4 3)/(1 — y) isa
solution of (1) such that |z 4 1| 0. For from (3) f(y)a = af(—y) so that

Similarly,if [z — 1] = 0, wemaysetz = (1 — y)/(1 + y) and then y is a
solution of (3) such that |1 + y | # 0, and conversely. The effect of the trans-
formation (2) is therefore to reduce the solution of (1), which is quadratic in z,
to that of (3), which is linear in y, except when both 1 and —1 are roots of z.
It is because (3) is linear that it is more convenient than (1); in particular if we
regard

(3" ya4ay =0, y=|mll, a=]all,

as a system of n? linear homogeneous equations in the 7’s, then the rank of the
system gives the number of parameters which enter into the solution when those
values of y (or of z) are excluded for which both 1 and —1 are roots.

Since the main problem is thus reduced to the solution of linear equations, it
may be regarded as solved; the solution, however, can be given a somewhat more
definite form as we shall now show.

140
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9.02 The equation y’ = = aya~!. We shall consider in place of (3) the more
general equation
4) y' = daya~t, 8 = 1.
Forming the transverse we get y = da’~'y'a’ or 4’ = éa’ya’~, whence
(5) ya~la' = a"la'y, a'ya’-! = aya™?
so that y is commutative with a='a’. Now from (4) we have y = sa~'y’a and
hence

2y = y + da"'a.
But if b is any matrix commutative with a—a’, then
(6) y =b4 saWa
is a solution of (4); for on substituting this value of y we get

y — daya™! = b’ 4 da’ba’! — sabal — b =0

since, as in (5), a’ba’~! = aba™!, It was noted above that y has this form and it
therefore follows that the general solution of (3) is obtained by setting

)] ¥y =b— aWa, ba~la’ = a~'a'd.

It should be noted, however, that two different values of b may give rise to the
same value of y.

9.03 We are now able to give a solution of (1) under the restriction that either
|z 41| 0o0r|z — 1] 0. Since the first condition is transformed into the
second if z is changed into —z, it is sufficient for the present to assume that
|z + 1| # 0, and in this case the value of y given by (2) is finite. In termsof y
we bave

_1+y 14+b—-a'be

x—l_y—1_b+a_1b,a=(a-—ab—]—b’a)“(a-[—ab—-b’a)
or, if
8 ¢ = ab — bla,
then
9) z=(a—c)(a+ o), |.’E—{—1I¢O,
z=(c—a(a+c), lz — 1] 0.

It follows as in §9.01 that, if x has this form, it is a solution of (1
In place of (8) we may define ¢ by

(10) ¢ = =ad'a”lc = —ca~la,
For from (7) and (8)

¢ =ba —ab= —dalc = —cala’
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and, if ¢ is given by (10) and z by (9), then

=@+ @ —-c)'=(a — cata") (a' + cala")!?
(I—ca YA +ea)'=(1+ca) (1l —ca™?) =ala+c)!(a—cla!

= gz~ la~

If a is symmetric, (8) or (10) gives ¢’ = —¢, and ¢ is otherwise arbitrary except
that | a — ¢ | # 0;in particularif ¢ = 1, (9) reduces to the form of an orthogonal
matrix already given in 6.03. Similarly if a is skew, (10) shows that ¢ is an
arbitrary symmetric matrix subject to the condition that | ¢ — ¢ | # 0.

The case in which a is symmetric can also be handled as follows. We can set
a = b? where b is symmetric and, if

y = b~ 'zbh,

equation (1) gives yy’ = 1 so that y is orthogonal. Conversely, if ¥ is any
orthogonal matrix z = byb—!1is a solution of (1).

9.04 Principal idempotent and nilpotent elements. Since z is similar to
(z’)1, the elementary divisors which correspond to roots other than =1 occur in
pairs with reciprocal rodts. If we arrange these roots in pairs g,, g,* and denote
the corresponding principal idempotent elements by e, and e_,, respectively, we
may set

(11) =z =3[g(e, + &) + g7 -1 + £)7 + Ou(er + &) — Bale—s + £-)

where the £'s are nilpotent, e;, e_; are the principal idempotent elements cor-
responding to 1 and —1, if present as roots, and 6,8, are either 0 or 1. The
form of z~1is then

(12) x—l = 2 [gr(e—r + E—r) + g:l er(l + Er)_l] + 01 61(1 + 51)_1 - 026—1(1 + 5—1)_1
and (11) gives

? ’

0 e Ol
e, = ae,at, e, = ae_a~!
(18 b= —a; _i i, al, ¢, = —a; j——l‘é-l a L
We require also the formof z + z~land z — z7!; if
(14) W=t by Br=E — b
then

4zt =Zg(e + e + ) + g7 e + e) 1+ )7
+ 01{(er + &) + ex(1 + &)Y — Ba{(es + £21) 4+ ea(l + ED7Y)

z— 12! =2[g(e — e, +'8,) — g. (e —e_,) (1 + B)7Y
+ 6iller + &) — ei(l 4 £)71) = O:{(emy + §-1) — ea(1 + &)1



[9.04] PRINCIPAL IDEMPOTENT AND NILPOTENT ELEMENTS 143

or if
_ e e _ E% _ 531
Yr = Grlr g- iFa Y= 1—+ El, Y—1 i+es
u5> o = g:&r + 971 r—%‘?’ b = gk + g:1 1‘%‘—_’5—!
b = 26 — vy, o1 =284 — v
we have

(16) z+ 27t =Z[(g, + 97" (er + e=) + 7] + 6261 + v1) — 6:(2e_1 + v_1)
a7 z—2t=2{@g - e+ &} — {(g — g7 emr + 0_:}] + 6181 — 6204

where the elements grouped together are principal elements.

The principal idempotent elements of z — z~! are also principal idempotent
elements of = except that roots 1 and —1 of z both give the same root 0 of
2 — z7%; no root of x other than 41 leads to the coalescing of roots in 2 — z™1,
If we put

(18) 2u =2 4+ 27, =z — 2z

then u is a solution of (4) with 8 = 1 and visa solution with § = —1; also

(19) =20 —-1=0

which has the formal solution

(20) z =24+ (0 4+ D

Here #* 4 1 = u? so that (»* 4 1)! exists whenever z is a solution of (1). Con-
versely, if v, is any solution of (4) with § = —1 and if u; is a determination of

(»! + 1)} such that
(21) Ui = Gy,
then z is a solution of (1); for
r'a = via + uja = —av, + au, = az~!
since
(ur +v) (wg —v) =ul —o? =1

If ¥ + 1 has no zero root, determinations of (v 4 1)} always exist which are
polynomials in »? and therefore satisfy (21); but even in this case this does not
give all solutions. The situation is as follows. The general form of v is given
by (17) if we replace g. — g,' by, say, 2k, and 6:6; — 8;5_; by 6c. When k. is
given, then ¢, is determined; from (13) and (14) we have (5. + 6_/,)a = a(s, +
é_,) and therefore, if k% 4+ 1 # 0, the part of (¢* + 1)¥ corresponding to e, 4 ¢_,
exists and satisfies (21); we therefore get all valid expressions for this part of
(v* + 1)} by using the form of the square root given in §8.05 with the restriction
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that the only sets of partial units that may be used are those that satisfy (21).
However, since (12 + 1)} = u, (16) and (17) show that we need only use the
idempotent elements e, 4+ e_,, which are determined by v, in those parts of the
square root which do not depend on the zero root of v; e; and e_, however, are
not defined by v so that it is necessary in any particular case to consider how e
and §, can be broken up into parts which have the required property.

If v has a zero root with the principal idempotent and nilpotent parts eq, 8o,
then e? = e shows that, although 6,0 = —ad,, we have

(21 €oa = aeo.

We therefore seek to divide ¢, into-two idempotent parts, e; and e_;, which are
commutative with v and therefore with 8, In forming the square root we then
attach the value +1toe; and —1toe_;.

If k2 + 1 = 0, then g, = ¢ and the corresponding part of (v? 4+ 1)¥is 2¢(8, +
6_,) + 82 + 8%, and it is readily shown from (15) that this has a square root.
The details are left to the reader,

If b is a solution of b’a = —ab, then so are alsot = tan band ¢ = tan 2b. A
short calculation then gives z = (1 + 2)/(1 — ¢) subject to the restrictions
already given; this shows the relations between the rational and irrational
solutions.

9.05 The exponential solution. Some of the difficulties of the solution in
§9.04 can be avoided by setting
(22) z = exp(z) = ¢, z=logz

where a principal determination of log z is to be used. Since this determination
of log z is a polynomial in z and z’az = a, we have

(23) 2z’ = Log 2’ = Log az7la™! = a(Log z7Y)a!
and therefore
(24) 1 = r'ara = e'¢>0! = ¢ tazaTl
From (11)
25) z = Z[(ogg.) e + 1, ~ (log gr) e—r + 1] + 6um1 + amie_y + n-1)
"75=Ea—‘é’£f+"' (s=7)—r:1,—1)
and from (13)
el = ae_,at, n. = —an_,a-t (s =71, —1),
(26) , ,
e, = ae, a7}, N, = —an,0! (s =1, —1).

Hence

2 + aza= = Z{(log g)e, -+ n, — (logg)el, +nl) + 8y + falmiel, + 7.)
' ' ' ’ ' ot ’
+ E[(IOg gT) € — Nep — <“Og gf)er - nr] - 61"71 + 62(7”'6—1 - 77—1)
= 2927(‘7:6_,_1,
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and therefore, if we set

(27) F=0,0=06=01, w=z— i,

we have

(28) w + awa™ =0, ¢ — ata"! =0,

and

(29) w = Z{(log g.)e, + 7. — (log grle—, + n_] + 6im1 + ban_y.

The general value of = can therefore be expressed in terms of the solution of the
equation discussed in §9.02.
If we now start with w as a solution of (28) and define z by z = ¢¢, then

2 = ¢ = ¢l = gevgl = gr—lg!

and therefore z is a solution of (1); to obtain every solution, however, we must
add the terms =i{ to w.

If e, is the principal idempotent element corresponding to the root 0, then
(29) shows that the presence of the {-term depends on the division of ¢, into two
parts e; and e_; which satisfy the second set of equations in (26); and correspond-
ing to these we have nilpotent parts 5 and »_; which give rise to 1 and —1,
respectively, as roots of z, or 0, 77 as roots of z.

A form which gives rational parameters is obtained from the exponential
solution as follows. Let

€ — 1 r—1
(30) t=tanh(z/2)._.ez_|_1_x_|_1
then
1+t
(31) T=1Tp
and
- _ e — !
ala-t — %59 1 1 —azrta? 1-—x -y

aza'+1 14 azrte? 142

so that (31) gives a solution of (1). If, however, |z 4 1| = 0, then ¢ becomes
infinite so that (31) cannot give directly any z which has —1 as a root. This
difficulty arises from the fact that tanh(8/2) — « when 8 -— =7; but, since (¢ + 1)
(t — 1) = & for all values of ¢ which do not have an infinite root, that is, one
corresponding to a root (2k + 1)< of 2, hence z will be a solution of (1) so long
as the coordinates of z are continuous functions of the parameters involved
and the limiting value of z is finite and determinate.

9.06 Matrices which admit a given transformation. In (1) we may regard z
as given and « as unknown; the problem then is to find all matrices a such that

(32) r'ar = a.
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If we associate with @ = || a;; || the corresponding tensor of grade 2,
U = 2ai€:é;,

we see immediately that (23) corresponds to setting (cf. §5.10)

(33) Ma(z)u = u.

Hence there is a solution if, and only if, z has at least one pair of reciprocal roots;
in this case I,(z) has one or more roots equal to 1 and the various invariant
elements corresponding to this root give a linearly independent set of determina-
tions of a.

When it is required that | @ | # 0, another form of solution is preferable. In
this case ' = az~'a~!; but, since x and z’ are similar, we also have z’ = pap™!,
where, if p; is one determination of p, the general form is

(34) p = pb, bz = zb, |b] = o0.
Hence it is necessary that z—! be similar to z, say

(35) 7t = gi'zqy

which gives immediately

(36) a = pibg.

Conversely, if pi, b, and ¢ satisfy the given conditions, it follows immediately
that (36) gives a solution of (32).



CHAPTER X

LINEAR ASSOCIATIVE ALGEBRAS

10.01 Fields and algebras. A set of elements which are subject to the laws
of ordinary rational algebra is called a field. We may make this idea more
precise as follows. Leta, b, --- be a set of entities, F, which are subject to two
operations, addition and multiplication; this set is called a field if it satisfies the
following postulates:!

Al. a + bis a uniquely determined element of F.

A2. a +b=b4+a.

A3. (a+b)+c=a+4 b +0).

A4, There is a unique element 0 in F such that ¢ 4 0 = a for every element a
in F.

A5. For every element a in F there exists a unique element b in F such
thata + b = 0.

M1. ab is a unique element of F.

M2. ab = ba.

M3. ab-¢c = a-be.

M4. There is a unique element 1 in F such that al = aforeveryain F.

M5. For every element a # 0 in F there exists a unique element b in F such
that ab = 1.

AM. a(b+¢) = ab + ac, (b + c)a = ba + ca.

R. If m is a whole number and ma denotes the element which results from
adding together m a’s, then ma # 0 for any m > 0 provided that a = 0.

If M2is omitted the resulting set is said to be a division algebra. This does not
imply that M2 does not hold, only that it is not presupposed; if it does hold,
the algebra is said to be commutative. If M2, 4, 5 are all omitted, the cor-
responding set is called an associative algebra. 1If the algebra contains an identity,
that is, an element sutisfying the condition laid down in M4 for 1, this element is
called the principal unit of the algebra. Postulate R is included merely as a
matter of convenience; its effect is to execlude modular fields. In consequence
of R every field which we shall consider contains? the field of rational numbers
as a subset.

As an example of a field we may take the field of rational numbers extended
by a cube root of unity,w = (—1 4+ +/—3)/2. Every number of this field can
be put in the form

a=uoa+ fw=al 4+ fw

1 These postulates are not independent; they are formed so as to show the principal
properties of the set. In place of M5 it is often convenient to take: M5’ If a % 0, ez = 0
implies z = 0.

2 Strictly speaking, we should say that the field contains a subset simply isomorphic with

the field R of rational numbers. This subset is then used in place of R in the same way a8
scalars are replaced by scalar matrices in §1.04.

147
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where o and 8 are rational numbers; the form of a is unique since a + fw =
v + & gives (8 — 8) w = v — « and, since w i8 not rational, this is impossible
unless 8 — 6 = 0 = vy — a. We say that 1, w is a basis of F relative to the field
R of rational numbers, and F is said to be a field of order 2 over R.

As an example of an associative algebra we may take the algebra of matrices
with rational coordinates. Here any element a of the algebra can be put
uniquely in the form a = Xa;se;; where the ay; are rational numbers; and
ei(1,j = 1,2, --+,n) form a basis of the algebra, which is of order n2. We
also have an algebra if the coordinates a;; are taken to be any elements of the
field F = (1, w) described above. This algebra is one of order n* over F.
Instead of regarding it as an algebra over F we may clearly look on it as an
algebra of order 2n? over R the basis being eq;, wesi(4,7 = 1,2, -+« , n).

10.02 Algebras which have a finite basis. Let A be a set of elements which
form an associative algebra and G a subset which is also an algebra. We shall
say that a;, as, - -+ , a, form a basis of A relatively to G if (i) each a; liesin 4,
(ii) if every element of A can be put uniquely in the form

(1) a = 70 + v202 + *** + YnQn

where the v’s belong to G. Though it is not altogether necessary to do so, we
shall restrict ourselves to the case in which G is a field which contains the rational
field, that is, we assume as a postulate:

BR. For every algebra A under consideration there exists a non-modular
field F and a subset, of elements a;, az, - - , a, such that (i) every element of A
can be put uniquely in the form

a = z'y.-a.- (yiin F)
1

and (ii) every element of this form belongs to 4; and further the elements of ¥
are commutative with a;, as, - -+ @,

Since the product of any two elements of A is also an element of A and can
therefore be expressed in the form (1), we have

(2) AG; = 2 Vi Gk (j=1,2-,n)
k

where v, are elements of F. Since the law of combination of the elements of F

is supposed known, (2) defines the product of any two elements of 4 ; for

(3) (Ea.-a.-) (Eﬁ.-a,-) = Zafijaa; = ZoiiyiskGr.

If the values of the v’s are assigned arbitrarily in F, it is readily shown that the
only postulate which is possibly violated is M3 which states that ab-c = a-be;
and in order that this condition shall be satisfied it is necessary and sufficient
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that a;-a;a: = a.a;-ax for all the elements of the basis. This gives immediately
the ‘associativity’ condition

4) 2 Yika Vial = E Yija Yakl (’i, »kl=12..., n).

10.03 The matric representation of an algebra. If we set

(5) Ai = 2 Yigp€pq (z = 1) 2) e 7n).'
7, ¢=1

the law of multiplication for matrices gives
Aili = ZViapYiqapq
and therefore. from (4)
Aild; = ZVijaYaep€oe = ZVijala

Hence the set of matrices of the form Za:4 ; is isomorphic with the given algebra
in regard to both addition and multiplication. Further, if the algebra contains
the identity, the isomorphism is simple; for, if there exist elements «; of the field
such that Za;4; = 0, it follows that

(Ea.-a.-):c =0

for every element z of the algebra, and putting z = 1 we get Za;a; = 0.
If the algebra does not have a principal unit, all that is necessary is to replace
(6) by
n+1

(6) 4; = 2 Yigp €pq

Pyg=1

where v;,j,n41 = 0 (2,7 < 1) and ynqa,4,5 = 8i5 = 7vi, n+1,;for all £ and j.

The importance of this representation is that it enables us to carry over the
theory of the characteristic and reduced equations from the theory of matrices.
The main theorem is as follows.

TrEOREM 1. The general element x = Z£.a; satisfies an equalion of the form
(7) km+bl)\m—l+,,_+b =0

where b, is a rational homogeneous polynomial in the £s of degree p; and if the
variable coordinates £, are given particular values in F, there exists a rational
polynomzal

®) PO = M 4 AR 4 ot 4 B,

such that (2) ¢(x) = 0, (#5) if ¥(\) 2s any polynomial with coefficients in F such that
¥(z) = 0, then o(N) is a factor of ¥(N).
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This theorem follows immediately from the theory of the reduced equation
as given in §2.05 and from the fact that the equation which is satisfied by the
general element must clearly be homogeneous in the coordinates of that element.

As in the theory of matrices, —b, is called the trace of z and is written tr(z).
The trace is linear and homogeneous in the coordinates and hence tr(z - y) =

tr(z) + tr(y).

10.04 The calculus of complexes. If z), 22, --- , 2, are any elements of an
algebra A in a field F, the set B of all elements of the form Z¢z; (¢; in F) is
called a comples® or linear set. Any subset B of A which has the property that,
when z, y are any two of its elements, then & 4 #y is also an element of the set
isa complex. This follows readily from the theory of linear dependence and the
existence of a finite basis for 4 ; it is also easily shown that any subcomplex of A
has a finite basis; the order of this basis is called the order of the complex.

We shall write B = (z3, 3, -+ , ,); this does not imply that the 2’s are
necessarily linearly independent. If C = (y1, ¥z, +-- , %) is a second complex,
the sum of B and C is defined by

B + C = (Il, Toy * Ty Yy Y2yt y!))

that is, B + C is the set of all elements of the form z + y where z lies in B and
yin C. Similarly the product is defined by

BC =(y;:1=1,2,---,r;7=1,2,---,8).

The set of elements common to B and C forms a complex called the intersection
of B and C; it is denoted by B ~ C. If B and " have no* common element, we
write B ~ C = 0. If every element of C lies in B but not every element of
B in C, we shall write C < B; in this case B 4 C = B. A complex of order 1 is
defined by a single element, say zi, and for most purposes it is convenient to
denote the complex (z,) simply by z:; 21 < B then means that z, is an element
of B.

If a complex B is an algebra, the product of any two of its elements lies in B
and hence B? < B; conversely, if this condition is satisfied, the definition of the
product BB = B? shows that B is an algebra.

We add a summary of the properties of the symbols introduced in this section.

B+C=C+B, (B+C+D=B4+(C+D), BCD=B-CD,
BAC=C~B (BAC)~D=Bn(C~D),

B(C + D) = BC + BD, (C + D) B = CB + DB,

B4+ (C~D)<(B+C ~B+D), BEC~D)<BCA~BD.

* The term ‘complex,’ which was introduced by Frobenius in the theory of groups, is
more convenient than ‘linear set’ and no confusion is likely to arise between this meaning
of the term and the one used in geometry.

¢ To avoid circumlocution we say the complexes have ‘no element in common’ in place
of the more correct phrase ‘no element in common except 0.’
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If B £ C,then B 4 C = C, and conversely.
If B< C, thereexists D < CsuchthatC = B--D,B ~ D = 0.
If B=C+ DandC ~ D = 0, we shall say that B is congruent to C modulo
D, or
B = C (mod D);

and if b, ¢, d are elements of B, C, D, respectively, such that b = ¢ + d, then
= ¢ (mod D), ¢ = b (mod D).

10.05 The direct sum and product. If A = (a, as, -+* , @) and B = (b,
bs, -+ -, bg) are associative algebras of orders «, 8, respectively, over the same
field F, we can define a new algebra in terms of them as follows. Let C be the
set of all pairs of elements (a, b) wherea < A and b < B and two pairs (a, b),
(a’, b') are regarded as equal if, and only if, @ = @/, b = b’. If we define addition
and multiplication by

((1, b) + (a’} b/) = (a + a/: b + b’)
9 (a,b) (@', ') = (aa’, bb')
t(a, b) = (fa, &) (¢in F),

it is readily shown that the set C forms an associative algebra. This algebra
is called the direct sum of A and B and is denoted by A @ B; its order is a 4 B.

The set A of all elements of the form (a, 0) forms an algebra which is simply
isomorphic with A4, and the set B of elements (0, b) forms an algebra which is
simply isomorphic with B; also

C=%4+98, IB=0=2BY, A~B=0

In consequence of this it is generally convenient to say that C is the direct sum
of A and B.
If we replace (9) by

[

(9!) E(a, b) = (Ea) b) = (a: Eb) ('E in F)
(a, b) (a', b") = (aa’, bb),

we get another type of algebra of order a8 which is called the direct product
of A and B and is denoted by A ® B or by A X B when there is no chance of
confusion. If both 4 and B contain the identity, the set U of elements of the
form (g, 1) forms an algebra simply isomorphic with 4 and the set B of elements
(1, b) is an algebra simply isomorphic with B; also®

C=98 =By, A~B=(,1) =1,

and the order of C is the product of the orders of % and 8. As in the case of
the direct sum it is convenient to say that A is the direct product of A and B
and to indicate this by writing C = 4 X 8.

5 Strictly speaking we should use different symbols here for the identity elements of the
separate algebras.
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The following theorem gives an instance of the direct product which we shall
require later.

TaEOREM 2. If on algebra A, which contains the identity, contains also the matric
algebra M (ei5;1,7 = 1,2, + -+ , ), the identity being the same for A and M, then A
can be expressed as the direct product of M and another algebra B.

Let B be the set of elements of A which are commutative with every element
of M ; these elements form an algebra since, if b;e,, = €,bi (£ = 1,2, --- ), then
also

(bi + bilepq = epe(bi + b)), bibierg = epebib;.

Further B ~ M is the field F, since scalars are the only elements of M which are
commutative with every element of M.
If z is any element of A and

Tpg = z ; €ipTeyiy

]

then

TpgCrs = E : CipTCoiCrs = €rpTyy = €y E : CipTy = €r,Tpq

1 1

8o that z,, belongs to B. Also

E : Tpgbpg = E : CipTCqi€pgq == E : €ppTqqg = T
re

pgs re

so that A = BM, which proves the theorem.

10.06 Invariant subalgebras. If B is a subalgebra of A such that
(10) AB < B, BA < B,
then B is called an ¢nvariant subalgebra of A, If we set
A=B+C, BA~C=0,
the product of any two elements c;, ¢; of C liesin A and hence
¢icj = ¢ij + bij, ¢; < C, bij < B.
If we now introduce a new operation X defined by
(11) ¢ X ¢; = Cijy

then the operations 4+ and X, when used to combine elements of C, satisfy all the
postulates for an associative algebra. To prove this we need only consider the
associativity postulate M3 since the proofs of the others are immediate. If
¢, 2, ¢; are any elements of C, then both ¢; X (¢: X ¢5) and (¢; X ¢2) X ¢5 differ
by an element of B from ¢,cecs; their difference is therefore an element of both B
and C and hence is 0

The elements of C therefore form an associative algebra relatively to the
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operations + and X. When this algebra is considered abstractly, the operation
X may be called multiplication; the resulting algebra is called the difference
algebra of A and B and is denoted by (4 — B). o

The difference algebra may also be defined as follows. Let by, by, ++- , bg
be.a basis of Band ¢, ¢a, - - - , ¢y & basis of C, so that by, ba, ++- , bg, €1, ++ ¢, Cy
isa basisof A. Since A is an algebra, the product ¢,c; can be expressed in terms
of this basis and we may therefore set

(12) eicj = Zyipte + Zdinbe.
The argument used above then shows that
(13) d-.'di = Z'Yiikdk

defines an associative algebra when B is invariant.

It is readily seen that the form of the difference algebra is independent of the
particular complex C which is used to supplement Bin 4. Forif A = B + P,
B ~ P = 0, it follows that to an element p of P there corresponds an element ¢
of C such that p — ¢ < B; and we may therefore choose a basis for P for which

pi = ¢+ ¢ (i< Bji=1,2"--,7.
Equation (12) then gives
- PP = ZvipPe + bij ,
where bij = qiqi + qici + ¢iq; + Zdipbr — Zvipbe < B,

and the algebra derived from this in the same way as (13) is from (12) is ab-
stractly the same as before.

If the algebra A does not contain the identity, it may happen that 42 < 4,
A% < A?, and 50 on. Since the basis of A is finite, we must however have at
some stage

Am < Am—l’ Am+l — Am;

the integer m is then called the index of A. The most interesting case is when
A™ = 0; the algebra is then said to be nilpotent.

When N, and N; are nilpotent subalgebras of A which are also invariant,
then N, + X is a nilpotent invariant subalgebra of A. This is shown as
follows, Let m,, ms be the indices of N; and N respectively; Ny = Ny ~ N
is nilpotent and, since N3: £ NT! = 0, its index m; is not greater than m;. Now

(N1 + N2)? = NI 4+ N} 4+ NiN:2 4 NoN,
SN 4N +N: SN+ N,

since it follows from the invariance of N, and N. that NN, and N.¥, are con-
tained in both N, and N: and therefore in N;. Similarly

(Ni+ No)" SN[+ N: + N,
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so that, if m is the greater of m; and m.,
(N1 + No)" < N7+ N7+ N, = N,
and hence N, + N:is a nilpotent subalgebra. Further

ANy 4+ N:) = AN: + AN S N1 + N
N1+ N2)A = N\A 4+ N:A < N1+ N.

so that N; + N. is invariant. It follows that the totality of all nilpotent
invariant subalgebras is itself a nilpotent invariant subalgebra; this algebra is
called the maximal nilpotent invariant subalgebra or radical of A.

An algebra A which is not nilpotent and which has no radical is said to be
semi-simple; if in addition it has no invariant subalgebra, it is said to be simple.®
We have then the following theorem whose proof we leave to the reader.

TreorReM 3. If N is the radical of a non-nilpotent algebra A, then (A — N) ts
semi-simple. ;

10.07 Idempotent elements. In the preceding section we defined a nilpotent
algebra of index m as one for which A” = 0, A™~! # 0. An immediate con-
sequence of this definition is that every element of a nilpotent algebra is nil-
potent; we shall now prove the converse by showing that, if 4 is not nilpotent,
it contains an idempotent element,

TuroreM 4. Every algebra which is not nilpotent contains an idempotent element.

Let A = (ai, az -, a,) be an algebra of order a. If aA = A for some
element a in A4, then az = 0 only when z = 0; for a4 = A implies that aq,,
aas, -+ , GG i8S a basis, which means that there is no relation of the form

0 = Ztiaa; = aZtia;

except when every ¢ = 0. Also, if ad = A, there must be an element ¢ in 4
such that ae = a;this gives ae? = aeor a(e? — e) = 0 and hence ¢? = e.

The theorem is true of algebras of order 1; assume it true for algebras of order
less than . If a;A = A for some a;, the theorem has just been shown to hold.
If a;A < A for every a; in the basis of A, then, since (ai4)? = a;da:4 < a4,
either a;A contains an idempotent element or, being of order less than ¢, it is
nilpotent. Now (da;4)" < A(a;A)r and therefore Aa;A is also nilpotent; but

A-AaiA € AaiA, Ada;A-A £ AaiA

go that Aa;A is invariant and being nilpotent is contained in the radical N of 4.
Hence

A3=2Aa.~A5N

¢ Simple algebras are usually excluded from the class of semi-simple algebras; it seems
more convenient however to include them.

The statement that A is not nilpotent is made in order to exclude the algebra of order 1
defined by a single element whose square is 0.
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so that A3, and therefore also 4, is nilpotent, contrary to the hypothesis of the
theorem. It follows that some a;A is not nilpotent and being of lower order
than 4 contains an idempotent element by assumption. The theorem is there-
fore proved.

The following lemma is an immediate consequence of Theorem 4.

LemMma 1. A non-nilpotent algebra cannot have a basts every element of which s
nilpotent, nor a basis for which the trace of every element s 0.

For, if every element of the basis is nilpotent, the trace of every element of the
algebra is 0 whereas the trace of an idempotent elenient is not 0 since the only
roots of its characteristic equation are 0 and 1.

If ¢ is the only idempotent element in ede, it is said to be primifive. An
algebra which is not nupotent contains at least one primitive idempotent
element. For, if eAe contains an idempotent element e; # ¢, then e;(e — ¢) = 0
so that e;eAee; does not contain e — e, and is therefore of lower order than ede;
since the order of ede s finite, a succession of such steps must lead to a primitive
idempotent element.

TuroreM 4.5. A simple algebra has a principal unit.

If A is not nilpotent, it conlains an idempotent element e. If a is any element
of A, we may set ¢ = a; + as where

a; = ea + ae — eae < eA + Ae, as = a — @, eas = 0 = aqe.
We can therefore find a complex A4, such that
A =¢ed 4+ Ae 4+ A, ed 4+ Ae ~ A, = 0, ed1 = 0 = Ae.

If A, 18 not nilpotent, it contains an idempotent element ¢’ and ¢ + ¢’ is also
idempotent since ee’ = 0 = ¢’e. We can therefore take e 4+ ¢’ in place of ¢ so re-
ducing the order of A4,, and after a finite number of such steps we arrive at a
stage at which A; contains no idempotent element and is therefore nilpotent;
we shall now assume that e was chosen at the start so that A is nilpotent; we
shall also assume that e is not an identity for A and there is no real loss of
generality in assuming in addition that it is not a left-hand identity.

Let r be the index of 4;. If » > 1 and z # 0 is any element of A{~ then
zA: = 0 = Ayx, ex = 0;if r = 1, then A, = 0 and since ¢ is not a left-hand
identity, e < eA < A so that thereis an z # 0 such that ex = 0; we have there-
fore in both cases

zA; =0 = Az, ex = 0.

We now have Az = edxr, AzA = eAzA; hence Az < A, AzA < A and AzA is
therefore an invariant subalgebra of 4; if 4z4 = 0, then Az is invariant and
not equal to 4;if Az = 0, then zA is a proper invariant subalgebra unless it is 0
in which case X = {z} is a non-zero invariant subalgebra of A. In the caseof a
simple algebra it follows that e is an identity.
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Corollary. An algebra without a principal unit is not semi-stimple. For
(Az)? = AzAxr = Azedxr = 0if A, # 0.

10.08 Matric subalgebras. Let A be an algebra which contains the identity
and let ¢; be a primitive idempotent element; then ¢, = 1 — e, is also idempotent
and, if e;Ae; is denoted by A;;, then

A = (61 + ea)A(el + Ea> = All + Ala -+ Aal -+ Aaa-

Suppose in the first place that A .1A1. is not nilpotent; there is then some a;; <
A1q such that A a2, which is an algebra, is not nilpotent since otherwise 4 ,1414
would have a basis of nilpotent elements, which is imppssible by Lemma 1; hence
some such A .1a;; contains an idempotent element, say e = auai. If e; is not
primitive in A, say ez = ¢ + 2", ¢’¢” = 0 = ¢”¢’, where ¢’ is primitive in 4,
then a;¢’ # 0 since otherwise

¢ = e’ = anape = 0;

also ¢/ < A.q since 0 = ey = e + ee” so that eie” = —ee’ and therefore
el = —ee’e =0

and similarly ¢’e; = 0; we may therefore take a;, = apz¢” and a;, = €'az in place
of a;2 and as1, which gives ¢’ in place of e2. ' We can therefore assume a2 so chosen
that e, is primitive in 4 ; also, since e:a2a,2¢2 = €5 = es, then, replacing ax by
€20y, if necessary, we may assume €:0s; = @o1 and similarly aies = aqs.

The element a;2as; is not 0 since

2
a21012021012 = A1012° A21Q12 = €5 = €y,
and it is idempotent since
(012021)° = (ig- Q2 A2 = G12€202 = Q12021

But ajz00 < A1.4Am £ Ay and, since e is primitive, it follows that aay = e
For the sake of symmetry we now put a;; = e;, a2 = ¢z, and we then have a
matric subalgebra of A, namely a1, 619, @21, @ao.

Since Am(Ai1cda)A1a = (Aamdia)™, it follows that A;ed w1 and A ad;. are
either both nilpotent or both not nilpotent. Suppose that both are nilpotent;
then, since their product in either order is 0, their sum is nilpotent and, because
(Aia + A0)? = A1aAd a1 + Aadys, it follows that

Ni=Adia+Ada + 4d1ed ot + 4aidia
is nilpotent. Now
AN; = (A + Aja + A + Adoa) (A1a + Aat + A1eAd s + Aardia)
= Apndia + Andicd e + A1ad o + A1l adia + Aadia
+ AalAlaAal + AaaAal + AaaAalAla
<N
since A;;A,, = 0 (p # j), Aijd jg £ Aiq Similarly NiA < N1 Hence N, lies
in the radical of 4.
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Suppose that we have found a matric subalgebra a;; (4,j = 1,2, --- ,r — 1)

suchthate; = ai; ( = 1,2, - -+ , r — 1) are primitive idempotent elements of A4 ;
r—1
lete, =1 — 2 e; and set A;; = e;Ae; as before. Suppose further that 4 ;4.
1

is not nilpotent for some 7; we may then take 1 = 1 without loss of generality.
By the argument used above there then exists a primitive idempotent element
er = Ay < AgA;,and elements a,; < Aay, a1, < A3, such that

anQ;y = Qrry ) Gry = a1y,
Arrry = Qr1y a1:0;r = Q5.
If we set
Qir = Qiryr, Qry = An1ly; (i =12 - ,r— 1):
then a;, # 0 since a1;ai» = @y, and a;; 1,5 = 1,2, -+ - , r) form a matric algebra

of higher order than before.
Again, if every A ;4. is nilpotent, it follows as above that each A4 ;.4 .;is also
nilpotent and hence

r—1
Nr—l = Z (Ai'a + Acn' + Al'aAai + Am'Al'a),

$,7i=1
having a nilpotent basis, is itself nilpotent; and it is readily seen as before that
it is invariant and therefore belongs to the radical of A.
We can now treat A ., in the same way as A, and by doing so we derive a set of
matric algebras M (a%;;¢,j = 1,2, - -+, rp) with the identity elements
L)
ap = E af;
1=1,
such that Za, = 1; also
N = 2 (apda, + a,dada,)
p*q

is contained in the radical N of A. We have therefore the following Lemma.

LemMma 2. If A is an algebra with an identity, there exists a set of matric sub-
algebras M, = (a%;;4,§ = 1,2, - -+, rp) with the principal units
TP

P

ap=2aii p=12---,k)
i=1
such that a,a, = 0 (p # ¢) ard Za, = 1, and such that
N = 2 (apda, 4+ apdaday)
g

lies in the radical N of A, Further each a%; is a primitive idempotent element of 4.
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Corollary. By = arAar + N’ is an invariant subalgebra of A. For
ABy = ZaA(arday + 2 a,Ada, + a,AazAday)

pHEq

= akAak + N’ = Bk-

10.09 We shall now consider the properties of the algebras a,4a, where a,
(p =1,2, .-, k) are the idempotent elements defined in Lemma 2.

Lemma 3. ayda, is the direct product of M, and an algebra B, in which the
principal unit s the only idempotent element.

The first part of this lemma is merely a particular case of Theorem 2. That
B, contains only one idempotent element is seen as follows. If ¢ is a primitive
idempotent element of B,, then a},e and a?,(a, — ¢) are distinet and, if not zero,
are idempotent and lie in a?,4a%;; but this algebra contains only one idempotent
element since af; is primitive; hence af,(a, — ¢) = 0, and therefore ¢ = a, is
the only idempotent element in B,.

LevuMa 4. If B is an algebra whose principal unit 1 4s its only idempotent element,
any element of B which is singular’ is nilpotent; and the totality of such elements
Sforms the radical of B.

The proof of the first statement is immediate; for, if a is singular, the algebra
{a} generated by a does not contain the principal unit and, since B contains no
other idempotent element, a is nilpotent by Theorem 4. To prove the second
part, let z and y be nilpotent but z = z 4 y non-singular; then 1 = 2~z 4
2~y = 2, + 1. Here x, and »; are singular and therefore nilpotent. If m is the
index of z,, then

I—z) Itz ta] 4+ +27)=1

and this is impossible since y; = 1 — z; is nilpotent. Hence z is also nilpotent
and the totality of nilpotent elements forms an algebra; and this algebra is
invariant since the product of any element of B into a nilpotent element is
singular and therefore nilpotent. It follows that B is a division algebra whenever
it has no radical, that is, when it is semi-simple.

10.10 The classification of algebras. We shall now prove the main theorem
regarding the classification of algebras in a given field F.

THeoREM 5. (i) Any algebra which contains an identity can.be expressed in the
Jorm

(14) A=8+N

7 An element of B is singular ¢n B if it does not have an inverse relatively to the principal
idempotent element of B.
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where N 1s the radical of A and S is a semi-simple subalgebra ;=S is not necessarily
unique but any two determinations of it are simply isomorphic.

(ii) A semi-simple algebra can be expressed uniquely as the direct sum of simple
algebras.

(iii) A simple algebra ca: be expressed as the direct product of a division algebra
D and a simple matric algebra M; these are not necessarily unique but, if Dy, M,
Dy, M are any two determinations of D and M, then Dy~ Dy, M1~ M,.

We have seen in Lemma 2 that A = Za,4a, + N/, where N’ < N, and also in
Lemmas 3, 4 that a,da, = M, X B,, where M, is a simple matric algebra. The
first part of the theorem therefore follows for A when it is proved for any algebra
like B, and when it is shown that the direct product of M, by a division algebra
is simple; for, if B, = D, 4+ N, then D, is a division algebra and

apAap=MpXDp+]”p><Nm MprSN-

If the field F is one in which every equation has a root, the field itself is
clearly the only division algebra and hence 3 ,D, = M,; in this case part (i) is
already proved. Further, the theorem is trivial for algebras of order 1; we may,
therefore, as a basis for a proof by induction assume it is true for algebras of
order less than the order « of 4.

If the field F is extended to F(£) by the adjunction of an algebraic irrationality
£ of degree p + 1, we get in place of A an algebra A’ = A(£) which has the same
basis as A but which contains elements whose coordinates lie in F(£) but not
necessarily in F; all elements of A are also elements of A’. Regarding A’ we
have the following important lemma.

LeEmMa 5. If N isthe radical of A, the radical of A’ = A(£) is N’ = N(§).

Let A = C + N,C ~ N = 0, and let the radical of A’ be N"; then clearly
N”> N'. If N” > N’, there is an element of N” of the form

" =co+af+ - 4 e b (c; < C,eo #0).
Since ¢” is nilpotent,
0 = tr(c") = tr(co) + &r(c)) + «--

and since tr(co), tr(c,), - -+ are rational in F, each is separately 0. But, if a4, a2
are arbitrary elements in 4,

ac”ay = a1cea2 4 aic1@2f + -

lies in N” and, since each ac;a; is rational in F, the trace of each is 0 as above.
Hence the trace of every element in Aco4 is 0 from which it follows by Lemma 1
that Aced is nilpotent and being invariant and also rational it must lie in N (ef.
§10.06). But AcyA contains ¢y since 4 contains 1 whereas C ~ N = 0; hence no
elements of N” such as ¢” exist and the lemma is therefore true.

We may also note that, if B, C are complexes for which B ~ C = 0,and B’, ¢’
the corresponding complexes in 4’ then also B’ ~ C' = 0.
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Suppose now that the identity is the only idenipotent element of A and that
the first part of the theorem is true for algebras of order less than . Leta # 1
be an element of A corresponding to an element 4 of (4 — N) and let f(.) be
the reduced characteristic function of @; f(A) is irreducible in F since (4 — N)
is a division algebra. Since f(@) = 0, it follows that f(a) < N and hence, if »
is the index of f(a), the reduced characteristic function of a is [f(A)]". If we
adjoin to F a root £ of f(A), this polynomial becomes reducible so that in A" =
A(%) the difference algebra (4’ — N’) is no longer a division algebra though by
Lemma 5 it is still semi-simple. If we now carry out in F(£) the reduction given
in Lemma 2, say

4’ = EePA'ep + N*r

either the algebras e,4’¢, are all of lower order than «, or, if A’ = e,4’¢,, then it
contains a matric algebra M’ of order n? (n > 1) and, if we set A’ = M'B’, as
previously, B’ is of lower order than «. In all cases, therefore, part (i) of the
theorem follows for algebras in F(£) of order « when it is true for algebras of
order less than «, and its truth in that case is assumed under the hypothesis of
the induction.

We may now assume

A=C+N, C~N =0,
A =8 4+ N, S§~N =0,

where S’ is an algebra simply isomorphic with (4’ — N’); N’ has a rational
basis, namely that of N (ef. Lemma 5).
If ¢1, c2, - - - is a basis of C then, since A is contained in A’ we have

c,-=s:+m:, 8$<S', m£<N', (7:=192)"')

and, since ¢ ~ N = 0 implies ' ~ N’ = 0, it follows that s;, s;, - - - form a
basis of S’, that is, we may choose g basis for S’ in which the elements have the
form

Ci + nio + naf + - (i< C,ni; < N)

where ¢;, nj, - - - are rational in F. Moreover, since C is only determined
modulo N, we may suppose it modified so that n is absorbed in ¢;; we then
have a basis for S’

(15) si = ci+ nak + oo + ok = &+ ng
When the basis is so chosen, the law of multiplication in S, say
(16) s,’-s; = Ecr,-,-,‘s,:

has constants o;; which are rational in F; for s: = ¢; mod N’ and ¢, is rational.
If we now replace s in (16) by its value from (15) and expand, we have

14 14 o ’
ciCi + oeny + ng6; + nin; = Zoiple + Jogny,
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but n; n; < (N')? and therefore
¢ + c,-n,'- + n;c,- = Zot + Ea,-,-kn,: mod (N')?,

a relation which is only possible if the coefficients of corresponding powers of &
are also equivalent modulo (N¥’)? and in particular

CiCj = Ea.',-kck mod (N')2.
Consequently the algebra A, generated by ¢; (i = 1, 2, ---, o) contains no
element of N which is not also in N2 and hence, except in the trivial case in which
N = 0, the order of 4, is less than . By hypothesis we can therefore choose C

rationally in such a way that cic; = Zoijick, that is, such that C is an algebra;
part (i) of the theorem therefore follows by induection.

10.11 For the proof of part (ii) we require the following lemmas.

Lemma 6. If A contains the identity 1 and if B is an tnvariant subalgebra which
has a principal unit e, then

A=B®(1—-eA(l —e).

Since ¢ is the principal unit of B, which is invariant, eAe = B; also eA{1 — ¢€)
and (1 — e)Ae are both 0 since Ae and e4 lie in B and, if b is any element of B,
then(1 —e)b=b—-b=0,b(1 —¢) =b —b = 0; hence

(17) A =ede+ (1 —e) A(1 — ¢), ede ~ (1 —e) Al —e) = 0.

Furtherede-(1 — e) A(1 —¢) =0 = (1 — €) A(1 — ¢)-ede, so that the sum in
(17) is a direct sum.

LeMMma 7. Every invariant subalgebra B of a semi-simple algebra A is semi-
simple and therefore contains a principal unit.

Suppose that B has a radical N ; then
AN £ B, (AN)? = ANA-N < BN <N
so that AN is nilpotent. But, since A2 = A, we have (ANA) = (AN)"4;
hence ANA is a nilpotent invariant subalgebra of A which, since A contains an
identity, is not 0 unless N is0. But A has no radical; hence N = 0 and B also
has no radical.
In consequence of these lemmas a simple algebra is irreducible and a semi-

simple algebra which is not also simple can be expressed as the direct sum of
simple algebras. Let

A=B&®&B:® - B, =C0C:® -+ ®Cy

be two expressions of 4 as the direct sum of simple algebras and let the principal
units of B; and C; be b; and ¢, respectively; then 1 = Zb; = Z¢;. We then
have Ci < Zb;,Cib; < C and therefore

Cr = Zb:Cib; = ZbiCibs
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since when 7 % jthen biCb; < B; ~ B; = 0and biCkbf-b,Ckb,- =0. If b;,Cib; =
0, it is an invariant subalgebra of C, and, since the latter is simple, we -have
b:Cib; = Cy for this value of 7 and all other b;C:b; equal 0, and therefore C; =
b;Ab; = B;. The second part of the theorem is therefore proved.

10.12 We shall now prove part (iii) of Theorem 5 in two stages.

LemMa 8. If D is a division algebra and M the matric algebra (e;; 1,7 = 1, 2,

- ,m),andif D X M = DM, then DM s simple.

Let B be a proper invariant subalgebra of A = DM. 1If z is an element of B,
then there exists an element y of A such that 2y = 0, since otherwise we should
have B > zA = A, in other words, every element of B is singular in 4 and
hence B~ D = 0. But

T = Edi;,'(’ij, d,’j < D
and d;; = 2 epixe;p and is therefore contained in B as well as in D. Since
Y4
B A~ D = 0,every d;; = 0, that is, x = 0so that B = 0. It follows immediately

from Lemma 2 that a simple algebra always has the form D X M, and also that
D~ e”A €z

Lemma 9. In a simple algebra all primitive idempotent elements are similar.

Let ¢ and a be primitive idempotent elements of a simple algebra A. We can
then find a matric algebra M = (e;;) for which e;; = eand such that 4 = D X M,
where D is a division algebra. If ea = 0 = ae, we can at the same time choose
e22 = a;and ez, = uenu~! where

u=1-—¢ey—en+en4en=u’,

so that the lemma is true in this case, and we may therefore assume that, say,
ea # 0.

Suppose now that eae > 0. Since A = D X M, we can express a in the form
Zaijei; (i < D), where o)) # 0 since eae = apne;;.  We have then

(ea)? = (ena)? = (aneu + onserz + +++ )* = anenad
and hence b = a7jea is idempotent. We then have
eb = b, be = e, ba = b;
also ab = aba = abab and, since a is primitive, either aba = a or aba = 0; but
eabe = eae # 0,

hence ab = a. We then have

b = ueu!, u=1-—=>b+e, u~l
b = vy, v =15+ aq, vl =

I
—

and hence a and e are similar in this case also.
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If eae = 0 but aea = 0, interchanging the réles of ¢ and a leads to results
similar to those just obtained; w= can therefore assume eze = 0 = qea. If

u=1+e—ea+ae=22—¢+ ea— ae)
‘then uau™! = a — ae; we can therefore assume ae = 0. If
v=(14+¢— 2ea) =22 — ¢ + 2ea)},

then vav—! = @ — ea; we can therefore also assume ea = 0, which brings us back
to the first case which we considered. The lemma. is therefore proved.

Part (iii) of the theorem follows immediately. For, if e and a are primitive
idempotent elements of M, and M, respectively, we can now find w such that
a = wew!; but D~ ede and Dy~ ada = wedew™!, which is similar to ede and
therefore to D;.

10.13 Semi-invariant subalgebras. If B is a subalgebra of A which is such that
AB < B (BA < B),it is called a right (left) semi-invariant subalgebra. We
shall treat only the case in which A is semi-simple; it has then an identity and if
we restrict ourselves, as we shall, to the case of right semi-invariant subalgebras,
we may assume AB = B.

It is clear that, if A = A, @ A., then also B = B, @ B,, where 4.B; =
B, A:B; = 0(i = 7). Itissufficient then at first to consider only simple algebras,
and in this case we have the added condition that ABA = A; that is, we have
simultaneously

(18) AB = B, ABA = A,

If we call B minimal when it contains no other semi-invariant subalgebra, we
have

Lemma 10. A minimal right semi-invariant subalgebra of a simple algebra A has
the form Au, where u is a primaitive idempotent element of A.  Conversely, if u* = u
is primaitive, Au is a minimal right semi-invariant subalgebra.

Let AC = C;if ¢; # 0 is any element of C, and C;, = A¢; < C, then AC, =
C:. Suppose C; < C; then in the same way if ¢; is any element of C;, we have
Cs = Ac: < €. If C; < C), we may continue this process and after a finite
number of steps we shall arrive at an algebra B # 0 such that Ab = B for every
element b of B which is not 0. Since A4 is simple, Ab4 = A and B? = B, so that
B contains a primitive idempotent element v and Aw = B. If u is not also
primitive in 4, let v = u; + ug, wiu; = 0 (2 # 7), u? = u; 3 0. Thenwu = u
so that %, is in B; hence u must be primitive in 4, if it is so in B.

Since B = Au, every z in B'has the form au and hence zu = z. Butalso B =
Az and, from the manner in which B was chosen, either Bx = 0 or Bz = B.

If Bz = 0, then uz = 0 and therefore

22 = zu-zu = 0.
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Also, if z is nilpotent, then 2? = 0 = uz; for uAu = uwBu is simple since, by the
proof of Lemma 4, it is a division algebra, and uz = uru < uBu. If Bz = B,
then there is a unique b such that bz = z and, since b is then idempotent, we
have ur = =z, that is, r liesin uAu. If B = Au,then AB = A% < B so that B
is a right semi-invariant subalgebra of A. If C is minimal, then B = ( as.
desired.

Conversely, let B = Au, u primitive; then the only idempotent quantity of B
has been shown above to be u and, if B were not primitive, we should have
B > C = Ay, v primitive, which is impossible.

Suppose now that B is not minimal and let ey, €3, - - < , e, be a complete set of
primitive supplementary idempotent elements in B. Then B, = Ae, + Aes +
-+ + Ae, is semi-invariant in A. Let b be an element of B which is not in
B, ; since b = Zbe;, we may replace b by b — Zbe; and so assume every be; = 0 in
which case clearly Ab ~ B, = 0. But, if b & 0, then Ab contains an idempotent
element esuchthatee=0( = 1,2, -, r)and ;41 = ¢ — Zeeis an idempotent
element supplementary to the given complete set, which is impossible. We
therefore have the following theorem.

TarorEM 6. If A is simple and AB = B is a semi-invariant subalgebra, then
B =Ae1+A€z+ e +Aer

where ey, €3, + + - , €18 a complete supplementary set of primitive idempotent elements
of B; and these idempotent elements are also primitive in A.

We shall assume that A is semi-simple, say
(19) A=58® - -- ®8§,
when each S; is simple and
(20) S;=D: X M.

As previously (cf. Lemma 2) we may set M; = (e),),», ¢ = 1,2, - -+, n;, where
e;, form a set of supplementary primitive idempotent elements and Z er, = 1.
"o
If B is any invariant subalgebra, then B = 2 Be;, and Be; is a right semi-
P
invariant subalgebra; if B is minimal, we have already seen that it has the form
Bu where u is a primitive idempotent element, and therefore we have B =

Be}, = Sie;, forsomeiand p. If set B;, = Sie;,, then

Bel, = Sejei, = MDe, = Se;, = B,

PP PQ t7Pg

We have therefore the following theorem.

THEOREM 7. If A is semi-simple and is given by (19), and if e,‘;p form a complete
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set of supplementary primitive idempotent elements such that 2 es, = U; s the
p=1
identity of S, then every minimal right semi-tnvariant subalgebra has the form

(21) B,, = 8¢,
Moreover, there is a number e}, in S; such that

(22) B¢l = B,.

10.14 The representation of a semi-simple algebra. Let A be a linear as-
sociative algebra over F with the identity 1, and designate elements of 4 by a.
A representation of A is a set, U(a), of matrices of order n such that ¢ — U(a)
is a correspondence between the elements of 4 and the matrices of the set in
which the following conditions are satisfied

(23) UQ) =1, U@ +b) = Ula) +- U®B), Ulab) = U(a) UD),
Ulaa) = aU(a)

for every a and b of A and every scalar ain F,

We can now, as in chapter I, associate with the matrices U(a) a vector space R
with a given fundamental basis, and a change of basis corresponds to replacing
U(a) by PU(a)P~*, an equivalent representation (cf. 1.08). A subspace RB; of B
is invariant under A4 (cf. 5.16) if every matrix U(a) carries each vector of R,
into a vector of Ry, If Ry = 0, we may set R = Ry 4+ Re (B, ~ B2 = 0); and
since we are omly interested in the equivalence of representations, we may
suppose the basis R so chosen that

Ua) Us(a)
0 Usa

The representation is said to be reducible in this case, and it is evident that both
Ui(a) and Us(a) give representations of 4.

If R has no proper invariant subspace, then U(4) and R are said to be irre-
ducible. It is now clear that we may write

R=R +Ry+ - +R,

where R, = R; + --- 4+ R, is the invariant subspace of least order which con-
tains R,_;, (R¢ = 0), and in this case

Unia) Uu(a) Uls(a)
0 Uzz(a) e UEs(a)

(24) v@ = |

(25) Ula) =
0 0 b Uu(a‘>
and the representations Ui(a), -+ , U.(a) are irreducible. If in addition R,

«++, R, are themselves invariant for some ¢, then U;j(a) = 0(Z # j; 7,5 = 1, 2,
..., t), and we say that U(a) is decomposable.
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A particular case of fundamental importance arises when we take R to be 4
itself, that is, if z is a variable element of 4, then z’ = ax corresponds to a linear
transformation in the basis of R (or 4), say

' = ar = U(a)(z),

and U(a) has the property given in (23) and so is a representation of 4. It is
obviously the representation of (6) and is one-to-one; it is called the regular
representation.

The invariant subspaces of A are evidently its right semi-invariant sub-

algebras B. If ej, e, - -+ , €;1s a basis of B and
(26) ae; = Ea,-;ei,
then the matrices U(a) = || @i || give a representation of A on the subspace B.

Suppose now that V(a) is a given representation, R the corresponding subspace,
and B a right semi-invariant subalgebra of A. If y is any vector of R, then the
set, of vectors of the form V(b)(y) is an invariant subspace of K, since

(27) V(@V®) = V(ab) = V(ba), b. < B.

From (27) it is seen immediately that the set B’ of elements b’ in B for which
V(')y = 0 forms a right semi-invariant subalgebra of B and hence, if B is
minimal, either B’ = 0 or B’ ="B. If B’ = 0, then V(e)y, -+, V(edy is a
basis of the set (V(b)y) and

V(@) V(edy = V(ae)y = Za;V(ejy.

But then the vectors of the form V(b)y give a representation of A equivalent to
that determined by B in (26).
We shall now prove the following theorem.

THEOREM 8. If the reqular representation of an algebra is decomposable, then
every representation 1s decomposable and its irreducible components are contained
in the regular representation.

Suppose that the regular representation of 4 is decomposable; then 4 =
B; 4+ B; 4 --- 4 B,, where the B; are irreducible equivalent subspaces of 4,
that is, minima] semi-invariant subalgebras such that B; ~ Bx = 0for j & k.
Let y1, ¥2, <+ , y» be a basis of the space R of a representation of A. Since 4
has an identity, we have

R=AR =BR 4+ B;R + --- + B.R

(@) = Byt + Bay2 + -+ + Bayr + -+ + Bayn.

As we have seen above, if Bxy; # 0, it is a subspace of R which gives a representa-
tion equivalent to that given by B; it follows that either B.y; = 0 or it is an
invariant subspace of R.

The intersection of the invariant subspaces is also invariant so that either
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Biy; ~ By, = 0 or Bry; = B,y,; hence we may select from the spaces Biy, in
(28) a set of independent irreducible invariant subspaces determining B. This
proves Theorem 8.

Consider now a semi-simple algebra

A = Sl @ e @ Sr
where S; is a simple algebra. We may write

1=Eu‘i (7:=1r"')r;j=1:"'7nt')
where the u; form a complete set of supplementary primitive idempotent ele-
ments of A. Then

A= EAu.-,- = EB,']'

where B;; = Au,;is a minimal right invariant subalgebra of A. We have then
decomposed A into irreducible invariant subspaces and have proved the first
part of the following theorem.

THEOREM 9. The regular representation of a semi-simple algebra is decomposable,
and ils reductble components are those obtained by the use of the B,; as representation
spaces. The representations given by any pair Bij, B are equivalent while By,
By give inequivalent representations for j # k.

For by Theorem 7 we have By;e}, = By so that the proof of Theorem 7 with
y = e}, shows that the representation by Bi; is equivalent to that by B;,. In
the representation by B;; we have

n

€ = E Uij — lm’r

i=1

where 1,, is an identity matrix corresponding to the identity transformation on
B;; since e; is the principal unit of B;;, But in the representation by Bu, we
have ¢; — 0. Evidently these representations cannot be similar.

10.15 Group algebras. If & = (g = 1, g2, -+ , g») is a finite group, the
group relation g.g; = g,; is a particular case of the associative product defined in
(2) and, when it is used in conjunction with addition, we get an associative
algebra G of which (gy, go, - - - , gm) i a basis and g, the identity.

The representation of & as a regular permutation group

B — (91 g2 ---g...)
' GirGiz *°* Gim

corresponds to the representation of G as a set of matrices, the matrix ; being

hi = 2 €ipp (g.’gp = gip)-

r=1
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Since 7, = p, that is, g.g, = g,, only when g; is the identity, the matrix #; has no
coordinate in the main diagonal except for ¢ = 1 in which case 4, is the identity
matrix; hence

(29) tr(h) = m,  tr(h) = 0 (G = 1).

It follows from this that G is semi-simple. For if « = Zn;k; is the matrix cor-
responding to some element of the radical N, then tr(u) = 0 since u is nilpotent.
If u # 0, some coordinate, say n,, is not 0 and in A;'u, which also corresponds to
some element of N, the coefficient of 4, is not 0; we may therefore assume 5, # 0
provided N £ 0. But using (18) we get

0 = tr{u) = Zntr(h) = mn;
hence the assumption that u = 0 leads to a contradiction and therefore N = 0,

that is, G is semi-simple. This gives the following theorem.

THEOREM 10. A group atgeora is semi-simple. It is therefore the direct sum of
simple algebras and, if the field of the coefficients vs sufficiently extended, it is the
direct sum of simple matric algebras.

The whole of the representation theory developed in the previous section can
now be applied to groups.
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NOTES:

CuaprtER [

The calculus of matrices was first used in 1853 by Hamilton (1, p. 559{f, 480ff) under the
name of ‘‘Linear and vector functions.” Cayley used the term matriz in 1854, but merely
for a scheme of coefficients, and not in connection with a calculus. In 1858 (2) he developed
the basic notions of the algebra of matrices without recognizing the relation of his work to
that of Hamilton; in some cases (e.g., the theory of the characteristic equation) Cayley
gave merely a verification, whereas Hamilton had already used methods in three and four
dimensions which extend immediately to any number of dimensions. The algebra of
matrices was rediscovered by Laguerre (9) in 1867, and by Frobenius (18) in 1878.

1.03 Matric units seem to have been first used by B. Peirce (17); see also Grassmann (5,
§381).

1.10 For the history of the notion of rank and nullity see Muir, Theory of . Determinants,
London 1906-1930; the most important paper is by Frobenius (290).

CuapTER 11

2.01-03 The principle of substitution given in §2.01 was understood by most of the early
writers, but was first clearly stated by Frobenius, who was also the first to use the division
transformation freely (20, p. 203).

2.04 The remainder theorem is implicit i Hamilton’s proof of the characteristic equation;
see also Frobenius (280).

2.05-12 The characteristic equation was proved by general methods for n = 3, 4 by Hamil-
ton (1, p. 567; 8, p. 484ff; cf. also 4, 6). The first general statement was given by Cayley
(2); the first general proof by Frobenius (18). See also the work of Frobenius cited below
and 9, 10, 39, 41, 56, 59.

Hamilton, Cayley and other writers were aware that a matrix might satisfy an equation
of lower degree than n, but the theory of the reduced equation seems to be due entirely to
Frobenius (18, 140).

The theory of invariant vectors was foreshadowed by Hamilton, but the ger:eral case was
first handled by Gragsmann (5).

© 2,10 See Sylvester (42, 44) and Tabver (96); see also 252.

2.13 The square root of a matrix was considered by Cayley (3, 12), Frobenius (139) and
many others.

Cuarprer II1

3.01 The idea of an elementary transformation seems to be due in the main to Grassmann

(5).

! In these Notes, numbers refer to the Bibliography unless otherwise indicated.
169
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3.02-07 'The theory of pairs of bilinear forms, which is equivalent to that of linear poly-
nomials, was first given in satisfactory form by Weierstrass (see Muth, 175) although the
importance of some of the invariants had been previously recognized by Sylvester. The
theory in its matrix form is principally due to Frobenius (18, 20).

The theory of matrices with integral elements was first investigated by Smith (see Muth,
175) but was first given in satisfactory form by Frobenius (20). The form given in the text
is essentially that of Kronecker (92).

3.04 The proof of Theorem 3 is a slight modification of that of Frobenius (20).

3.08 Invariant vectors were discussed by Hamilton (1, 8) and other writers on quaternions
and vector analysis. The earliest satisfactory account seems to be that of Grassmann (5),

Cuarter 1V

The developments of this chapter are, in the main, a translation of Kronecker’s work
(see Muth, 175, p. 93ff). See also de Séguier (259).

CHAPTER V

5.03 From the point of view of matrix theory, the principal references are Schur (198),
Rados (105, 106), Stephanos (185), and Hurwitz (117). See Loewy (284, p. 138) for addi-
tional references; also Muir, Theory of Determinants, London 1906-1930.

5.09 Non-commutative determinants were first considered by Cayley (Phil. Mag. 26
(1845), 141-145); see also Joly (195) and Sylvester (43).

5.10-11 See Loewy (284, p. 149); also 176, 178, 185, 198.

5.12 The principal references are Schur (198) and Weyl (440, chap. 5).

CuarTER VI

For general references see Loewy (284, pp. 118-137), also Muth (175), Hilton (314, chap.
6, 8) and Muir, Theory of Determinants, London 1906-1930.

6.01 The method of proving that the roots are real is essentially that of Tait (10, chap. 5);
see also 36, 60, 228, 399.

6.03 See Loewy (284, pp. 130-137), Baker (215) and Frobenius (292). See also 7, 18, 99,
113, 114, 115, 124, 135, 139, 210, 221, 273, 302, 307, 320, 371, 400, 414, 466, 476.

6.04 See Dickson (392).
6.05 See Loewy (284, pp. 128-135).

6.07 For references see Muth (175, p. 125) and Frobenius (139).

CrarteEr VII

7.10-02 See Cayley (2), Frobenius (18), Bucheim (59), Taber (98, 112), and Hilton (314,
chap. 5); also 83, 86, 98, 137, 184, 197, 209, 223, 242, 250, 264, 301, 382.

7.03 See Frobenius (280).
7.05 See Frobenius (140); also 350.

7.06-07 See Sylvester (42, 44) and Taber (96); see also 252.
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CuarreEr VIII
8.01-03 See Sylvester (36), Bucheim (59, 69); also 134, 371,

8.02,07 See Hamilton (1, p. 545ff; 8, §316), Grassmann (5, §454), Laguerre (9). Many
writers define the exponential and trigonometric functions and consider the question of con-
vergence, e.g., 79, 80, 103, 389, 449; also in connection with differential equations, 13, 133,
258.

8.04-05 Roots of 0 and 1 have been considered by a large number of writers; see partic-
ularly the suite of papers by Sylvester in 1882-84; also 18, 67, 76, 107, 242, 255, 264, 277, 279,
381, 411, 430, 474, 539.

8.08 See 20, 94, 246, 256, 257, 274, 303, 338, 399.

8.09-11 The absolute value of a matrix was first considered by Peano (75) in a somewhat
different form from that given here; see also 273, 348, 389, 472, 473, 494. For infinite prod-
ucts see 133, 324, 326, 389, 494.

8.12 In addition to the references already given above, see 10, 16, 18, 187, 418, 419, and also
many writers on differential equations,

CuarTER IX

The problem of thé automorphic transformation in matrices was first considered by Cay-
ley (3, 7) who, following a method used by Hermite, gave the solution for symmetric and
skew matrices; his solution was put in simpler form by Frobenius (18). Cayley failed to
impose necessary conditions in the general case which was first solved by Voss (85, 108, 162,
163). The properties of the principal elements were given by Taber (125, 134; see also 127,
149, 156, 158, 231).  Other references will be found in Loewy (284, pp. 130-137); see also 9, 19,
153, 154, 161, 167, 168, 169, 187, 229, 371.
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