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PREFACE.

THE theory of groups of finite order may be said to date from the time
of Cauchy. To him are due the first attempts at classification with a view to
forming a theory from a number of isolated facts. Galois introduced into the
theory the exceedingly important idea of a self-conjugate sub-group, and
the corresponding division of groups into simple and composite. Moreover,
by shewing that to every equation of finite degree there corresponds a group
of finite order on which all the properties of the equation depend, Galois
indicated how far reaching the applications of the theory might be, and
thereby contributed greatly, if indirectly, to its subsequent developement.

Many additions were made, mainly by French mathematicians, during
the middle part of the century. The first connected exposition of the theory
was given in the third edition of M. Serret’s “ Cours d’Algébre Supérieure,”
which was published in 1866. This was followed in 1870 by M. Jordan’s
“Traité des substitutions et des équations algébriques.” The greater part of
M. Jordan’s treatise is devoted to a developement of the ideas of Galois
and to their application to the theory of equations.

No considerable progress in the theory, as apart from its applications,
was made till the appearance in 1872 of Herr Sylow’s memoir “ Théorémes
sur les groupes de substitutions” in the fifth volume of the Mathematische
Annalen. Since the date of this memoir, but more especially in recent
years, the theory has advanced continuously.

In 1882 appeared Herr Netto’s “Substitutionentheorie und ihre Anwen-
dungen auf die Algebra,” in which, as in M. Serret’s and M. Jordan’s works,
the subject is treated entirely from the point of view of groups of substi-
tutions. Last but not least among the works which give a detailed account
of the subject must be mentioned Herr Weber’s “ Lehrbuch der Algebra,” of
which the first volume appeared in 1895 and the second in 1896. In the
last section of the first volume some of the more important properties of
substitution groups are given. In the first section of the second volume,
however, the subject is approached from a more general point of view, and
a theory of finite groups is developed which is quite independent of any
special mode of representing them.

The present treatise is intended to introduce to the reader the main
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outlines of the theory of groups of finite order apart from any applications.
The subject is one which has hitherto attracted but little attention in this
country; it will afford me much satisfaction if, by means of this book,
I shall succeed in arousing interest among English mathematicians in a
branch of pure mathematics which becomes the more fascinating the more
it is studied.

Cayley’s dictum that “a group is defined by means of the laws of combi-
nation of its symbols” would imply that, in dealing purely with the theory
of groups, no more concrete mode of representation should be used than is
absolutely necessary. It may then be asked why, in a book which professes
to leave all applications on one side, a considerable space is devoted to
substitution groups; while other particular modes of representation, such
as groups of linear transformations, are not even referred to. My answer
to this question is that while, in the present state of our knowledge, many
results in the pure theory are arrived at most readily by dealing with prop-
erties of substitution groups, it would be difficult to find a result that
could be most directly obtained by the consideration of groups of linear
transformations.

The plan of the book is as follows. The first Chapter has been devoted
to explaining the notation of substitutions. As this notation may not im-
probably be unfamiliar to many English readers, some such introduction is
necessary to make the illustrations used in the following chapters intelligi-
ble. Chapters II to VII deal with the more important properties of groups
which are independent of any special form of representation. The nota-
tion and methods of substitution groups have been rigorously excluded in
the proofs and investigations contained in these chapters; for the purposes
of illustration, however, the notation has been used whenever convenient.
Chapters VIII to X deal with those properties of groups which depend
on their representation as substitution groups. Chapter XI treats of the
isomorphism of a group with itself. Here, though the properties involved
are independent of the form of representation of the group, the methods of
substitution groups are partially employed. Graphical modes of represent-
ing a group are considered in Chapters XII and XIII. In Chapter XIV the
properties of a class of groups, of great importance in analysis, are inves-
tigated as a general illustration of the foregoing theory. The last Chapter
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contains a series of results in connection with the classification of groups
as simple, composite, or soluble.

A few illustrative examples have been given throughout the book. As
far as possible I have selected such examples as would serve to complete or
continue the discussion in the text where they occur.

In addition to the works by Serret, Jordan, Netto and Weber already
referred to, I have while writing this book consulted many original mem-
oirs. Of these I may specially mention, as having been of great use to me,
two by Herr Dyck published in the twentieth and twenty-second volumes of
the Mathematische Annalen with the title “ Gruppentheoretische Studien”;
three by Herr Frobenius in the Berliner Sitzungsberichte for 1895 with the
titles, “ Ueber endliche Gruppen,” “ Ueber auflosbare Gruppen,” and “ Ver-
allgemeinerung des Sylow’schen Satzes”; and one by Herr Holder in the
forty-sixth volume of the Mathematische Annalen with the title “ Bildung
zusammengesetzter Gruppen.” Whenever a result is taken from an origi-
nal memoir I have given a full reference; any omission to do so that may
possibly occur is due to an oversight on my part.

To Mr A. R. Forsyth, Sc.D., F.R.S., Fellow of Trinity College, Cam-
bridge, and Sadlerian Professor of Mathematics, and to Mr G. B. Mathews,
M.A., F.R.S., late Fellow of St John’s College, Cambridge, and formerly
Professor of Mathematics in the University of North Wales, I am under a
debt of gratitude for the care and patience with which they have read the
proof-sheets. Without the assistance they have so generously given me,
the errors and obscurities, which I can hardly hope to have entirely es-
caped, would have been far more numerous. I wish to express my grateful
thanks also to Prof. O. Holder of Konigsberg who very kindly read and
criticized parts of the last chapter. Finally I must thank the Syndics of
the University Press of Cambridge for the assistance they have rendered
in the publication of the book, and the whole Staff of the Press for the
painstaking and careful way in which the printing has been done.

W. BURNSIDE.
July, 1897.
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CHAPTER L
ON SUBSTITUTIONS.

1. AMONG the various notations used in the following pages, there
is one of such frequent recurrence that a certain readiness in its use is very
desirable in dealing with the subject of this treatise. We therefore propose
to devote a preliminary chapter to explaining it in some detail.

2. Let ay, ag, ..., ay be a set of n distinct letters. The operation of
replacing each letter of the set by another, which may be the same letter
or a different one, when carried out under the condition that no two letters
are replaced by one and the same letter, is called a substitution performed
on the n letters. Such a substitution will change any given arrangement

ai, az, ..., an
of the n letters into a definite new arrangement
bl) 627 cety bn

of the same n letters.
3. One obvious form in which to write the substitution is

a1,02,...,0,
(bl,bg,...,bn>
thereby indicating that each letter in the upper line is to be replaced by
the letter standing under it in the lower. The disadvantage of this form
is its unnecessary complexity, each of the n letters occurring twice in the
expression for the substitution; by the following process, the expression of
the substitution may be materially simplified.

Let p be any one of the n letters, and ¢ the letter in the lower line
standing under p in the upper. Suppose now that r is the letter in the
lower line that stands under ¢ in the upper, and so on. Since the number
of letters is finite, we must arrive at last at a letter s in the upper line
under which p stands. If the set of n letters is not thus exhausted, take
any letter p’ in the upper line, which has not yet occurred, and let ¢/, 7/, ...
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follow it as ¢, r, ... followed p, till we arrive at s’ in the upper line with
p’ standing under it. If the set of n letters is still not exhausted, repeat
the process, starting with a letter p” which has not yet occurred. Since the
number of letters is finite, we must in this way at last exhaust them; and
the n letters are thus distributed into a number of sets

b, q, T, ceey S5
/ / / /.
b, q, , ceey S5
// ! 7 1.
p, qg, r, ..., 83

such that the substitution replaces each letter of a set by the one following
it in that set, the last letter of each set being replaced by the first of the
same set.

If now we represent by the symbol

(pgr...s)

the operation of replacing p by ¢, ¢ by r, ..., and s by p, the substitution
will be completely represented by the symbol

(pqr...s)@'dr" ...sHY(p"d"r"...s"). ...
The advantage of this mode of expressing the substitution is that each of
the letters occurs only once in the symbol.

4. The separate components of the above symbol, such as (pgr...s)
are called the cycles of the substitution. In particular cases, one or more
of the cycles may contain a single letter; when this happens, the letters so
occurring singly are unaltered by the substitution. The brackets enclosing
single letters may clearly be omitted without risk of ambiguity, as also may
the unaltered letters themselves. Thus the substitution

a,b,c,d,e
¢, b,d,a,e
may be written (acd)(b)(e), or (acd)be, or simply (acd). If for any reason

it were desirable to indicate that substitutions of the five letters a, b, ¢, d,
e were under consideration, the second of these three forms would be used.
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5. The form thus obtained for a substitution is not unique. The
symbol (gr ... sp) clearly represents the same substitution as (pgr...s), if
the letters that occur between r and s in the two symbols are the same
and occur in the same order; so that, as regards the letters inside the
bracket, any one may be chosen to stand first so long as the cyclical order
is preserved unchanged.

Moreover the order in which the brackets are arranged is clearly imma-
terial, since the operation denoted by any one bracket has no effect on the
letters contained in the other brackets. This latter property is characteris-
tic of the particular expression that has been obtained for a substitution;
it depends upon the fact that the expression contains each of the letters
once only.

6. When we proceed to consider the effect of performing two or more
substitutions successively, it is seen at once that the order in which the
substitutions are carried out in general affects the result. Thus to give
a very simple instance, the substitution (ab) followed by (ac) changes a
into b, since b is unaltered by the second substitution. Again, (ab) changes
b into a and (ac) changes a into ¢, so that the two substitutions performed
successively change b into c. Lastly, (ab) does not affect ¢ and (ac) changes
¢ into a. Hence the two substitutions performed successively change a
into b, b into ¢, ¢ into a, and affect no other symbols. The result of the
two substitutions performed successively is therefore equivalent to the sub-
stitution (abc); and it may be similarly shewn that (ac) followed by (ab)
gives (acb) as the resulting substitution. To avoid ambiguity it is therefore
necessary to assign, once for all, the meaning to be attached to such a sym-
bol as s1s2, where s; and so are the symbols of two given substitutions.
We shall always understand by the symbol syso the result of carrying out
first the substitution s1 and then the substitution ss. Thus the two simple
examples given above may be expressed in the form

(ab)(ac) = (abe),
(ac)(ab) = (ach),

the sign of equality being used to represent that the substitutions are equiv-
alent to each other.
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If now
$150 = s4 and S9S83 = S5,

the symbol s1s9s3 may be regarded as the substitution sy followed by s3 or
as s1 followed by s5. But if s; changes any letter a into b, while so changes
b into ¢ and s3 changes c into d, then s4 changes a into ¢ and s5 changes b
into d. Hence s4s3 and s;ss both change a into d; and therefore, a being
any letter operated upon by the substitutions,

S$483 = §1S85.

Hence the meaning of the symbol s1s953 is definite; it depends only
on the component substitutions si, s2, s3 and their sequence, and it is
independent of the way in which they are associated when their sequence
is assigned. And the same clearly holds for the symbol representing the
successive performance of any number of substitutions. To avoid circumlo-
cution, it is convenient to speak of the substitution syss ... s, as the product
of the substitutions s, so, ..., s, in the sequence given. The product of a
number of substitutions, thus defined, always obeys the associative law but
does not in general obey the commutative law of algebraical multiplication.

7. The substitution which replaces every symbol by itself is called the
wdentical substitution. The inverse of a given substitution is that substitu-
tion which, when performed after the given substitution, gives as result the
identical substitution. Let s_; be the substitution inverse to s, so that, if

CLl,CLQ,...,a/n

5= ,
b17b27"'7bn

<b1ab27 s 7bn)

5.1 = .

al,ag,...,0an
Let sg denote the identical substitution which can be represented by
<a1, ag, ... ,an)
ai, az,...,04n

ss_1 =589 and s_1s= s,

then

Then
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so that s is the substitution inverse to s_j.
Now if
ts =t's,

then
tss_1 = t’ss_l,

or
tsp = t'sp.

But tsg is the same substitution as ¢, since sy produces no change; and
therefore
t=t.

In exactly the same way, it may be shewn that the relation

involves

8. The result of performing r times in succession the same substitu-
tion s is represented symbolically by s”. Since, as has been seen, products
of substitutions obey the associative law of multiplication, it follows that

shs? = ghTV = gVt

Now since there are only a finite number of distinct substitutions that
can be performed on a given finite set of symbols, the series of substitutions
s, s2, s, ... cannot be all distinct. Suppose that s”t! is the first of the
series which is the same as s, so that

Then
s"™ss_ 1 =851,

or

s = sp.
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There is no index p smaller than m for which this relation holds. For if

st = s,

then

s = g59 = s,

contrary to the supposition that s™+! is the first of the series which is the
same as S.

Moreover the m — 1 substitutions s, s2, ..., s~! must be all distinct.
For if
sf=¢" v<pu<m,
then
S,u—usl/(sy)_l — SV(SV)_l,
or

stV = s,

which has just been shewn to be impossible.
The number m is called the order of the substitution s. In connection
with the order of a substitution, two properties are to be noted. First, if

s" = 50,
it may be shewn at once that n is a multiple of m the order of s; and
secondly, if

s =P

Y

then
a— =0 (mod. m).

If now the equation
sHTV — ghg?

be assumed to hold, when either or both of the integers p and v is a negative
integer, a definite meaning is obtained for the symbol s~", implying the
negative power of a substitution; and a definite meaning is also obtained
for sV. For

sV =TV =gV (V)1 = sH(s”) 1,
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so that

Similarly it can be shewn that

s = sq.

Since every power of sq is the same as sg, and since wherever sy occurs
in the symbol sys2...s, of a compound substitution it may be omitted
without affecting the result, it is clear that no ambiguity will result from
replacing sg everywhere by 1; in other words, we may use 1 to represent
the identical substitution which leaves every letter unchanged. But when
this is done, it must of course be remembered that the equation

s =1

is not a reducible algebraical equation, which is capable of being written
in the form
(s—1)(s™ 4™ 24, .. +1)=0.

Indeed the symbol s+ s’, where s and s’ are any two substitutions, has
no meaning.

9. If the cycles of a substitution

/ /!

s=(pgr...s)p'd...s""q" ... ") ...

contain m, m/, m”, ... letters respectively, and if

st =1,
i must be a common multiple of m, m’, m”, .... For s* changes p into a
letter p places from it in the cyclical set p, ¢, r, ..., s; and therefore, if it
changes p into itself, 4 must be a multiple of m. In the same way, it must
be a multiple of m/, m”, .... Hence the order of s is the least common

multiple of m, m’, m”, ....

In particular, when a substitution consists of a single cycle, its order is
equal to the number of letters which it interchanges. Such a substitution
is called a circular substitution.
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A substitution, all of whose cycles contain the same number of letters,
is said to be regular in the letters which it interchanges; the order of such
a substitution is clearly equal to the number of letters in one of its cycles.

10. Two substitutions, which contain the same number of cycles and
the same number of letters in corresponding cycles, are called similar. If
s, s' are similar substitutions, so also clearly are s”, s’"; and the orders of
s and s" are the same.

Let now

s = (apaq...as)(ayay ... .ay)...

- (@02, 0n
B blvb27"'7bn
be any two substitutions. Then

bi,bo, ..., b a1, a9, ..., a
-1 1,092, ; Un 1, 42, s Un
t st = ApQy ... a0s) (A, ... Q). ..
(al,ag,...,an)(pq s)apaq ) (bl,bg,...,bn>

— (byby . - bs) (byby - bsr) ..,

and

the latter form of the substitution being obtained by actually carrying out
the component substitutions of the earlier form. Hence s and ¢~ 'st are
similar substitutions.
Since
8981 = 31_1515231,

it follows that sys9 and s9s7 are similar substitutions and therefore that
they are of the same order. Similarly it may be shewn that sisoss... sy,
5283 ...51n51, - ., SnS1 . ..S283 are all similar substitutions.

It may happen in particular cases that s and ¢t~ 'st are the same sub-
stitution. When this is so, t and s are permutable, that is, st and ts are
equivalent to one another; for if

§ = t_lst,

then
ts = st.
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This will certainly be the case when none of the symbols that are in-
terchanged by t are altered by s; but it may happen when s and t operate
on the same symbols. Thus if

s = (ab)(cd), t = (ac)(bd),

then
st = (ad)(bc) = ts.
Ex. 1.  Shew that every regular substitution is some power of a circular
substitution.

Ex. 2. If s, s’ are permutable regular substitutions of the same mn letters
of orders m and n, these numbers being relatively prime, shew that ss’ is a
circular substitution in the mn letters.

Ex. 3*. If

s = (123)(456)(789),
s1 = (147)(258)(369),
so=  (456)(798),

shew that s is permutable with both s; and so, and that it can be formed by a
combination of s; and ss.

Ex. 4. Shew that the only substitutions of n given letters which are per-
mutable with a circular substitution of the n letters are the powers of the circular
substitution.

Ex. 5. Determine all the substitutions of the ten symbols involved in
s = (abede)(afBvyde)

which are permutable with s.

The determination of all the substitutions which are permutable with
a given substitution will form the subject of investigation in Chapter X.

*It is often convenient to use digits rather than letters for the purpose of illustration.
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11. A circular substitution of order two is called a transposition. It
may be easily verified that

(pgr...s) = (pg)(pr) ... (ps),

so that every circular substitution can be represented as a product of trans-
positions; and thence, since every substitution is the product of a number
of circular substitutions, every substitution can be represented as a prod-
uct of transpositions. It must be remembered, however, that, in general,
when a substitution is represented in this way, some of the letters will occur
more than once in the symbol, so that the order in which the constituent
transpositions occur is essential. There is thus a fundamental difference
from the case when the symbol of a substitution is the product of circular
substitutions, no two of which contain a common letter.
Since
#'d") = (") (pd") (pp"),

every transposition, and therefore every substitution of n letters, can be
expressed in terms of the n — 1 transpositions

(a1a2), (aras), ..., (ajay).

The number of different ways in which a given substitution may be
represented as a product of transpositions is evidently unlimited; but it
may be shewn that, however the representation is effected, the number of
transpositions is either always even or always odd. To prove this, it is
sufficient to consider the effect of a transposition on the square root of the
discriminant of the n letters, which may be written

The transposition (a,as) changes the sign of the factor a, — as. When
q is less than either 7 or s, the transposition interchanges the factors a, —a,
and a, — as; and when ¢ is greater than either r or s, it interchanges the
factors a, —aq and as —ay. When ¢ lies between r and s, the pair of factors
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ar — aq and aq — as are interchanged and are both changed in sign. Hence
the effect of the single transposition on D is to change its sign. Since any
substitution can be expressed as the product of a number of transpositions,
the effect of any substitution on D must be either to leave it unaltered or
to change its sign. If a substitution leaves D unaltered it must, when ex-
pressed as a product of transpositions in any way, contain an even number
of transpositions; and if it changes the sign of D, every representation of
it, as a product of transpositions, must contain an odd number of trans-
positions. Hence no substitution is capable of being expressed both by an
even and by an odd number of transpositions.

A substitution is spoken of as odd or even, according as the transposi-
tions which enter into its representation are odd or even in number.

Further, an even substitution can always be represented as a product
of circular substitutions of order three. For any even substitution of n let-
ters can be represented as the product of an even number of the n — 1
transpositions

(a1a2), (aras), ..., (aray),

in appropriate sequence and with the proper number of occurrences; and
the product of any consecutive pair of these (aja,)(ajas) is the circular
substitution (ajaras).

Now

(alagas)(alagar)(a1a2a3)2 = (a1a2as)(araza,)(ajasaz)
= (a1aras),
so that every circular substitution of order three displacing aj, and there-

fore every even substitution of n letters, can be expressed in terms of the
n — 2 substitutions

(a1a2a3), (arazaq), ..., (ajazay)

and their powers.

Ex. 1.  Shew that every even substitution of n letters can be expressed in
terms of

(araz2a3), (a1a4as), ..., (@1an—1an),
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when n is odd; and in terms of
(a1a2a3), (a1a4a5), ..., (@10p—2an-1), (a102ay),

when n is even.

Ex. 2. If n41is odd, shew that every even substitution of mn + 1 letters
can be expressed in terms of

(araz...any1), (@1an42...a2n41)5 -, (A1QE—1)nt2 - - - Gmn+1);

and if n + 1 is even, that every substitution of mn + 1 letters can be expressed
in terms of this set of m circular substitutions.



CHAPTER IL
THE DEFINITION OF A GROUP.

12. IN the present chapter we shall enter on our main subject and we
shall begin with definitions, explanations and examples of what is meant
by a group.

Definition. Let
A B, C, ...

represent a set of operations, which can be performed on the same object
or set of objects. Suppose this set of operations has the following charac-
teristics.

() The operations of the set are all distinct, so that no two of them
produce the same change in every possible application.

(B) The result of performing successively any number of operations of
the set, say A, B, ..., K, is another definite operation of the set, which
depends only on the component operations and the sequence in which they
are carried out, and not on the way in which they may be regarded as
associated. Thus A followed by B and B followed by C' are operations
of the set, say D and FE; and D followed by C' is the same operation as
A followed by E.

(7) A being any operation of the set, there is always another opera-
tion A_; belonging to the set, such that A followed by A_; produces no
change in any object.

The operation A_; is called the inverse of A.

The set of operations is then said to form a Group.

From the definition of the inverse of A given in (v), it follows directly
that A is the inverse of A ;. For if A changes any object Q into
A_1 must change € into . Hence A_; followed by A leaves €, and
therefore every object, unchanged.

The operation resulting from the successive performance of the opera-
tions A, B, ..., K in the sequence given is denoted by the symbol AB ... K;
and if 2 is any object on which the operations may be performed, the result
of carrying out this compound operation on €2 is denoted by Q- AB ... K.

13
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If the component operations are all the same, say A, and r in number,
the abbreviation A” will be used for the resultant operation, and it will be
called the rth power of A.

Definition. Two operations, A and B, are said to be permutable
when AB and BA are the same operation.

13. If AB and AC are the same operation, so also are A_1AB
and A_1AC. But the operation A_1A produces no change in any object
and therefore A_1AB and B, producing the same change in every object,
are the same operation. Hence B and C are the same operation.

This is expressed symbolically by saying that, if

AB = AC,

then
B =C,

the sign of equality being used to imply that the symbols represent the
same operation.
In a similar way, if

BA = CA,

it follows that
B=C.

From conditions () and (), AA_; must be a definite operation of the
group. This operation, by definition, produces no change in any possible
object, and it must, by condition («), be unique. It is called the identical
operation. If it is represented by Ay and if A be any other operation, then

AgA = A = AAy,
and for every integer r,
T — A
0 0-
Hence Ay may, without ambiguity, be replaced by 1, wherever it occurs.

14. The number of distinct operations contained in a group may be
either finite or infinite. When the number is infinite, the group may contain
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operations which produce an infinitesimal change in every possible object
or operand.

Thus the totality of distinct displacements of a rigid body evidently
forms a group, for they satisfy conditions («), (5) and () of the definition.
Moreover this group contains operations of the kind in question, namely
infinitesimal twists; and each operation of the group can be constructed by
the continual repetition of a suitably chosen infinitesimal twist.

Next, the set of translations, that arise by shifting a cube parallel to
its edges through distances which are any multiples of an edge, forms a
group containing an infinite number of operations; but this group contains
no operation which effects an infinitesimal change in the position of the
cube.

As a third example, consider the set of displacements by which a com-
plete right circular cone is brought to coincidence with itself. It consists
of rotations through any angle about the axis of the cone, and rotations
through two right angles about any line through the vertex at right angles
to the axis. Once again this set of displacements satisfies the conditions
(), (B) and () of the definition and forms a group.

This last group contains infinitesimal operations, namely rotations
round the axis through an infinitesimal angle; and every finite rotation
round the axis can be formed by the continued repetition of an infinitesi-
mal rotation. There is however in this case no infinitesimal displacement
of the group by whose continued repetition a rotation through two right
angles about a line through the vertex at right angles to the axis can be
constructed. Of these three groups with an infinite number of operations,
the first is said to be a continuous group, the second a discontinuous
group, and the third a mized group.

Continuous groups and mixed groups lie entirely outside the plan of the
present treatise; and though, later on, some of the properties of discontin-
uous groups with an infinite number of operations will be considered, such
groups will be approached from a point of view suggested by the treat-
ment of groups containing a finite number of operations. It is not therefore
necessary here to deal in detail with the classification of infinite groups
which is indicated by the three examples given above; and we pass on at
once to the case of groups which contain a finite number only of distinct
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operations.
15. Definition. If the number of distinct operations contained in
a group be finite, the number is called the order of the group.

Let S be an operation of a group of finite order N. Then the infinite
series of operations

S, 5% 83 ...

must all be contained in the group, and therefore a finite number of them
only can be distinct. If S™*! is the first of the series which is the same
as S, and if S_; is the operation inverse to .S, then

Smtle | =985 =1,
or
sm o= 1.

Exactly as in § 8, it may be shewn that, if
St =1,

p must be a multiple of m, and that the operations S, S?, ..., 8™~ are
all distinct.

Since the group contains only /N distinct operations, m must be equal
to or less than N. It will be seen later that, if m is less than N, it must
be a factor of N.

The integer m is called the order of the operation S. The order m’ of
the operation S* is the least integer for which

g’ =1,

that is, for which
zm’ =0 (mod. m).

Hence, if ¢ is the greatest common factor of x and m,
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and, if m is prime, all the powers of S, whose indices are less than m, are
of order m.

Since
SESMTE =SM =1, (x <m),
and
ST(S*)_1 =1,
it follows that
(Sﬂc)_l — gm-z

If now a meaning be attached to S™%, by assuming that the equation
S¥tY = §* gy
holds when either = or y is a negative integer, then
and
(5%)-1 =577,

so that S™% denotes the inverse of the operation S*.

Ex. If Sy, Sy, ..., S¢, Sq are operations of a group, shew that the operation
inverse to Sgsf ..8285 is Sd_‘SSC_W e Sb_BS;O‘.

16. If
]-7 Sla SQ? sy SN—l

are the N operations of a group of order N, the set of N operations
Sr, S’I"Sl7 STS27 ey ST‘SNfl

are (§ 13) all distinct; and their number is equal to the order of the group.
Hence every operation of the group occurs once and only once in this set.

Similarly every operation of the group occurs once and only once in the
set

S’I‘a Slsra SQSra SR SN—IST~
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Every operation of the group can therefore be represented as the prod-
uct of two operations of the group, and either the first factor or the second
factor can be chosen at will.

A relation of the form

Sp = S¢S

between three operations of the group will not in general involve any nec-
essary relation between the order of S, and the orders of S; and S,. If
however the two latter are permutable, the relation requires that, for all
values of x,

Y= SIS

and in that case the order of S), is the least common multiple of the orders
of S, and S;.

Suppose now that S, an operation of the group, is of order mn, where
m and n are relatively prime. Then we may shew that, of the various
ways in which S may be represented as the product of two operations of
the group, there is just one in which the operations are permutable and of
orders m and n respectively.

Thus let

S" =M,

and

S™ =N,

so that M, N are operations of orders m and n. Since S™ and S™ are
permutable, so also are M and N, and powers of M and N.
If xg, yo are integers satisfying the equation

xn +ym =1,
every other integral solution is given by
r=x0+tm, y=1yy—1Iin,

where ¢ is an integer.
Now

M¥NY = §enHvm = g,



[17] CHAPTER II. 19

and since x and m are relatively prime, as also are y and n, M* and NY
are permutable operations of orders m and n, so that S is expressed in the
desired form.

Moreover, it is the only expression of this form; for let

S = MiNq,

where M and N; are permutable and of orders m and n.
Then S™ = M7, since N{* = 1.

Hence
M? =M,
or
M = M7,
or
1_
Ml ym — Mx.

But M{" =1, and therefore Ml_ym = 1; hence
My = M?*.

In the same way it is shewn that N is the same as NY. The representation
of S in the desired form is therefore unique.

17. Two given operations of a group successively performed give rise
to a third operation of the group which, when the operations are of known
concrete form, may be determined by actually carrying out the two given
operations. Thus the set of finite rotations, which bring a regular solid to
coincidence with itself, evidently form a group; and it is a purely geometri-
cal problem to determine that particular rotation of the group which arises
from the successive performance of two given rotations of the group.

When the operations are represented by symbols, the relation in ques-
tion is represented by an equation of the form

AB = C,
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but the equation indicates nothing of the nature of the actual operations.
Now it may happen, when the operations of two groups of equal order are
represented by symbols,

i) 1, A B, C,...
(i) 1, A, B, C',...

that, to every relation of the form
AB=C

between operations of the first group, there corresponds the relation
A/B/ — C/

between operations of the second group. In such a case, although the nature
of the actual operations in the first group may be entirely different from the
nature of those in the second, the laws according to which the operations of
each group combine among themselves are identical. The following series of
groups of operations, of order six, will at once illustrate the possibility just
mentioned, and will serve as concrete examples to familiarize the reader
with the conception of a group of operations.

I. Group of inversions. Let P, (), R be three circles with a common
radical axis and let each pair of them intersect at an angle %71’. Denote the
operations of inversion with respect to P, ), R by C', D, E; and denote
successive inversions at P, R and at P, () by A and B. The object of
operation may be any point in the plane of the circles, except the two
common points in which they intersect. Then it is easy to verify, from the
geometrical properties of inversion, that the operations

1, A B, C, D, E

are all distinct, and that they form a group. For instance, DE represents
successive inversions at () and R. But successive inversions at () and
R produce the same displacement of points as successive inversions at P
and (), and therefore

DE = B.
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II. Group of rotations. Let POP', QOQ’, ROR' be three concurrent
lines in a plane such that each of the angles POQ and QOR is %7?, and let
IOI' be a perpendicular to their plane. Denote by A a rotation round I’
through %7‘( bringing PP’ to RR'; and by B a rotation round /I’ through %7‘(‘
bringing PP’ to Q'Q. Denote also by C, D, E rotations through two right
angles round PP’, QQ’, RR'. The object of the rotations may be any
point or set of points in space. Then it may again be verified, by simple
geometrical considerations, that the operations

1, A, B, C, D, E
are distinct and that they form a group.

1. Group of linear transformations of a single variable.  The oper-
ation of replacing x by a given function f(x) of itself is sometimes repre-
sented by the symbol (x, f(x)) With this notation, if

A:(x, ! ) B:(x,x_l), oz(x,1>, D= (z,1-a)
l1—=x T x
x
E—(x,x_l), 1= (z,z),

it may again be verified without difficulty that these six operations form a
group.

IV. Group of linear transformations of two variables. ~ With a similar
notation, the six operations

1 1
A = (x7g7 y7_> 9 B = (I’,—; Y, E) ) C = ('raya yax)v
e y Ty
1 1
D = (fL‘, - Y, g) ) E = ($7£7 Y, _) ) 1= (xaya xay)

form a group.

V. Group of linear transformations to a prime modulus.
The six operations defined by
A= (z,z+1), B=(zx,x+2), C=(z,22),
D= (z,2x+2), E=(zr,2x+1), 1=(x,z),
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where each transformation is taken to modulus 3, form a group.

VI. Group of substitutions of 3 symbols. ~ The six substitutions

1, A=(xyz), B=(zrzy), C=uz(yz), D=y(zx), E=z(xy)

are the only substitutions that can be formed with three symbols; they
must therefore form a group.

VII. Group of substitutions of 6 symbols. ~ The substitutions

1, A= (zyz)(abc), B = (xzy)(acb), C = (xza)(yc)(zb),

D = (xb)(ya)(z¢c), E = (xc)(yb)(za)

may be verified to form a group.

VIII. Group of substitutions of 6 symbols.  The substitutions

1, A= (zaybzc), B = (xyz)(abc), C = (zb)(yc)(za),
D = (zzy)(acb), E = (zczbya)

form a group.

The operations in the first seven of these groups, as well as the objects
of operation, are quite different from one group to another; but it may be
shewn that the laws according to which the operations, denoted by the
same letters in the different groups, combine together are identical for all
seven. There is no difficulty in verifying that in each instance

A3=1, C%?’=1, B=A? D=AC=CA?> E=A’C=CA;

and from these relations the complete system, according to which the six
operations in each of the seven groups combine together, may be at once
constructed. This is given by the following multiplication table, where the
left-hand vertical column gives the first factor and the top horizontal line
the second factor in each product; thus the table is to be read Al = A,
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AB =1, AC = D, and so on.

DA~ T
QAT e~
e~ QQ
- Qmo|s
e T QT

Do QT e~
DO Qe— |~

But, though the operations of the seventh and eighth groups are of the
same nature and though the operands are identical, the laws according to
which the six operations combine together are quite distinct for the two
groups. Thus, for the last group, it may be shewn that

B=A% Cc=4% D=A% E=A% AS=1,
so that the operations of this group may, in fact, be represented by

1, A, A%, A3, A%, A5

18. If we pay no attention to the nature of the actual operations
and operands, and consider only the number of the former and the laws
according to which they combine, the first seven groups of the preceding
paragraph are identical with each other. From this point of view a group,
abstractly considered, is completely defined by its multiplication table; and,
conversely, the multiplication table must implicitly contain all properties
of the group which are independent of any special mode of representation.

It is of course obvious that this table cannot be arbitrarily constructed.
Thus, if

AB=P and BC=Q,

the entry in the table for PC' must be the same as that for AQ. Except
in the very simplest cases, the attempt to form a consistent multiplication
table, merely by trial, would be most laborious.

The very existence of the table shews that the symbols denoting the
different operations of the group are not all independent of each other; and
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since the number of symbols is finite, it follows that there must exist a set
of symbols S7, S2, ..., S, no one of which can be expressed in terms of
the remainder, while every operation of the group is expressible in terms of
the set. Such a set is called a set of fundamental or generating operations
of the group. Moreover though no one of the generating operations can be
expressed in terms of the remainder, there must be relations of the general
form

SeSh .. S5 =1

among them, as otherwise the group would be of infinite order; and the
number of these relations, which are independent of one another, must be
finite. Among them there necessarily occur the relations

SM =1 S§2—=1 .. §n=1

giving the orders of the fundamental operations.

We thus arrive at a virtually new conception of a group; it can be re-
garded as arising from a finite number of fundamental operations connected
by a finite number of independent relations. But it is to be noted that there
is no reason for supposing that such an origin for a group is unique; in-
deed, in general, it is not so. Thus there is no difficulty in verifying that the
group, whose multiplication table is given in § 17, is completely specified
either by the system of relations

Ad=1, C*=1, (AC)*=1,
or by the system
C?=1, D?*=1, (CD)?®=1.

In other words, it may be generated by two operations of orders 2 and 3,
or by two operations of order 2. So also the last group of § 17 is specified
either by

A8 =1,

or by
B¥=1, C?=1, BC=CB.
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19. Definition. Let G and G’ be two groups of equal order. If
a correspondence can be established between the operations of G and G/,
so that to every operation of G there corresponds a single operation of G’
and to every operation of G’ there corresponds a single operation of G,
while to the product AB of any two operations of GG there corresponds the
product A’ B’ of the two corresponding operations of G’, the groups G and
G’ are said to be simply isomorphic*.

Two simply isomorphic groups are, abstractly considered, identical. In
discussing the properties of groups, some definite mode of representation
is, in general, indispensable; and as long as we are dealing with the prop-
erties of a group per se, and not with properties which depend on the form
of representation, the group may, if convenient, be replaced by any group
which is simply isomorphic with it. For the discussion of such properties,
it would be most natural to suppose the group given either by its multipli-
cation table or by its fundamental operations and the relations connecting
them; and as far as possible we shall follow this course. Unfortunately,
however, these purely abstract modes of representing a group are by no
means the easiest to deal with. It thus becomes an important question to
determine as far as possible what different concrete forms of representa-
tion any particular group may be capable of; and we shall accordingly end
the present chapter with a demonstration of the following general theorem
bearing on this question.

20. THEOREM. FEvery group of finite order N is capable of repre-
sentation as a group of substitutions of N symbols'.

Let
1, 51, S2, ..oy Siy ooy SN

be the N operations of the group; and form the complete multiplication

*We shall sometimes use the phrase that two groups are of the same type to denote
that they are simply isomorphic.
tDyck, “Gruppentheoretische Studien,” Math. Ann., Vol. xx (1882), p. 30.
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table
15 Sla SQ) ) S’ia ) SN—la
Sl? 5127 52517 ) Si517 ; SN*lsla
S’L7 51827 8257,7 9 8127 9 SN—lsh
Sn-1, S1Sn-1, S25N-1, , SiSN-1, ,  SE_1,

that results from multiplying the symbols in the first horizontal line by
1, 51, S2, ..., Sy_1 in order. Each horizontal line in the table so obtained
contains the same N symbols as the original line, but any given symbol
occupies a different place in each line; for the supposition that the two
symbols 5;S, and S5;S; were identical would involve

Sp = Sm

which is not true.
It thus appears that the first line in the table, taken with the (i 4+ 1)th
line, defines a substitution

I, 51, S2,..., Sn-1
Si, S155,525, ..., SN=15i

performed on the N symbols 1, Sy, Sa, ..., Sy_1; and by taking the
first line with each of the others, including itself, a set of N substitutions
performed on these N symbols is obtained. Now this set of substitutions
forms a group simply isomorphic to the given group. For if

S,8; =8, and S,5; =5,

the substitutions
(1, S1, So ..., SNl)
Si, 8154, 525;, ..., SN-15;

and

(1, St, S2,..., SN-1 )
S;,51855,528;5,...,Sn-15;)
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successively performed, change S, into S;.
But

and therefore the product of the two substitutions, in the order given, is
the substitution

1 ) Sl ) S? PR SN—l
S:S;, 515:5;, 525:S, ... Sn—15:5;)

or the product of any two of the N substitutions is again one of the sub-
stitutions of the set. Moreover the above reasoning shews that the result
of performing successively the substitutions corresponding to the opera-
tions S; and \S; gives the substitution corresponding to the operation S;S;.
Hence, since the number of substitutions is equal to the number of opera-
tions, the given group and the group of substitutions are simply isomorphic.

It may also be shewn that each of the N substitutions is regular (§ 9)
in the NV symbols. For the substitution

1, 51, S2,..., Sn-1
Si, S155,525, ..., SN=15i

changes S, into S,.5;, S,.9; into STSZ.Q, and so on. If then m is the order
of S;, the cycle of the substitution which contains S, will be

(Sr, SrSi, SpSZ, ..., S8,

Now S, may be any symbol of the set; hence all the cycles of the
substitution must contain the same number, m, of symbols.

The substitution is therefore regular in the N symbols, and this can
only be the case if m is a factor of N. It follows at once, as was stated in
§ 15, that the order of any operation of a group of order N must be equal
to or a factor of N.

All the substitutions in this form of representing a group being regular,
the group itself is said to be expressed as a regular substitution group.

21. The form, in which it has just been shewn that every group can be
represented, is by no means the only form of representation possessing this
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property. Thus Hurwitz* has shewn that every group can be expressed as
a group of rational and reversible transformations which change a suitably
chosen algebraic curve (or Riemann’s surface) into itself. We shall see in
Chapter XIV that every group can also be expressed as a group of linear
transformations of a finite set of variables to a prime modulus.

*“Algebraische Gebilde mit eindeutigen Transformationen in sich,” Math. Ann.,
Vol. xu1 (1893), p. 421.



CHAPTER III.

ON THE SIMPLER PROPERTIES OF A GROUP WHICH ARE
INDEPENDENT OF ITS MODE OF REPRESENTATION.

22. IN this chapter we proceed to discuss some of the simplest of the
properties of groups of finite order which are independent of their mode of
representation.

If among the operations of a group G a certain set can be chosen which
do not exhaust all the operations of the group G, yet which at the same
time satisfy all the conditions of § 12 so that they form another group H,
this group H is called a sub-group of the group G. Thus if S be any
operation, order m, of G, the operations

1, S, s, ..., 9t

evidently form a group; and when the order of GG is greater than m, this
group is a sub-group of GG. A sub-group of this nature, which consists of
the different powers of a single operation, is called a cyclical sub-group;
and a group, which consists of the different powers of a single operation,
is called a cyclical group.

THEOREM 1. If H is a sub-group of G, the order n of H is a factor
of the order N of GG.
Let
1, Th, T, ..., Th—1

be the n operations of H; and let S be any operation of G which is not
contained in H.
Then the operations

Sl, Tlsl, TQSl, cey Th-151

are all distinct from each other and from the operations of H.
For if
1,51 = T,51,
then
T, =14,

29
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contrary to supposition; and if
T, = Ty5h,

then
Sy =T, T,

and S7 would be contained among the operations of H.

If the 2n operations thus obtained do not exhaust all the operations
of GG, let Sy be any operation of G not contained among them.

Then it may be shewn, by repeating the previous reasoning, that the
n operations

So, 1152, 1552, ..., Th_152

are all different from each other and from the previous 2n operations. If
the group G is still not exhausted, this process may be repeated; so that
finally the N operations of GG can be exhibited in the form

1, 11, 15, cee Th-1,
S1, 1151, 1551, ..., T,h_151,
527 T1527 TQSQ7 BRI Tn—ISQa

Sm717 TISmfla T2Sm717 SRR Tnflsmfl-

Hence N = mn, and n is therefore a factor of V.

When N is a prime p, the group GG can have no sub-group other than one of
order unity consisting of the identical operation alone. Every operation S of the
group, other than the identical operation, is of order p, and the group consists
of the operations

1, S, 8%, ..., sr7 L

A group whose order is prime is therefore necessarily cyclical.

23. THEOREM II.  The operations common to two groups G1, Go
themselves form a group g, whose order is a factor of the orders of G
and Gs.

For if S, T" are any two operations common to GGy and Go, ST is also
common to both groups; and hence the common operations satisfy con-
ditions (a) and (f) of the definition in § 12. But their orders are finite
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and they must therefore satisfy also condition (), and form a group g.
Moreover g is a sub-group of both G; and G5, and therefore by Theorem I
its order is a factor of the orders of both these groups.

If G; and Gg are sub-groups of a third group G, then g is also clearly
a sub-group of G.

The set of operations, that arise by combining in every way the opera-
tions of the groups G and G, evidently satisfy the conditions of § 12 and
form a group; but this will not necessarily or generally be a group of finite
order. If however G and G are sub-groups of a group G of finite order,
the group ¢’ that arises from their combination will necessarily be of finite
order; it may either coincide with GG or be a sub-group of G. In either case,
the order of ¢’ will be a multiple of the orders of G; and G5.

It is convenient here to explain a notation that enables us to avoid an
otherwise rather cumbrous phraseology. Let S1, S2, S3, ... be a given set
of operations, and G, G, ... a set of groups. Then the symbol

{S1,55,85,...,G1,Ga,...}

will be used to denote the group that arises by combining in every possible
way the given operations and the operations of the given groups.
Thus, for instance, the group ¢’ above would be represented by

{G1,Ga};
the cyclical group that arises from the powers of an operation S by
{5}

and, as a further example, the sixth group of § 17 may be represented by
{(zy), (x2)}.

24. Definition. If S and T are any two operations of a group, the
operations S and T~1ST are called conjugate operations; while T-1ST is
spoken of as the result of transforming the operation S by T
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The two operations S and T~1ST are identical only when S and T are

permutable. For if
S =T1T718T,

then
TS = ST.

Two conjugate operations are always of the same order. For
(TSt =17tsT-177lSsT.. . T71ST
=T '5"T.
Therefore, if
S =
(T1sT)y" =177 =1,
and conversely, if
(T1sT)" =1,

then

St=T.7's"T. 177 =1(TrSsT)"T =TT = 1.

The operations ST and T'S are always conjugate and therefore of the
same order; for

ST =T7'T.ST=T17"1.7S.T.

Ex. Shew that the operations S152...5,-15, and S, Sp4+1... SpS1...Sr—1
are conjugate within the group {S1, Se,...,Sp}.

Definition.  An operation S of a group G, which is identical with
all its conjugate operations, is called a self-conjugate operation. Such an
operation must evidently be permutable with each of the operations of G.

In every group the identical operation is self-conjugate; and in a group, whose
operations are all permutable, every operation is self-conjugate. A simple exam-
ple of a group, which contains self-conjugate operations other than the identical



[25] CHAPTER III. 33

operation, while at the same time its operations are not all self-conjugate, is
given by

{(1234), (13)}.

It is easy to shew that the order of this group is 8, and that (13)(24) is a self-
conjugate operation.

If all the operations of a group be transformed by a given operation,
the set of transformed operations form a group. For if T} and T» are any
two operations of the group, so that 7175 is also an operation of the group,
then

SIS - STITyS = STITTLS:

hence the product of any two operations of the transformed set is another
operation belonging to the transformed set, and the set therefore forms
a group. Moreover the preceding equation shews that the new group is
simply isomorphic to the original group. If G is the given group, the
symbol ST'GS will be used for the new group. When S belongs to the
group G, the groups G and S™!GS are evidently the same.

Now unless S is a self-conjugate operation of GG, the pairs of operations
T and S™'T'S will not all be identical when for T the different operations
of G are put in succession. Hence the process of transforming all the
operations of a group by one of themselves is equivalent to establishing a
correspondence between the operations of the group, which exhibits it as
simply isomorphic with itself.

Definitions. = When H is a sub-group of GG and S is any operation
of G, the groups H and S™'HS are called conjugate sub-groups of G.

If H and ST'HS are identical, S is said to be permutable with the
sub-group H. This does not necessarily involve that S is permutable with
each of the operations of H.

If H and S~'HS are identical, whatever operation S is of G, H is said
to be a self-conjugate sub-group of G.

A group is called composite or simple, according as it does or does not
possess at least one self-conjugate sub-group other than that formed of the
identical operation alone.
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25. THEOREM III.  The operations of a group G, which are per-
mutable with a given operation T', form a sub-group H; and the order of G
divided by the order of H is the number of operations conjugate to T*.

If Ry and Ry are any two operations permutable with 7', so that
RlT = TRl and RQT = TRQ;

then
R1RoT = RiTRy = TR Ro,

and therefore RqRo is permutable with 7. The operations permutable
with T therefore form a group H. Let n be its order and

1, Ry, Ry, ..., Ry

its operations. Then if S is any operation of G not contained in H, the
operations
S, R1S, R2S, ..., Ry—1S

all transform 7" into the same operation 7".
For
(RiS) 'TR;S = ST'R;'TR;S = S'TS.

Also the n operations thus obtained are the only operations which trans-

form T into T"; for if
S/_lTS/ — T/
then
Ss'lrs's—t = 51’8~ =T
and therefore S’S~1 belongs to H. The number of operations which trans-
form T into any operation conjugate to it is therefore equal to the number
that transform 7' into itself, that is, to the order of H. If then N is the
N

order of GG, the operations of G may be divided into — sets of n each, such

n
that the operations of each set transform 7T into a distinct operation, those

*Among these T' of course occurs.
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of the first set, namely the operations of H, transforming 7" into itself. The

number of operations conjugate to 7', including itself, is therefore —.

n
Since
T =251T'S"1,
therefore
R'TR; = Ry'ST'S™'R;;
hence

T'=85'TS=5"'R'TR;S = ST'R;71S-T'- S7'R;S,

so that every operation of the form S™'R;S is permutable with 7’. Hence
if H is the group of operations permutable with 7', and if

SYlTs =1,

then S~'HS is the group of operations permutable with 7”.
It is convenient to have a symbol to represent the set of operations

S, RS, RS, ..., Rn_1S,

where

17 R17 R27 cey Rnfl

form a group H. We shall in future represent this set of operations by H.S/
and we shall use SH to represent the set

S, SRi, SR, ..., SR,_1.

THEOREM IV.  The operations of a group G which are permutable
with a sub-group H form a sub-group I, which is either identical with H
or contains H as a self-conjugate sub-group. The order of G divided by the
order of I is the number of sub-groups conjugate to H*.

If Sy, Sy are any two operations of G which are permutable with H,
then
S;'HS, =H, S;'HS;=H,

*Among these sub-groups H itself occurs.
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and therefore

Sy 'S HS S, = H,

so that 5152 is permutable with H. The operations of G which are per-
mutable with H therefore form a group I, which may be identical with H
and, if not identical with H, must contain it. Also, if S is any operation
of I,

ST'HS =H,

and therefore H is a self-conjugate sub-group of I.

If now ¥ is any operation of G not contained in I, it may be shewn,
exactly as in the proof of Theorem III, that the operations /> and no
others transform H into a conjugate sub-group H’ which is not identical
with H; and therefore that the number of sub-groups in the conjugate set
to which H belongs is the order of G divided by the order of I.

The operations of G which are permutable with H’ may also be shewn
to form the group X113,

It is perhaps not superfluous to point out that two distinct conjugate
sub-groups may have some operations in common with one another.

26. Let S7 be any operation of G, and
S1, S, ..., Spm

the distinct operations obtained on transforming S; by every operation
of G. The number, m, of these operations is, by Theorem III, a factor of NV,
the order of G. Moreover if, instead of transforming S, we transform any
other operation of the set, S, by every operation of G, the same set of
m distinct operations of G will result. Such a set of operations we call a
complete set of conjugate operations. If T is any operation of G' which does
not belong to this complete set of conjugate operations, no operation that
is conjugate to T' can belong to the set. Hence the operations of G may be
distributed into a number of distinct sets such that every operation belongs
to one set and no operation belongs to more than one set; while any set
forms by itself a complete set of conjugate operations. If my, mo, ..., mg
are the numbers of operations in the different sets, then

N=mi+mo+...+mg;
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and, since the identical operation is self-conjugate, one at least of the m’s
must be unity.
Similarly, if H; is any sub-group of G, and

Hy, Hy, ..., H,

the distinct sub-groups obtained on transforming H; by every operation
of G, we call the set a complete set of conjugate sub-groups. If K is a
sub-group of GG not contained in the set, no sub-group conjugate to K can
belong to the set. If the operation S; belongs to one or more of a complete
set of conjugate sub-groups, 151 ¥ must also belong to one or more sub-
groups of the set, ¥ being any operation of G. Hence among the operations
contained in the complete set of conjugate sub-groups, the complete set of
conjugate operations

S1, S2, ..., Sm

occurs.

No sub-group of GG can contain operations belonging to every one of
the complete sets of conjugate operations of G. For if such a sub-group H
existed, the complete set of conjugate sub-groups, to which H belongs,
would contain all the operations of G. Let m be the order of H and
n (= m) the order of the sub-group I formed of those operations of G

N
which are permutable with H. Then H is one of — conjugate sub-groups,

n
each of which contains m operations. The identical operation is common
to all these sub-groups, and they therefore cannot contain more than

N(m —1)

n

1+

distinct operations in all. This number is less than N, and therefore the
complete set of conjugate sub-groups cannot contain all the operations

of G.

27. If a group contains self-conjugate operations, it must contain
self-conjugate sub-groups. For the cyclical sub-group generated by any
self-conjugate operation must be self-conjugate. The only exception to
this statement is the case of the cyclical groups of prime order. Every
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operation of such a group is clearly self-conjugate; but since the cyclical
sub-group generated by any operation coincides with the group itself, there
can be no self-conjugate sub-group*.

If every operation of a group is not self-conjugate, or, in other words,
if the operations of a group are not all permutable with each other, the
totality of the self-conjugate operations forms a self-conjugate sub-group.
For, if S and S are permutable with every operation of the group, so also

is 51.59.

THEOREM V.  The operations common to a complete set of conjugate
sub-groups form a self-conjugate sub-group.

It is an immediate consequence of Theorem II that the operations com-
mon to a complete set of conjugate sub-groups form a sub-group. Also
the set of conjugate sub-groups, when transformed by any operation of
the group, is changed into itself. Hence their common sub-group must be
self-conjugate.

It may of course happen that the identical operation is the only one
which is common to every sub-group of the set.

Corollary. The operations permutable with each of a complete set of
conjugate sub-groups form a self-conjugate sub-group.

For, if the operations permutable with the sub-group H form a sub-
group I, the operations permutable with every sub-group of the conjugate
set to which H belongs are the operations common to every sub-group of
the conjugate set to which I belongs.

Further, the operations which are permutable with every operation of
a complete set of conjugate sub-groups form a self-conjugate sub-group.

THEOREM VI.  If Ty, T, ..., T, are a complete set of conjugate
operations of G, the group {Th,Ts, ..., T;}, if it does not coincide with G,
is a self-conjugate sub-group of G; and it is the self-conjugate sub-group of
smallest order that contains T7.

Since the operations 71, 15, ..., T, are merely rearranged in a new

*Strictly speaking, this statement should be qualified by the addition “except that
formed by the identical operation alone.” No real ambiguity however will be introduced
by always leaving this exception unexpressed.
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sequence when the set is transformed by any operation of G, it follows
that
STHT Ty, ..., T,}S = {11, Ty, ..., T},

whatever operation of G may be represented by S. Hence {T1,T5,...,T,}
is a self-conjugate sub-group. Also any self-conjugate sub-group of G that
contains T} must contain 15, T3, ..., T;; and therefore any self-conjugate
sub-group of G’ which contains 77 must contain {17, 7%,...,T}}.

In exactly the same way it may be shewn that, if

Hy, Hy, ..., H;

are a complete set of conjugate sub-groups of G, the group { H1, Ha, . .., Hs},
if it does not coincide with G, is the smallest self-conjugate sub-group of G
which contains the sub-group Hj.

The theorem just proved suggests a process for determining whether any
given group is simple or composite. To this end, the groups {71, 75, ..., T}
corresponding to each set of conjugate operations in the group are formed.
If any one of them differs from the group itself, it is a self-conjugate sub-
group and the group is composite; but if each group so formed coincides
with the original group, the latter is simple. If the order of 7T} contains
more than one prime factor and if 77" is of prime order, it is easy to see
that the distinct operations of the set 77", 75", ..., T" form a complete
set of conjugate operations, and that the group {71,75,...,T,} contains
the group {777,135, ..., T;"}. Hence practically it is sufficient to form the
groups {11,T%,...,T,} for all conjugate sets of operations whose orders
are prime.

With the notation of § 26 (p. 37), the order of any self-conjugate sub-group
of G must be of the form m, +mg + .. .; for if the sub-group contains any given
operation, it must contain all the operations conjugate with it. Moreover one
at least of the numbers mg,, mg, ... must be unity, since the sub-group must
contain the identical operation. It may happen that the numbers m, are such
that the only factors of N of the form m, +mg+..., one of the m’s being unity,
are N itself and unity. When this is the case, G is necessarily a simple group.
It must not however be inferred that, if N has factors of this form, other than
N itself and unity, then G is necessarily composite.
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If G1 and G4 are sub-groups of G, it has already been seen (§ 23) that
the operations common to GG; and Gy form a sub-group g of G; and it is
now obvious that, when GG; and G5 are self-conjugate sub-groups, so also
is g. Moreover the group {G1, G2} is a self-conjugate sub-group unless it
coincides with G. For

SHGY, Go}S = {S71G1S, 57 GySY = {G1, Ga}.

Again, with the same notation, if T is an operation of G not contained
in the self-conjugate sub-group G1, and if T, T, ..., T} is a complete set
of conjugate operations, the group {G1,T1,T5,...,T,} is a self-conjugate
sub-group, unless it coincides with G.

Definitions. If G, a self-conjugate sub-group of G, is such that the

group
{GlaTla T27 e 7TT}

coincides with G, when T7, T2, ..., T, is any complete set of conju-
gate operations not contained in G, then (G is said to be a mazimum
self-conjugate sub-group of G. This does not imply that G; is the self-
conjugate sub-group of GG of absolutely greatest order; but that there is
no self-conjugate sub-group of G, distinct from G itself, which contains G
and is of greater order than Gj.

If H is a sub-group of GG, and if, for every operation S of G which does
not belong to H, the group {H,S} coincides with G, H is said to be a
mazimum sub-group of G.

28. Definition. = When a correspondence can be established be-
tween the operations of a group G and the operations of a group G’, whose
order is smaller than the order of GG, such that to each operation S of G
there corresponds a single operation S’ of G’, while to the operation S,S,
there corresponds the operation S]’,S(’], the group G is said to be multiply
isomorphic with the group G'.

THEOREM VIL.  If a group G is multiply isomorphic with a group G’,
then (i) the operations of G, which correspond to the identical operation
of G', form a self-conjugate sub-group of G; (ii) to each operation of G’
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there correspond the same number of operations of G; and (iii) the order
of G is a multiple of the order of G'.

Let
So, S1, S2, ..., Sh_1

be the set of operations of G which correspond to the identical operation
of G'. These operations must form a group, since to S,S, corresponds the
operation 1 -1, i.e. the identical operation of G'; and therefore 5,5, must
belong to the set.

Again, to the operation T _1SpT of G corresponds the operation 7/~ -
1-T’, that is, the identical operation of G’. Hence, whatever operation
of GG is taken for T,

Tﬁl{S(), Sty .. ,Snfl}T = {So, Sty Snfl}.
The sub-group I' of GG formed of the operations
SO; Sla 827 ) Sn—l

is therefore self-conjugate.

Again, if T and T} are two operations of G which correspond to the op-
eration 7" of G’, the operation 71T} corresponds to the identical operation
of G', and therefore belongs to I'. Hence the operations that correspond
to T" are all contained in the set TT. The operations of this set are all
distinct and equal in number to the order of I'. Hence if n is the order
of T, to each operation of G’ there correspond n operations of G.

Finally, since to each operation of G there corresponds only one of G,
while to each operation of G’ there correspond n of G, the order of G is
n times the order of G’.

To any sub-group of G’ of order y, there corresponds a sub-group of G
of order pn. For if T)T; forms one of the set

/ / / /
LTy, oo, Ty oo, Ty ooy Ty,
at least one, and therefore all, of the set T,,7,I" must occur among

T, T, ..., T,T, ..., T,T, ..., T,1T,
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and hence these operations form a group. Moreover, if the sub-group of G’
is self-conjugate, so also is the corresponding sub-group of G.

It should be noticed that no correspondence is thus established between
a sub-group of G' which does not contain I' and any sub-group of G’.

29. The relation of multiple isomorphism between two groups can
be presented in a manner rather different from that of the last paragraph.
Let G be any composite group, and I' a self-conjugate sub-group of G
consisting of the operations

17 T17 T27 ) Tn—l-

Then, as in § 22, the operations of G can be arranged in the scheme

1, 1, T, el Th_1,

S1, 1151, 1551, N ST

S7,> T1527 TQSZ7 ) Tn—ISZa
Sm—la Tlsm—b TZSm—la SR Tn—lsm—l-

Now I' being a self-conjugate sub-group of G, it follows that
S;rs; =T,

and therefore the two sets of operations I'S; and S;I" coincide except as
regards arrangement. Hence

TaSZ'T,BSj = TaTﬂ/SiSj = T’YSZ'SJ‘,
where
SiTpS; ! =Ty,
and
T Ty =Ty;
so that both Tz and T’, belong to I'. Now all the operations of the set I'S; S

occur in a single line, say the (k + 1)th, of the above scheme. Hence if
any operation of the (7 + 1)th line be followed by any operation of the
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(7 + 1)th line, the result is some operation of the (k + 1)th line. If then
we regard the set of operations contained in each line of the scheme as a
single entity, they will by their laws of combination define a new group of
order m. In fact, if we denote these entities by

/ / /
So, S1, -y Sp—1,

a relation of the form

Sis; = s}

has been proved to hold for every pair. Moreover, these relations necessarily
obey the associative law; for if

555 = S

then the relation
S5, = 51,

follows in consequence of the symbols of G itself obeying the associative
law. The symbol S, corresponding to the first line of the scheme, is clearly
the symbol of the identical operation in the new group thus defined.

If now G and I' coincide with the groups of the preceding paragraph
which are represented by the same symbols, then G’ of the preceding para-
graph must be simply isomorphic with the group whose operations are

1,8, Sh .S

It follows that a group G’ with which a group G is multiply isomorphic,
in such a way that to the identical operation of G’ there corresponds a
given self-conjugate sub-group I' of G, is completely defined (as an abstract
group) when G and I" are given. This being so it is natural to use a symbol
to denote directly the group thus defined in terms of G and I'. Herr Hélder*

has introduced the symbol
G

r

*“Zur Reduction der algebraischen Gleichungen,” Math. Ann. Xxx1v (1889), p. 31.
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to represent this group; he calls it the quotient of G by I', and a factor-
group of GG. We shall in the sequel make constant use both of the symbol
and of the phrase thus defined.

. G :
It may not be superfluous to notice that the symbol — has no meaning*,

unless I' is a self-conjugate sub-group of G. Moreover, it may happen that
G has two simply isomorphic self-conjugate sub-groups I' and IV. When

this is the case, there is no necessary relation between the factor-groups T
G
and X (except of course that their orders are equal); in other words, the

G
type of the factor-group T depends on the actual self-conjugate sub-group

of G which is chosen for I' and not merely on the type of I'.
Further, though in relation to its definition by means of G and I" we

call T2 factor-group of (G, we may without ambiguity, since the symbol
represents a group of definite type, omit the word factor and speak of the
group -

It is also to be observed that G has not necessarily a sub-group simply

G
isomorphic with T This may or may not be the case.

30. If G is multiply isomorphic with G’ so that the self-conjugate sub-
group I' of G corresponds to the identical operation of G’, it was shewn, at
the end of § 28, that to any self-conjugate sub-group of G’ there corresponds
a self-conjugate sub-group of G containing I'. Hence, unless — is a simple

group, I' cannot be a maximum self-conjugate sub-group of G. If g; is any

self-conjugate sub-group of T and G the corresponding (necessarily self-

. . G
conjugate) sub-group of GG, containing I', we may form the factor-group oo
1
and determine again whether this group is simple or composite. By contin-

*Herr Frobenius has extended the use of the symbol to the case in which I' is any
group, whether contained in G or not, with which every operation of G is permutable:
“Ueber endliche Gruppen,” Berliner Sitzungsberichte, 1895, p. 169. We shall always use
the symbol in the sense defined in the text.
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uing this process a maximum self-conjugate sub-group of GG, containing I',
must at last be reached.

G
31. Though T is completely defined by G and I', where I' is any

given self-conjugate sub-group of G, the reader will easily verify that G is
not in general determined when I and T are given.

We shall have in the sequel to consider the solution of this problem in
various particular cases. There is, however, in every case one solution of it
which is immediately obvious. We may take any two groups GG; and G,

simply isomorphic with the given groups I' and T such that G and G»

have no common operation except identity, while each operation of one is

permutable with each operation of the other. The group {G1, G2}, formed

{G1,Go}
G

1

by combining these two, is clearly such that is simply isomorphic

G
with T it therefore gives a solution of the problem.

Definition. If two groups GG, G'2 have no common operation except
identity, and if each operation of (G is permutable with each operation
of G, the group {G1, G2} is called the direct product of G and Ga.

Ex. If H, h are self-conjugate sub-groups of G, and if h is contained in H,

H G, H
so that i’ is a self-conjugate sub-group of W shew that the quotient of W by "

G
is simply isomorphic with T

32. If H is a self-conjugate sub-group of G, of order n, and if H' is a

!
self-conjugate sub-group of G’, of order n/, and if g and — are simply isomor-
phic, a correspondence of the most general kind may be established between the
operations of G and G’. To every operation of G (or G’) there will correspond
n’ (or n) operations of G’ (or G), in such a way that to the product of any two
operations of G (or G’) there corresponds a definite set of n’ (or n) operations
of G' (or G). Let

G=H, SyH, SoH, ..., Sp_1H,
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and
G =H, S\H', SyH', ..., S H':
!

o let S, and S
(r=0,1,...,m— 1) be corresponding operations. Then if we take the set S.H’
as the n’ operations of G’ that correspond to any operation of the set S.H of G,
and the set S, H as the n operations of G that correspond to any operation of
the set S/ H' of G, the correspondence is, in fact, established.

For, if b} and A, are any two operations of H', the set of operations S.h/S.h/,
includes n’ distinct operations only, namely those of the set S.SLH’. Hence to
the product of any given operation of the set S, H by any given operation of the
set SgH, there corresponds the set of n’ operations S..S.H'; at the same time the

G
and in the simple isomorphism between Vi and

product of the two given operations belongs (in consequence of the isomorphism
!
between % and %) to the set S.SsH. The same statements clearly hold when
we interchange accented and unaccented symbols.
We still speak of G and G’ as isomorphic groups, and the correspondence
between their operations is said to give an n-to-n’ isomorphism of the two groups.
We shall return to this general form of isomorphism in dealing with intransitive

substitution groups.

33. Definition. Two groups G and G’ are said to be permutable
with each other when the distinct operations of the set SiS;-, where for .5;
every operation of the group G is put in turn and for S} every operation of
the group G, coincide with the distinct operations of the set S;SZ' except
possibly as regards arrangement.

If the two groups G and G’ are permutable, the group {G, G’} must be
of finite order. For, by the definition, every operation

. SpSLS, S .

can be reduced to the form 5155; and therefore the number of distinct
operations of the group {G,G’} cannot exceed the product of the orders
of G and G'. Let g be the group formed of the common operations of
G and G’. Divide the operations of these groups into the sets

g, X19, 229, ..., Ym-1g
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and
g. 9%, 955, ..., gXl 4.

Then every operation of the set Sisg. can clearly be expressed in the
form

Ep’ng,

where ~ is some operation of g. And no two operations of this form can be
identical, for if
EpnEy = ey,

then
7 T m = 2nh

so that 2225;1 belongs to g. But this is only possible if

=,
which leads to

=X
and

Y2 = 71-

The order of {G,G"} is therefore the product of the orders of G and G’,
divided by the order of g.

If every operation of G is permutable with G’, then g must be a self-
conjugate sub-group of G. For G and G’ are transformed, each into itself,
by any operation of G; and therefore their common sub-group g must be
transformed into itself by any operation of G.

Moreover those operations of GG, which are permutable with every oper-
ation of G/, form a self-conjugate sub-group of G. For if T is an operation
of G, which is permutable with every operation S’ of G’, so that

T8 =29,
and if S is any operation of GG, then

S—lr=1§.5.,8'S.5.,7S=57198,
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so that S_1T'S is permutable with every operation of G’. Hence every
operation of GG, which is conjugate to T, is permutable with every operation
of G’; and the operations of G, which are permutable with every operation
of G', therefore form a self-conjugate sub-group.

If G is a simple group, ¢ must consist of the identical operation only;
and either all the operations of G, or none of them, must be permutable
with every operation of G'.

A special case is that in which the two groups G’ and G are respectively
a self-conjugate sub-group I' and any sub-group H of some third group;
for then every operation of H is permutable with I'. If H is a cyclical
sub-group generated by an operation S of order n, and if S™ is the lowest
power of S which occurs in I', then m must be a factor of n. For if m’ is
the greatest common factor of m and n, integers  and y can be found such
that

am +yn =m/'.

Now
Sm' _ Sxm—i—yn — Sazm
and therefore S™ belongs to I'. Hence m’/ cannot be less than m, and
therefore m is a factor of n. Moreover, since {5} is a sub-group of I, the

order of I must be divisible by " Hence:—
m

THEOREM VIII.  If an operation S, of order n, is permutable with a
group I, and if S™ is the lowest power of S which occurs in I'; then m is

n
a factor of n, and — is a factor of the order of I'.
m

The operations of {I', S} can clearly be distributed in the sets
r, IS, rs? ..., 0sm L

m—1

and no two of the operations S, S?, ..., S are conjugate in {I', S'}.

34. A still more special case, but it is most important, is that in
which the two groups are both of them self-conjugate sub-groups of some
third group. If in this case the two groups are G and H, while S and T
are any operations of the two groups respectively, then

S~'HS = H,
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and

T-1'GT = G;

so that every operation of GG is permutable with H and every operation
of H is permutable with G.

Consider now the operation S™'T~1ST. Regarded as the product of
S~1and T71ST it belongs to G, and regarded as the product of S~'T~1S
and T it belongs to H. Every operation of this form therefore belongs to
the common group of G and H. If G and H have no common operation
except identity, then

SYir=ler =1,

or

ST =TS,
and S and T are permutable. Hence:—

THEOREM IX*.  If every operation of G transforms H into itself and
every operation of H transforms G into itself, and if G and H have no
common operation except identity; then every operation of G is permutable
with every operation of H.

Corollary. If every operation of G transforms H into itself and every
operation of H transforms G into itself, and if either G or H is a simple
group; then G and H have no common operation except identity, and every
operation of GG is permutable with every operation of H.

For, by § 33, if G and H had a common sub-group, it would be a self-
conjugate sub-group of both of them; and neither of them could then be
simple, contrary to hypothesis. Consequently, the only sub-group common
to G and H is the identical operation.

35. If N and N’ are the orders of two permutable groups G and G’, the
NN’ equations expressing every operation of the form SS’, where S belongs to G
and S’ to G, in the form Y'Y, where ¥ and ¥’ belong to G and G’ respectively,
are never all independent. In particular, if

S1, S, ..., Sy

*Dyck, “Gruppentheoretische Studien,” Math. Ann. Vol. xxi1 (1883), p. 97.
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are a set of independent generating operations of G, and
mi, ma, ..., My
their orders, it is clearly sufficient that each operation of the form
S'S;“ (a=1,2,...,m,—1; p=1,2,...,7)

should be capable of expression in the form /3.
When, in fact, these conditions are satisfied, it is always possible by a series
of steps to express any operation S’S in the form X3.

Ex. 1.  Shew that, in the group whose defining relations are
A*=1, B®=1, (AB)*=1,

the three operations A%, B~1A?B, BA2B~" are permutable and that they form a
complete set of conjugate operations. Hence shew that { A%, B} is a self-conjugate
sub-group, and that the order of the group is 24.

Ex. 2. Shew that the cyclical group generated by the substitution
(1234567) is permutable with the group

{(267)(345), (23)(47)};

and that the order of the group resulting from their product is 168.

Ex. 3. If g and go are the orders of the groups G; and G, «v the order of
their greatest common sub-group and g the order of {G1, G52}, shew that

g7 2 9192,
and that, if gy = g192, then G; and G5 are permutable. (Frobenius.)

Ex. 4. If G; and G4 are two sub-groups of GG of orders g; and g2, and S any
operation of GG, prove that the number of distinct operations of G contained in
the set 51559, when for S7 and Sy are put in turn every pair of operations of G

and G4 respectively, is M; ~ being the order of the greatest sub-group common
v

to S~1G1S and Gs.
If T is any other operation of G, shew also that the sets 51553 and 5175
are either identical or have no operation in common. (Frobenius.)
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Ex. 5. If agroup G of order mn has a sub-group H of order n, and if n has
no prime factor which is less than m, shew that H must be a self-conjugate
sub-group. (Frobenius.)



CHAPTER IV.
ON ABELIAN GROUPS.

36. WE shall now apply the general results, that have been obtained
in the last chapter, to the study of two special classes of groups; in the
present chapter we shall deal particularly with those groups whose opera-
tions are all permutable with each other.

Definition. A group, whose operations are all permutable with each
other, is called an Abelian* group.

It is to be expected (and it will be found) that the theory of Abelian
groups is much simpler than that of groups in general; for the process of
multiplication of the operations of such groups is commutative as well as
associative.

Every sub-group of an Abelian group is itself an Abelian group, since
its operations are necessarily all permutable. For the same reason, every
operation and every sub-group of an Abelian group is self-conjugate both
in the group itself and in any sub-group in which it is contained.

If G is an Abelian group and H any sub-group of G, then since H is

necessarily self-conjugate, there exists a factor-group T and this again

must be an Abelian group. (The reader must not however infer that, if H

*On Abelian groups, the reader may consult Frobenius and Stickelberger, “Ueber
Gruppen vertauschbarer Elemente,” Crelle’s Journal, Vol. LXXXVI (1879), p. 217; and
a very complete discussion in the second volume of Herr Weber’s recently published
Lehrbuch der Algebra. In the proof of the existence of a set of independent generating
operations (§ 41) we have directly followed Herr Weber.

The name “Abelian group” has been applied by M. Jordan (Traité des substitu-
tions etc. pp. 171 et seq.) to an entirely different class of groups, whose operations
are not permutable. Most writers, we believe, have used the phrase in the sense defined
in the text.

The connection of Abel’s name with groups of permutable operations is due to his
having been the first to investigate, with complete generality, the application of such
groups to the theory of equations, “Mémoire sur une classe particuliére d’équations
résolubles algébriquement,” Crelle’s Journal, Vol. 1v (1829), p. 131; or Collected Works,
1881 edition, Vol. 1, p. 478.

52
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and % are both Abelian, then G is also Abelian. It is indeed clear that

this is not necessarily the case.)

37. Let now G be any Abelian group, and let p" be the highest power
of a prime p that divides its order. We shall first shew that G has a single
sub-group of order p™, consisting of all the operations of G whose orders
are powers of p.

If 51, Sy are any two operations of G, it follows from § 33, that, because
S1 and Sy are permutable, the order of {S7,S2} is equal to or is a factor
of the product of the orders of S; and Se. So again, if S3 is an operation
of G not contained in {5, S}, the order of {S1, S2, S3} is equal to or is a
factor of the product of the orders of {S7, 52} and S3. Now by continually
including a fresh operation, not contained in the group already arrived at,
we must in this way after a finite number of steps arrive at the group G,
whose order is divisible by p. Hence, among the operations S, Sa, S3, ...,
there must be at least one whose order is divisible by p, and some power
of this, say S, will be an operation of order p. Now, if m is greater than

unity, the order of the factor-group ——~, which is also Abelian, is divisible

S

by p, and therefore this factor—grou% r}nust have an operation of order p.
Hence G will (§ 28) contain a sub-group of order p?. If m is greater than 2,
the same reasoning may be repeated to shew that G has a sub-group of
order p?, and so on. Hence, finally, G has a sub-group of order p". Let H be
this sub-group; and suppose if possible that G contains an operation T,
whose order is a power of p, which does not belong to H. Then {H,T}
is a sub-group of GG, whose order is a power of p, greater than p™; and
this is impossible (§ 22). The sub-group H must therefore contain all the
operations of G' whose orders are powers of p. Hence:—

THEOREM 1. If p™ is the highest power of a prime p that divides
the order of an Abelian group G, then G contains a single sub-group of
order p™, which consists of all the operations of G whose orders are powers

of p.
38. Let the order of G be

N = pTlngQ Sop
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where p1, p2, ..., py are distinct primes; and let
Hy, Hy, ..., H,
be the sub-groups of G of orders
A N

Since the orders of H; and Hy are relatively prime, they can have no
common operation except identity; and therefore the order of {H;, Ha} is

p1"py?. This sub-group contains all the operations of G whose orders are

B

relatively prime to For if T' were an operation of G of order p{'p;,

ml m2

not contained in {Hl,HQ} then {H1, Hy, T} would be a sub-group of G,
of order p|'py?, where ny > mq if @ > 0 and ng > mg if § > 0; and this is
impossible (§ 22).

This process may clearly be continued to shew that, if N = uv, where
i and v are relatively prime, then GG contains a single sub-group of order p,
consisting of all the operations of G whose orders are relatively prime to v.
Moreover G itself is the direct product (§ 31) of Hy, Ho, ..., Hp.

39. The first problem of pure group-theory that presents itself in
connection with Abelian groups is the determination of all distinct Abelian
groups of given order N. Let H; and Hj be two distinct Abelian groups
of order pi", i.e. two groups which are not simply isomorphic. Then two
Abelian groups of order N, whose sub-groups of order p{"' are simply
isomorphic with H; and Hj respectively, are necessarily distinct. Since
then G is the direct product of Hy, Ho, ..., H,, the general problem for
any composite order N will be completely solved when we have determined
all distinct types of Abelian groups of order p"!, p5'?, ..., pi'». We may
therefore, for the purpose of this problem, confine our attention to those

Abelian groups whose orders are powers of primes.

40. Suppose then that G is an Abelian group whose order is the
power of a prime. If among the operations of G we choose at random a set

P, Pl, P//7
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from which the group can be generated, they will not in general be inde-
pendent of each other.

As an instance, we may take the group whose multiplication table is:—

1 P P, Py P, P P; P;
1|1 P, P, P, P, P, P P,
P|P P, P, 1 P P; P P
PP, P, 1 P Ps Po Py P;
PP, 1 P Pb PP P P P
P, |P, P P, ., 1 P P, P
PP P P, Py PP, Py
Ps|Ps P P, P, P, P, 1 P
PP, P, P, P, P, 1 P P

Here P; and Ps5 are two operations from which every operation of the group
may be generated: an inspection of the table will shew that they are connected
by the relation

PP? =1.

On the other hand, if we choose P; and P, as generating operations, we find

that every operation of the group can be expressed in the form

PAPP (a=0,1,2,3; 3=0,1)

while the only conditions to which the permutable operations P; and P, are
submitted are
Pl=1, P}=1.

The question then arises as to whether G can be generated by a set
of permutable and independent operations, i.e. by a set of permutable
operations which are connected by no relations except those that give their
orders. That this question is always to be answered in the affirmative may
be proved in the following manner.

41. Let the order of G be p; and let P, be an operation of G whose
order p™ is not less than that of any other operation of the group. Then
every operation of the group satisfies the equation

st — 1,
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If m; = m, the order of {P;} is equal to the order of G; the latter is
then a cyclical group generated by the operation P;.

If m; < m, G must contain other operations besides those of {P;}.
Denoting {P1} by G, let @ be any operation of G' not contained in G,
and let Q® be the lowest power of @) that is contained in G1. Then (§ 33)
a must be a power of p; and when for () each operation of G that is
not contained in (7 is taken in turn, a must have some maximum value,
say p2. Since no operation of GG is of greater order than p™! it follows
that mo < my. We may suppose then () to be an operation of GG, such
that QP is the lowest power of () which is contained in Gj.

Then

QU =P,
and o
Qp’”l 1= P1>\1p 1mm2

I

so that Ap is divisible by p"*2 and may be expressed in the form xp™2. The
case A1 = 0 forms no exception to this statement, since A\ is congruent to
zero, (mod. p™); but we actually take x = 0 in this case.

If now we write

QP " =P,

then -
A

Y

and P%’ " is the lowest power of P» which is contained in ;. Let the
sub-group {P1, @} be denoted by Ga. Then Gy is generated by the two
independent operations P; and P> of orders p” and p"*2; and every oper-
ation S of GG is such that

A

where «q is divisible by p2.

This process may now be continued step by step. That it will ulti-
mately lead to a representation of G as generated by a set of independent
operations may be shewn by induction. To this end, we will suppose that a
sub-group G, has been arrived at which is generated by the n independent
operations

P, P, ..., Py,
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of orders

where
mi =2mg = ...2= My.

We will also suppose that, if 7" is any operation of G,

" = PP Py Py,
where aq, a9, ..., an—1 are all divisible by p™». In the special case n = 2
these suppositions have been justified.

Let Q' be any operation of G, and let Q"® be the lowest power of @’ that
occurs in G,. Then when for Q' each operation of G that is not contained
in G, is taken in turn, a will have a certain maximum value, say p"'»+1;
and from the suppositions made above, m,1 is not greater than m,,. We
may therefore write

QP _ plip | phhi phy

and hence

mn—mn+1 mn—mn+1 7nn—7nn+1 Pﬁnpmn_mn‘i‘l
n .

Q/pm” _ Plﬁlp P252p ~--P5f11p
Now Py, P», ..., P, are independent; it follows therefore from the
second assumption made above, that the exponents of P, P», ..., P, in
this last equation are divisible by p”?; and hence that 1, fs, ..., (5, are
divisible by p"n+1.
If we now suppose that Q' itself is chosen so that Q"""
power of @’ that occurs in G,,, then

"1 is the lowest

QP = pr pra™n i prapet,

/ —ZX —X2 —In
Q P] 1P2 o .. PTL —_— n+ 9

then
Ppmn+1

n+1 =1

Y
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and Pﬁ_n:fﬂ is the lowest power of P that occurs in G,. Hence finally

{Py, Ps,...,P,,Q'} is generated by the n + 1 independent operations Py,
Py, ..., Pyyq of orders p™, p™2 ... pMntl (my = mg = ... 2 Mpy1);
and S being any operation of G,

m.
p'ntl _ p7op2 o
S’ —P1 P2 N SR

where v1, 72, ..., Y, are divisible by p"'n+1.
This completes the proof by induction, and we may now state the result
in the form of the following theorem:—

THEOREM II.  An Abelian group of order p™, where p is a prime, can
be generated by r (< m) independent operations Py, Pa, ..., Py, of orders
p"™, p™m2 . p"™ where

mi1+mo+...+my =m,

and my = mg = ... = m,. Moreover if u is any positive integer such that
ms = [ = Mgy, while Q is any operation of the group, then

H ] po «
Qp :P11P22...PSS,

where ay, g, ..., ag are divisible by p*.

The actual existence of the set of independent generating operations
is demonstrated by the above inductive proof. The other inferences in
the theorem may be established as follows. A set of independent per-
mutable operations of orders p™, p'™2 ..., p™" generate a group of order
pmitmetetme - and therefore

mi1+mo+...+my, =m.

Since each number in this equation is a positive integer, the number of
terms on the left-hand side cannot be greater than m. Hence

r < m;

and, if r = m, every operation of the group except identity is of order p.
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Finally, from the above inductive proof it follows that, if ) is any
operation of the group, then

mes+1 _ P151P252 o Psﬁs’
where 81, Ba, ..., B are all divisible by pms+1.
Hence
a H—Ms+1 H—Mg4 1 =g 11
Qr = Plﬂlp P252p "-Psﬁsp +
— PRS2 P,
where a1, ag, ..., a, are all divisible by p*.

42. It is clear, from the synthetic process by which it has been proved
that an Abelian group of order p™ can be generated by a set of independent
operations, that a considerable latitude exists in the choice of the actual
generating operations; and the question arises as to the relations between
the orders of the distinct sets of independent generating operations.

The discussion of this question is facilitated by a consideration of certain
special sub-groups of G. If A and B are two operations of GG, and if the
order of A is not less than that of B, the order of AB is equal to, or is
a factor of, the order of A. Hence the totality of those operations of G
whose orders do not exceed p*, or in other words of those operations which

satisfy the relation
“w

SP =1,

form a sub-group G,. The order of G, clearly depends on the orders of
the various operations of G and in no way on a special choice of generating
operations. Now if

P P2 BT

belongs to G/, then
peart poar” - pestt —
Hence if mgy1 is the first of the series

my, m2, ..., My,
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which is less than p, then as41, ..., @, may have any values whatever; but
ap (t=1,2,...,s) must be a multiple of p"*~#.

It follows from this that G, is generated by the r independent opera-
tions

ms—

pml—p, pm2_u’
P]. ,Pz ""7P§ ,PS+1,...,P71.

If then the order of G, is p”, we have

,
v=pus+ Y, my.
s+1

The order of GG, the sub-group formed of all operations of G whose
order is p, is clearly p".

43. Suppose now that by a fresh choice of independent generating
operations, it were found that G could be generated by the v’ independent
operations

P, Py, ..., P,
of orders
P M,
where
mﬁ >m'2>...>m;/.

If m/, 41 1s the first of this series which is less than f, the order of G,

will be p”’, where

,
Vi=pus'+ Y my.
s'+1
The order of G, is independent of the choice of generating operations;
so that for all values of

/
V=Uur.

Hence, by taking p =1,

/
=7,

or the number of independent generating operations is independent of their
choice.
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If now
me=m; (t=s+1,8+2,...,7),

and
/
me > Mg,

and if we choose p so that
My = > mig;

then

.,
v=pus+ Yy my,
s+1

and
/

.
Vi=u(s—1)+ml+ > my.
s+1

The condition

gives
Y
H=mg,

in contradiction to the assumption just made.
Similarly we can prove that the assumption m/, > mgs cannot be main-
tained; hence
ms = ml;
and therefore, however the independent generating operations of G are
chosen, their number is always r, and their orders are

44. If G’ is a second Abelian group of order p", simply isomorphic
with G, and if
P, Py, ..., P,

of orders

/ / /
mq mo m._,
p P ...,
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where
/ / /
my = my = ... = My,

are a set of independent generating operations of G’, exactly the same
process as that of the last paragraph may be used to shew that

r=r,
and
/
ms=my, (s=1,2,...,7).

In fact, since corresponding operations of two simply isomorphic groups
have the same order, the order of G, must be equal to the order of GL;
and this is the condition that has been used to obtain the result of the last

paragraph.
Two Abelian groups of order p" cannot therefore be simply isomorphic
unless the series of integers mi, ma, ..., m, is the same for each. On

the other hand when this condition is satisfied, it is clear that the two
groups are simply isomorphic, since by taking Ps and P! (s = 1,2,...,r)
as corresponding operations, the isomorphism is actually established.

The number of distinct types of Abelian groups of order p', where p is a
prime, i.e. the number of such groups no one of which is simply isomorphic
with any other, is therefore equal to the number of partitions of m. When
the prime p is given, each type of group may be conveniently, and without
ambiguity, represented by the symbol of the corresponding partition. Thus
the typical group G that we have been dealing with would be represented
by the symbol (my, ma,...,m;).

45. Having thus determined all distinct types of Abelian groups of
order p", a second general problem in this connection is the determination
of all possible types of sub-group when the group itself is given. This will
be facilitated by the consideration of a second special class of sub-groups
in addition to the sub-groups G, already dealt with.

If S and S’ are any two operations of GG, then

SP S = (88"

and therefore the totality of the distinct operations obtained by raising
every operation of G' to the power p# will form a sub-group H,.
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If
Mg 2 [ > Mgy,

then (Theorem II, § 41)
gt — plauv“ P2042p" o psasp“ :

S being any operation of G. Hence H,, is generated by the s independent
operations

w “ 4

propr o P

S

imtﬁus
and the order of H,, is p !

46. Let now I' of type (n1,n2,...,ns) be any sub-group of G. The
order of the group I'7, formed of all the operations of I' which satisfy the
equation

SP =1,

is p® (§ 42). This group must be identical with or be a sub-group of G
whose order is p". Hence
s<r,

i.e. the number of independent generating operations of any sub-group of G
is equal to or is less than the number of independent generating operations

of G itself.
If p" is the order of I', there must be one or more sub-groups of G of

G
order p"*! which contain I'; for T has operations of order p. Hence I" must

be contained in one or more sub-groups of G of order p™~!. We may begin
then by considering all possible types of sub-groups of G of order p™ 1.
Let g be such a sub-group and (m/, m5, ..., m/,) its type; and suppose that

me=my; (t=1,2,....k—1),
and

Then if
mp < mﬁg,
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the order of h,, , the sub-group of g which results by raising all its opera-
tions to the power p"**, is greater than the order of H,,, . This is impossible,
since hyy,, must coincide with H,,, or with one of its sub-groups. Hence

my < my
Now

7'/ , T

Z my = Z my — 1;

1 1
therefore

my, = mg — 1,

and

my=my (t=k+1,...,7).

In the particular case in which m, is unity if we take k equal to r, m/. is
zero; and in this case ¢ would have r — 1 generating operations.

It is easy to see that sub-groups of order p™~! and of all the types just
determined actually exist. For

Pla P27 R Pk—17 Pkp, Pk+17 R PT

are a set of independent operations which generate a sub-group of the type
(mla M2, ...,MEg_1,Mf — 17 M1, 7m7")'

47. Returning to the general case, we will assume for all orders not
less than p” the existence of a sub-group I' of type (ng,ng,...,ns), when
the inequalities

t ¢
dYong <Y my, (t=1,2,...,7)
1 1

are satisfied, where if ¢t > s, n; is zero. When n is equal to m — 1, the truth
of this assumption has been established.

If I of type (nf,nh,...,n’,) is a sub-group of order p"~!, it must be
contained in some sub-group of order p", say I' of type (ni,n1,...,ns).
Then, by the preceding discussion,

t t
;nggzlznu (t=1,2,...,9);
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and therefore

t t
;n; <;mu (t=1,2,...,71),

so that the conditions assumed for sub-groups of order not less than p™ are
necessary for sub-groups of order p"~!. Moreover if the conditions

t t
;%é;mu (t=1,2,...,r)

are satisfied, and if n) is the first of the series
/ /
ny, Ng, ..y
which is less than the corresponding term of the series
mi, ma, ...,
we may take

/
Ny =n,, u=Fk,

nk:n§c+1;

and then the conditions
t t
Sng <> omy (t=1,2,...,7);
1 1

are satisfied. But these conditions being satisfied it follows, from the
assumption made, that G contains a sub-group of order p" and type
(n1,m2,...,ns) and therefore also a sub-group of order p"~! and type
(nf,nh,...,n’,). If the conditions assumed are sufficient for the existence
of a sub-group of order p”, they are thus proved to be sufficient for the
existence of one of order p”~!. Hence since they are sufficient in the case
of sub-groups of order p”™~!, they are so generally.

We may summarize the results obtained in the last three paragraphs as
follows:—
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THEOREM III.  The number of distinct types of Abelian groups of
order p'™, where p is a prime, is equal to the number of partitions of m; and
each type may be completely represented by the symbol (my,ma, ..., my) of
the corresponding partition. If the numbers in the partition are written in
descending order, a group of type (myi,ma,...,my) will have a sub-group
of type (n1,n2,...,ns), when the conditions

sy

t t
Yony <> my, (t=1,2,...,7),
1 1

are satisfied; and the type of every sub-group must satisfy these conditions.

48. It will be seen later that the Abelian group of order p™ and type
(1,1,1,...,with m units) is of special importance in the general theory,
and we shall here discuss one or two of its simpler properties.

Since the generating operations of the group are all of order p, every
operation except identity is of order p; and therefore the type of any sub-
group of order p® is (1,1, 1, ..., with s units). If the group be denoted by G,
every sub-group G, coincides with G; while of the sub-groups H,,, the first
coincides with GG and all the rest consist of the identical operation only.

In choosing a set of independent generating operations, we may take
for the first, P;, any one of the p” — 1 operations of the group, other
than identity. The sub-group {P;} is of order p; and therefore G has
p™ — p operations which are not contained in {P;}. If we choose any one of
these, Ps, it is necessarily independent of P;, and may be taken as a second
generating operation. The sub-group {P;, P} is of order p? and type (1,1);
and G has p™ — p? operations which are not contained in this sub-group. If
P53 be any one of these, no power of P3 other than identity is contained in
{P1, P}; and P;, P5, P3 are therefore three independent operations which
generate a sub-group of order p3. This process may clearly be continued till
all m generating operations have been chosen. If then the position which
each generating operation occupies in the set of m, when they are written
in order, be taken into account, there are

" =™ —p)E™ —p?) ... (" —p" Y
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distinct ways in which a set may be chosen. If on the other hand the sets
of generating operations which consist of the same operations written in
different orders be regarded as identical, the number of distinct sets is

" —DE™ —p)... " —p™ )
m! ’

49. No operation P of the group can belong to two distinct sub-
groups of order p except the identical operation. Hence since every sub-
group of order p contains p — 1 operations besides identity, G must contain

m

sub-groups of order p.

Let Ny, be the number of sub-groups of G of order p", so that

P =1
p—1-

Nm,l =

There are, in G, p™ — p" operations not contained in any given sub-
group of order p”. If P occurs among these operations, so also do P?,
m T
P3, ..., PP~ Hence there are L
p —
are not contained in a given sub-group of order p”. Each of these may
be combined with the given sub-group to give a sub-group of order p™*1.
When every sub-group of order p” is treated in this way, every sub-group of
order p" ! will be formed and each of them the same number, z, of times.
Hence

sub-groups of order p in G which

pr—p"
me,r+1 = Nm,r—'
p—1
Now a sub-group of order p"*! contains Ny1, sub-groups of order p",
pr—i—l o pr
and ——
p—1

sub-group of order p". Hence

sub-groups of order p which are not contained in any given

and therefore
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We will now assume that

N @M=D 1) T - )
m p-1@*-1)... =1

for all values of m and for values of ¢ not exceeding . This has been proved
for » = 1. Then it follows, from the above relation, that

N =D =1 (™ 1)
L T ) DU (e D I

that is to say, if the result is true for values of ¢ not exceeding r, it is also
true when ¢t = r 4+ 1. Hence the formula is true generally.
It may be noticed that

Nm,t = Nm,m—t'

50. Ex. 1. Shew that a group whose operations except identity are all
of order 2 is necessarily an Abelian group.

Ex. 2. Prove that in a group of order 16, whose operations except identity
are all of order 2, the 15 operations of order 2 may be divided into 5 sets of 3
each so that each set of 3 with identity forms a sub-group of order 4; and that
this division into sets may be carried out in 56 distinct ways.

Ex. 3. If G is an Abelian group and H a sub-group of G, shew that

G contains one or more sub-groups simply isomorphic with T

Ex. 4.  If the symbols in the successive rows of a determinant of n rows are
derived from those of the first row by performing on them the substitutions of a
regular Abelian group of order n, prove that the determinant is the product of
n linear factors. (Messenger of Mathematics, Vol. XXIII p. 112.)

Ex. 5. Discuss the number of ways in which a set of independent generating
operations of an Abelian group of order p" and given type may be chosen. Shew
that, for a group of type (mi,ma,...,m;), where m; > mg > ... > m,, the
number of ways is of the form p*(p — 1)"; and in particular that for a group of
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1
order p§"(”+1) and type (n,n —1,...,2,1), the number of ways is p"(p — 1)",
where v = tn(n+1)(2n+1) — n.

Ex. 6.  Shew that for any Abelian group a set of independent generating

operations
S1, So, ..oy Se_1, Sy, ool Sk

can be chosen such that, for each value of r, the order of S, is equal to, or is a
factor, of the order of S,_1.



CHAPTER V.
ON GROUPS WHOSE ORDERS ARE THE POWERS OF PRIMES.

51. HAVING in the last chapter dealt in some detail with Abelian
groups of order p™, where p is a prime, we shall now investigate some
of the more important properties of groups, which have the power of a
prime for their order but are not necessarily Abelian. Besides illustrating
and leading to many interesting applications of the general theorems of
Chapter III, the discussion of groups, whose order is the power of a prime,
will be found in many ways to facilitate the subsequent discussion of other
groups, whose order is not thus limited.

52. If G is a group whose order is p'", where p is a prime, the order
of every sub-group of G must also be a power of p; and therefore (§ 25)
the total number of operations of G which are conjugate with any given
operation must be a power of p. The identical operation of G is self-
conjugate. Hence if the operations of G, other than the identical operation,
are distributed in conjugate sets containing p®, p®, ... operations, the total
number of operations of G is 1 4+ p® + p® + .. .; and therefore

Pr=14p"+p + ...

This equation can only be true if p"* — 1 of the indices «, 3, ... are
zero, r1 being some integer not less than unity. Hence G must contain p
self-conjugate operations, which form (§ 27) a self-conjugate sub-group*.
Hence:—

THEOREM 1.  Ewvery group whose order is the power of a prime con-
tains self-conjugate operations, other than the identical operation; and no
such group can be simple.

53. Let H; be the sub-group of G of order p™, formed of its self-
conjugate operations. Then T is a group of order p™~ ", and it must con-

tain self-conjugate operations other than identity, forming a self-conjugate
sub-group of order p™2. Corresponding to this self-conjugate sub-group

*Sylow, Math. Ann. v. (1872), p. 588.

70
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of 7o G must have a self-conjugate sub-group Hs of order p"1*"2, which

1
. G . :
contains Hy. If ri + 19 < m, A is a group of order p"*~"17"2; and it
2

again will have self-conjugate operations forming a sub-group of order p".
Corresponding to this, G will have a self-conjugate sub-group Hj of or-
der p"1 172773 which contains Hs. If the process thus indicated is continued,
till G itself is arrived at, a series of groups

Hy, Hy, ..., Hy, G

is formed, each of which is self-conjugate in G and contains all that precede

) H, 14
it*. Moreover ——

is the group formed of the self-conjugate operations
,

G
of R and it is therefore an Abelian group.

,
The series of sub-groups thus arrived at is of considerable importance.
From the mode of formation, it is clear that a second group G’ of order p™

H H/
cannot be simply isomorphic with G, unless ]7:;1 and ;;1 are simply
T r

isomorphic for each value of r. It by no means however follows that, when
this latter condition is satisfied, G and G’ are always simply isomorphic.
This is indeed not necessarily the case; instances to the contrary will be
found among the groups of order p? and p?* in §§ 69-72. Whil]_f in general

r+1

there is no limitation on the type of any Abelian factor-group formed
T
from two consecutive terms of the series, it is to be noted that the last

factor-group T cannot be cyclicall, a restriction that can be established
n

G
as follows. If A were cyclical, then, because is the group formed

n n—1

*Let P be an operation or sub-group of G, and let H be a sub-group of G which
contains P. If every operation of H is permutable with P, we shall speak of P as “self-
conjugate in H.” The phrase is to be regarded as emphasizing the relation of P to a
sub-group of G which contains it; and not as implying that H is the greatest, or the
only, sub-group of GG, within which P is a self-conjugate operation or sub-group.

"Young, American Journal, vol. Xv (1893), p. 132.
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G
of the self-conjugate operations of ——, the operations of

could be
n—1 n—1
arranged in the sets
Hn7 PHn, P2 Hn’ | ! Hn’
}¥n—1 ]yn—l }¥n—1 ]¥n—l
. G e . . n .
p® being the order of — and PP being an operation of . But since

n n—1

n
}{nfl’
these operations would form an Abelian group. Now the self-conjugate

P is permutable with its own powers and with every operation of

operations of form the group H—n’ and therefore cannot be

n—1 ?51 n—1
Abelian. Hence the assumption, that A is cyclical, is incorrect.
n
One immediate consequence of this result is that a group G of order p? is
necessarily Abelian. For if it were not, its self-conjugate operations would form

G
a sub-group H of order p, and T being of order p would be cyclical.

A second consequence is that if G, of order p™, is not Abelian, the order of

the sub-group Hi, formed of the self-conjugate operations of G, cannot exceed
-2
pre

54. It was proved in the last chapter that an Abelian group has one
or more sub-groups the order of which is any given factor of the order of
}]r+l

the group itself. Hence, since is Abelian, H,4; must have one or

T
more sub-groups which contain H,, of any given order greater than that

of H, and less than its own.
]¥r+1

r

In particular, if p* and p’ are the orders of H, and H,1, then

must have a series of sub-groups of orders

pt78717 pt78727 ctt p7 17

each of which contains those that follow it, while each one is of necessity

self-conjugate in T Hence between H, and H,1, a series of groups hg1,
T
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hsio, ..., hi_1 of orders p**t1, ps*t2 . p!~! can be chosen, so that each

of the series
Hy, hsyt, hsyo, ooy he—1, Hrp

is self-conjugate in GG and contains all that precede it. We can therefore
always form, in at least one way, a series of sub-groups of GG of orders

1, p, p? ..., P P,

such that each is self-conjugate in G and contains all that precede it.

It will be shewn in the next paragraph that every sub-group of order p*
of G is contained self-conjugately in some sub-group of order p**!, and
that every sub-group of order p® of a group of order p**! is self-conjugate.

Assuming this result, it follows at once that a series of sub-groups of orders

L, op, p? ..., p™h p™

can always be formed, which shall contain any one given sub-group and
which shall be such that each group of the series contains the previous
one self-conjugately. It will not however, in general, be the case, as in the
previous series, that each group of the series is self-conjugate in G.

55. Let G4 be any sub-group of G of order p®, and let H,41 be the
first of the series of sub-groups

Hl) H27 cety Hn

G G
which is not contained in Gg. Then FS is a sub-group of A which does
T T

HrJrl HrJrl

. Every operation of is self-

,
G G Gs Hyiq
conjugate in —; and therefore — is self-conjugate in < —, —— 7, a
.] g H,r. H,r .] g Hr H,r

group of order greater than its own. Hence G must be contained self-
conjugately in some group Ggi; of order p**!, where t is not less than

not contain all the operations of

' hust contain operations of order p, there must
S
be one or more groups of order p*T! which contain G self-conjugately.

Hence:—

unity. Moreover since
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THEOREM II.  If Gs of order p® is a sub-group of G, which is of
order p™, then G must contain a sub-group of order p*Tt, t & 1, within
which Gy is self-conjugate. In particular, every sub-group of order p™ !
of G is a self-conjugate sub-group™.

Suppose now that Gy, of order p***, is the greatest sub-group of G
which contains a given sub-group G, of order p*, self-conjugately; so that
G is one of p™ 57! conjugate sub-groups. Suppose also that Ggisi, of
order psT4  (u 4 1), is the greatest sub-group of G' that contains Gy
self-conjugately. Every operation of Ggi;q, transforms Gy into itself;
and no operation of Gsy¢1, that is not contained in G441 transforms G
into itself. Hence, in Ggy¢yqy, Gs is one of p* conjugate sub-groups and
each of these is self-conjugate in Gg1¢.

The p™~*~! sub-groups conjugate with G4 may therefore be divided
into p™5717¥ sets of p each, (u € 1), such that any operation of one of
the sets transforms each sub-group of that set into itself.

Similarly if G, of order p", is the greatest sub-group of G that contains
a given operation P self-conjugately, and if G,;s, s € 1, is the greatest
sub-group that contains G, self-conjugately, then G, must contain self-
conjugately p® operations of the conjugate set to which P belongs, and
therefore any two of these p® operations are permutable. Hence the p™~"
conjugate operations of the set to which P belongs can be divided into
P "% sets of p® each, (s € 1), such that all the operations of any one
set are permutable with each other. In particular, if P is one of a set of p
conjugate operations, all the operations of the set are permutable.

56. If P is an operation of GG, of order p", which is conjugate to one
of its own powers P%, there must be some other operation () such that

Q~'PQ = P~
From this equation it follows that
QP Q = (QPQ) = P
*Frobenius, “Ueber endliche Gruppen,” Berliner Sitzungsberichte (1895), p. 173:

Burnside, “Notes on the theory of groups of finite order,” Proc. London Mathematical
Society, Vol. xxv1 (1895), p. 209.
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Again

Q2PQ*=Q7'P*Q =P,
Q73PQ3 — Q*lPCRQ — Pa3
and so on. Hence
QYPEQY = any.

If QF is the lowest power of @) which is permutable with P, then
in {P,Q} P will be one of 8 conjugate operations, and therefore § must
be a power of p, say p", less than p". Now

QY PQY =P

and therefore

T

a? =1 (mod. p"),

while -
a?  =£1 (mod. p").

First, we will suppose that p is an odd prime. Then since
2’ =z (mod. p),

whatever integer x may be, we may assume that o = 1 4 kp®, where k is
not a multiple of p; and then

o =1+ kp 4.

r—1

o =1+4kprh
Hence
r+s=mn,

and
a =1 (mod. p"").

In particular, we see that no operation of order p can be conjugate
to one of its powers. Hence if P and P’ are two conjugate operations of
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order p, { P} and {P’} have no operation in common except identity. Also,
if {P} be a self-conjugate sub-group of order p, each of its operations is
self-conjugate.

If p is 2, we must take

a=+1+ k2°%,
where k is odd, and we are led by the same process to the result

a = =£1 (mod. 2"7").

57. If P is an operation of G which belongs to the sub-group H, 4
(§ 53) and to no previous sub-group in the set

1a Hla H27 tety Hna G7

then {P, H,} is a sub-group of H,;1; and therefore every operation of
{P H}
H,

transformed into itself by every operation of GG, and hence every opera-

tion that is conjugate to P is contained in the set PH,. Suppose now,

if possible, that all the operations conjugate with P are contained in the

set PH,_1. Then every operation of GG transforms this set into itself, and
H

{ r-1} is self-conjugate in This

r—1 r—1
however cannot be the case, since by supposition P does not belong to H,.

Hence among the operations conjugate to P, there must be some which
belong to PH, and not to PH,_1. In particular, if P is one of p conjugate
operations, no operation conjugate to P can belong to the set PH,_;. For
there must be an operation @ such that Q~1PQ belongs to PH, and not
to PH,_1; and this being the case, no one of the operations QQ~*PQ",
(r=1,2,...,p— 1), can belong to PH,_;. But these operations with P
constitute the conjugate set.

It follows from the above reasoning that, if P belongs to H,1, then
each operation of the set P~*Q~!P®(Q, where @ is any operation of G,
belongs to H,.. If Q belongs to Hy,1, (s < r), the operation P~*Q~1PQ,

G
is self-conjugate in o The set of operations PH, is therefore

therefore every operation of
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regarded as the product of P~*Q~'P® and ), must similarly belong to H.
Hence unless every operation of Hg 1 is permutable with P, there must be
operations conjugate to P, which belong to the set PHs. Moreover those
operations of G which transform P into operations of the set PH form a
sub-group. For if

S~1pS = Ph,,
and

S'~1ps' = Ph.,
then

S'~1s=1pss’ = phl. . 5" 1h,S,

and when both hg and b/, belong to Hg, so also does k.S~ 1hgS'.

58. In illustration of the foregoing paragraph, we will consider a group G
of order p"** where p is an odd prime in which the group Hji, is of type (r),

G
while T is an Abelian group of type (1,1,...with s units).

Let Cb be an operation of order p” that generates Hy; and let Py, P, ..., Ps
be s operations no one of which is a power of any other, such that, with @, they
generate G.

If P, and P» are not permutable, then

Py PPy = PIQ%,
and
Py PP PY = PQre.
Now P} belongs to Hi, and therefore

Qe =1,
so that
o=kp L

Hence the only operations which are conjugate to P, are

r—1 r—1

P, QY Q¥ L, PP

and P; is one of a set of p conjugate operations, which are transformed among
themselves by P». Similarly P> is one of a set of p conjugate operations which
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are transformed among themselves by P;. Hence both P; and P, are permutable
with each of the operations P3, Py, ..., Ps. Again, Ps is not self-conjugate, and
there must therefore be another, say Py, of the set P3, Py, ..., Ps which, with its
powers, transforms Pj into a set of p conjugate operations. Then P; will similarly
transform Py; and P3, P4 will be permutable with each of the set Ps, ..., Ps,
P1, P». Hence finally the set of s operations P;, Ps, ..., Ps must be divisible into
sets of two, such that each pair are permutable with all the remaining operations,
but are not permutable with each other. The group can therefore only exist if
s is even™.

The sub-group {Pi, P>,Q} is a group which satisfies the same conditions
as G, when s = 2. Its order is p"*2, and it contains a self-conjugate operation
of order p". Now we shall see in §§ 65, 66 that such a group is necessarily of one
of two types!, the generating operations of which satisfy one or the other of the
sets of equations

r r—1

Q" =1, P’=1, Pl=1, P,'PPh=PQ"

or
Q' =1, Pl=Q, P=1, P'PP=PQ" .

The same is true for the sub-groups {Ps, Py, Q}, etc.; and all the operations

of any one of these sub-groups are permutable with each operation of { P;, P>, Q}.

*Young, “On groups whose order is the power of a prime,” American Journal of
Mathematics, Vol. Xxv (1893), p. 171.
TLet

Sft=1, S =1,..., Si»=1,
fi(S) =1, f(S)=1, ..., fu(S)=1,

where f;(S;) is an abbreviation for an expression of the form S5S%...S¢, be a set of
relations, such as was considered in § 18, which completely specify a group. We may
then, without altering the sense in which the word “type” has been used (§§ 19, 44),
speak of the type of group defined by these relations. It is essential however that the
relations should completely specify the group, as otherwise they will define more than
one type. For instance, it is clear, from § 56, that the equations

Q" =1, P" =1, Q'PQ=r",

where p is a given prime, but « is not given, will define more than one type of group. Any
data in fact, which completely specify a group, may be said to define a type of group.
Thus in dealing with Abelian groups of order p™, a type is defined by a partition of m.
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Hence finally, since the equations to be satisfied by each pair of operations,

such as P; and P,, may be chosen in two distinct ways, there are in all 22°
distinct types of group of order p"**, for which Hj is a cyclical group of order p",

and T is an Abelian group of type (1,1,...,to s units).
1

59. It has been seen in § 55 that every sub-group G’ of order p™~! of
a group G of order p"* is self-conjugate. Suppose now that G contains two
such sub-groups G’ and G”. Then since G’ and G” are permutable with
each other, while the order of {G’,G"} is p™, the order of the greatest
group ¢’ common to them must (§ 33) be p™~2; and since ¢’ is the greatest
common sub-group of two self-conjugate sub-groups of GG, it must itself be a

self-conjugate sub-group of GG. The factor group — of order p? contains the
g

/ 1/

two distinct sub-groups —- and —-, which are of order p and permutable
g

G
with each other. Hence — must be an Abelian group of type (1,1), and it
g

therefore contains (§ 49) p + 1 sub-groups of order p. Hence, besides G’,
G must contain p other sub-groups of order p™ ! which have in common
with G’ the sub-group ¢’. If the p + 1 sub-groups thus obtained do not
exhaust the sub-groups of G of order p™~ !, let G be a new one. Then, as
before, G’ and G” must have a common sub-group ¢’ ; . of order p™ 2, which

is self-conjugate in G. If ¢” were the same as g, —- would be contained
g

.G e
in —, which by supposition is not the case. It may now be shewn as above
g

that there are, in addition to G’, p sub-groups of order p™~! which have
in common with G’ the group ¢”. These are therefore necessarily distinct
from those before obtained. This process may clearly be repeated till all
the sub-groups of order p™ ! are exhausted. Hence finally, if the number
of sub-groups of G, of order p™~! be r,,_1, we have r,,_1 = 1 (mod. p).

60. The self-conjugate operations of a group G of order p™, whose
orders are p, form with identity a self-conjugate sub-group whose order
is some power of p; and therefore their number must be congruent to
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—1,(mod. p). On the other hand, if P is any operation of G of order p
which is not self-conjugate, the number of operations in the conjugate set
to which P belongs is a power of p. Hence the total number of operations
of G, of order p, is congruent to —1,(mod. p). Now if 7 is the total
number of sub-groups of G of order p, the number of operations of order p
is r1(p—1), since no two of these sub-groups can have a common operation,
except identity. It follows that

ri(p—1) = —1, (mod. p),

and therefore
r1 =1, (mod. p).

If now Gy is any sub-group of G of order p®, and if Gsyy is the
greatest sub-group of GG in which G is contained self-conjugately, then
every sub-group of G which contains G5 self-conjugately is contained
in Gs,¢. But every sub-group of order p**!, which contains G, contains
G self-conjugately; and therefore every sub-group of order p**!, which
contains Gy, is itself Conéained in Gg4¢. By the preceding result, the

s+t

number of sub-groups of of order p is congruent to unity, (mod. p).

S
Hence the number of sub-groups of G of order p**!, which contain G of

order p®, is congruent to unity, (mod. p).

61. Let now rs represent the total number of sub-groups of order p*
contained in a group G of order p. If any one of them is contained in
a, sub-groups of order p**1, and if any one of the sub-groups of order p**!
contains b, sub-groups of order p®, then

T=r Y=Ts+1
doap =Y by
r=1 y=1

for the numbers on either side of this equation are both equal to the number
of sub-groups of order p**!, when each of the latter is reckoned once for
every sub-group of order p® that it contains. It has however been shewn,
in the two preceding paragraphs, that for all values of z and y

ap =1, by =1 (mod. p).
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Hence
rs = rsy1 (mod. p).

Now it has just been proved that
r1r=1 and 7r,-1 =1 (mod. p);
and therefore finally, for all values of s,
rs =1 (mod. p).

We may state the results thus obtained as follows:—

THEOREM III.  The number of sub-groups of any given order p® of a
group of order p" is congruent to unity, (mod. p)*.

Corollary. The number of self-conjugate sub-groups of order p* of a
group of order p™ is congruent to unity, (mod. p).

This is an immediate consequence of the theorem, since the number of
sub-groups in any conjugate set is a power of p.

62. Having shewn that the number of sub-groups of G of order p*
is of the form 1 4 kp, we may now discuss under what circumstances it is
possible for £ to be zero, so that G then contains only one sub-group G
of order p°.

If this is the case, and if P is any operation of G' not contained in G,
the order of P must be not less than p*t!; for if it were less, G would
have some sub-group of order p® containing P and this would necessarily
be different from Gs. If the order of P is p**, then {Ppt} is a cyclical
sub-group of order p*; and it must coincide with G4. Hence, if Gy is the
only sub-group of order p®, it must be cyclical.

Suppose now that G contains operations of order p” (r > s), but no
operations of order p"*1: and let P be an operation of G of order p'.
Then {P} must be contained self-conjugately in a non-cyclical sub-group
of order p"*1.

*Frobenius, “Verallgemeinerung des Sylow’schen Satzes,” Berliner Sitzungsberichte,
(1895), p. 989.
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We will take first the case in which p is an odd prime. Then (§ 55)
G must contain an operation P’ which does not belong to { P}, such that

pP~tpp =p* pP=p°

If o were unity, { P, P’} would be an Abelian group of order p"*! containing
no operation of order p" 1. Its type would therefore be (r, 1), and it would
necessarily contain an operation of order p not occurring in {P}. It has
been shewn that this is impossible if G5 is the only sub-group of order p®,
and therefore o cannot be unity.

We may then without loss of generality (§ 56) assume that

a=1+p L

Moreover if 3 were not divisible by p, the order of P’ would be p"*!,
contrary to supposition. Hence we must have the relations

p'=ipp = pvT plr— pp,
By successive applications of the first of these equations, we get

p-ypzply — pe(ltyp’™)

Y

for all values of x and y; and from this it immediately follows that

(P*PYP = p/ppw{p+%p(p+1)pT_1}

— platyp.

Hence if
,

r=p"' =7,
the order of P*P’ an operation not contained in {P}, is p. This is im-
possible if Gy is the only sub-group of order p®. If then » < m, G must
contain operations of order greater than p"; and G is therefore a cyclical
group. Hence:—

THEOREM IV. If G, of order p™, where p is an odd prime, contains
only one sub-group of order p*, G must be cyclical.
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63. When p = 2, the result is not so simple.

Let @ be an operation that transforms {P} into itself, and suppose
that the lowest power of () that occurs in {P} is Q*. Then {P, Q} must
be defined by

Q'PQ=P", Q'=P’

where
a =41+ k272,

Moreover 8 must be a multiple of 4, as otherwise the order of ) would be
greater than 2". A simple calculation now gives

(P:UQZ)Q _ Pﬂ+x(1+a2)

I

and since

£ =0 (mod. 4),

and
o? =1 (mod. 2"71),

x can always be chosen so that
B+z(1+a?) =0 (mod. 27).

When z is thus chosen, P*Q? is an operation of order 2 which is not
contained in {P}. But this is inconsistent with G4 being the only sub-
group of order 2°; hence {P} must contain Q2.

If now { P} is not a self-conjugate sub-group, there must (§ 55) be some
operation P’ of order p", conjugate with P and not contained in { P}, which
transforms { P} into itself; and then {P, P'} is defined by

p/—lPP/ _ Pa, P12 _ PQ/B,

where a is —1 or £1 +2""! and f is odd.
If
a=1+4+2""1

then
(PJ:P/)2 _ p2{Bra(1+27?)}.

Y
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and x can be chosen so that P*P’ is of order 2. Hence this case cannot
occur.

If « is either —1 or —1 + 2771, the defining relations of { P, P’} are not
self-consistent unless r is 2; for they lead to

P/—1P26P/ — P_Q’B,
and
Pl—poBP/ — PQﬁ
If r is 2, and if P” is an operation that transforms P into P’, so that
P//—1PP// _ P/
then
(PP//)Q — PP//2P/ — P—IP/7

since

P2 — P/2 _ PH2.

Hence PP” would be of order 8; and therefore this case cannot occur.

Hence, finally, { P} must be self-conjugate.

If r+1 < m, { P} must be transformed into itself by some operation @’
not contained in {P, @}, so that

Q—IPQ _ P—l-i-kQTil’

and
Q/—IPQ/ — P—1+k/2ril

where k and k' are each either zero or unity. If both are zero or both unity,
QQ' is permutable with P; and if one is zero and the other unity,

(QQ)'PQQ) = P

In either case, the group contains an operation of order 2 that does not
belong to { P}, and this is inadmissible. Hence, lastly, 7 must not be less
than m — 1.
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Suppose now that r is equal to m — 1, and that of the operations of G,
not contained in { P}, Q has as small an order as possible, say 2¢ (t £ s+1).
Then Q? of order 2!~ is contained in {P}; without loss of generality we
may assume

Q2 _ P2m—t‘
Moreover 5
Q'PQ=pP ' or P17
and hence
Q71P2m7tQ _ P72m7t

Now @ is permutable with P2m_t, one of its own powers, and therefore
P2 s an operation of order 2. Hence t is 2 and s is unity. If then
s is greater than unity, G must contain operations of order 2" and must
therefore be cyclical. Moreover if s is unity, the relations

2m72

QlpQ=pP "7 Q2=p,

lead to
(PQ)? =1,

and they are therefore inadmissible.
On the other hand, the relations

QlrQ=rt Q*=pr"",

give
m—2
(PTQ)* =P*"
and every operation of G, not contained in {P}, is of order 4. Also these
relations are clearly self-consistent, and they define a group of order 2.
Hence finally:—

THEOREM V.  If a group G, of order 2™, has a single sub-group of
order 25, (s > 1), it must be cyclical; if it has a single sub-group of order 2,
it 1s either cyclical or of the type defined by

2m71 2m72

P =1, *=pP""", Q'PpQ=prPL



[65] THEORY OF FINITE GROUPS. 86

64. We shall now proceed to discuss, in application of the foregoing
theorems and for the importance of the results themselves, the various
types of groups of order p™ which contain self-conjugate cyclical sub-groups
of orders p™~! and p™~2 respectively. It is clear from Theorem V that the
case p = 2 requires independent investigation; we shall only deal in detail
with the case in which p is an odd prime, and shall state the results for the
case when p = 2.

The types of Abelian groups of order p™ which contain operations of
order p™~? are those corresponding to the symbols (m), (m — 1,1), (m —
2,2), and (m —2,1,1). We will assume that the groups which we consider
in the following paragraphs are not Abelian.

65. We will first consider a group G, of order p”*, which contains an
operation P of order p™~!. The cyclical sub-group {P} is self-conjugate

and contains a single sub-group {Ppm_2} of order p. By Theorem IV, since
G is not cyclical, it must contain an operation @Q’, of order p, which does
not occur in { P}. Since { P} is self-conjugate and the group is not Abelian,
@’ must transform P into one of its own powers. Hence

Q/*lPQ/ — po
and since QP is permutable with P it follows, from § 56, that
a=1+kpm 2

Since the group is not Abelian, k£ cannot be zero; but it may have any
value from 1 to p — 1. If now

kx =1 (mod. p),

then
m—2

Q/—a:PQ/w _ Pl—l—p
and therefore, writing ) for Q'*, the group is defined by

m—1

pPr=1, QP=1, Q 'PQ=pttrm2
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These relations are clearly self-consistent, and they define a group of
order p"*

There is therefore a single type of non-Abelian group of order p™ which
contains operations of order p™~!, because, for any such group, a pair of
generating operations may be chosen which satisfy the above relations.

From the relation

m—2

QlPQ =P,
it follows by repetition and multiplication that

m2)

QvpPrQY = pr(itup :
and therefore that

(PTQY)* = pxz{H%(Z+1)ypm_2}(1—yzpm_2)Qyz,

and
(PTQUY = P,

Hence G contains p cyclical sub-groups of order p™~! of which P
and PQY (y =1,2,...,p— 1) may be taken as the generating operations.
Since () and PP are permutable, GG also contains an Abelian non-cyclical
sub-group {Q, PP} of order p™~! It is easy to verify that the 1 + p sub-
groups thus obtained exhaust the sub-groups of order p™~!; and that, for
any other order p*, there are also exactly p + 1 sub-groups of which p are
cyclical and one is Abelian of type (s — 1, 1).

The reader will find it an instructive exercise to verify the results of the
corresponding case where p is 2; they may be stated thus. There are four distinct
types of non-Abelian group of order 2™, which contain operations of order 21,
when m > 3. Of these, one is the type given in Theorem V, and the remaining
three are defined by

P =1 @P=1, QPQ=P""T
P =1, QP =1, QPQ=PTT
P =1, Q*=1, QPQ=PL

When m = 3, there are only two distinct types. In this case, the second and
the fourth of the above groups are identical, and the third is Abelian.
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66. Suppose next that GG, a group of order p', has a self-conjugate
cyclical sub-group {P} of order p™~2, and that no operation of G is of
higher order than p™~2. We may at once distinguish two cases for separate
discussion; viz. (i) that in which P is a self-conjugate operation, (ii) that
in which P is not self-conjugate.

Taking the first case, there can be no operation @’ in G such that
Q’p2 is the lowest power of @’ contained in { P}, for if there were, {Q’, P}
would be Abelian and, its order being p"*, it would necessarily coincide
with G. Hence any operation @', not contained in {P}, generates with P
an Abelian group of type (m — 2,1), and we may choose P and @ as
independent generators of this sub-group, the order of @ being p. If now
R’ is any operation of G not contained in {Q, P}, R’? must occur in this
sub-group, and therefore

R = P*Q”.

If 8 were not zero, RP” would be the lowest power of R that occurs
in { P}, and we have just seen that this cannot be the case. Hence

Rlp — _POé7
and {R/, P} is again an Abelian group of type (m —2,1). If P and R are

independent generators of this group, the latter cannot occur in {Q, P}.
Now since () is not self-conjugate,

R7'QR = QPP;
and since RP is permutable with @)
PPo =1,

so that
B =0 (mod. p™3).
Hence

m—3

RT'QR=QP"" ",
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where k is not a multiple of p. If finally, P* be taken as a generating
operation in the place of P, the group is defined by

m—2 3

PP =1, @QP=1, RP=1, R 'QR=QP"" ",
PQ=QP, PR=RP.

There is therefore a single type of group of order p™, which contains a
self-conjugate operation of order p™~2 and no operation of order p™ 1.

67. Taking next the second case, we suppose that GG contains a cycli-
cal self-conjugate sub-group {P} of order p"~2, but no self-conjugate op-
eration of this order.

If G contains an operation @’ such that Q’p2 is the lowest power of @’
occurring in {P}, it follows (§ 56), since { P} is self-conjugate, that

m—4

Q/fIPQ/ — P1+kp

m—2

Moreover, since the order of @’ cannot exceed p , we have

Q’p2 — por’,
A simple calculation, similar to that of § 65, will now shew that
( me/>p2 — pla+a)p’

while . ,
(PEQYP = QP pript 3kt ™)

Hence P~ is an operation of order p?, none of whose powers, except

identity, is contained in {P}. If this operation be represented by @, G is

defined by

m—2 m—4

P o1 QY =1, QTlPQ =P

If k is a multiple of p?, the group is Abelian.
If kis k'p, and if Q% is taken for a new generating operation, where

« 1s chosen so that
ak’ =1 (mod. p),
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we have a single type defined by

m—3

Pl Q=1 QP =PI

If k£ is not a multiple of p, we may take it equal to ki + kop, where
k1 and kg are both less than p, and kj is not zero. (This case cannot occur
if m <5.) Then

Q—Il—wzprﬂm-HUzp _ P1+k1$1pm74+(k1$2+/€2w1)1)m73

Y

when m > 5; while if m = 5, the coefficient of p" 3, viz. of p?, in the index
of P must be increased by %ml(ml — 1)k2.

If now we choose x1 so that
kiz1 =1+ yip,
and then z9 so that
y1 + k1z2 + ka1 =0 (mod. p),

(with the suitable modification when m = 5), then Q¥17%2P transforms P
into P1+P" ™" We therefore again in this case get a single type of group,
which, if Q*17%2P ig represented by R, is defined by

m—2

P =1, R =1 R'PR=PWr

m—4

As already stated, this type exists only when m > 4.

If every operation of G is such that its pth power occurs in { P}, P must
be one of a set of p conjugate operations; for if P is one of p? conjugate op-
erations, there must be an operation () which transforms P into pltkpm
where k is not a multiple of p, and then Qp2 is the lowest power of () which
is permutable with P. Since P is one of p conjugate operations, it must be
self-conjugate in an Abelian group {Q, P} of type (m —2,1). Again, since
P and P'*+P" 7 are conjugate operations, P must be contained in a group
of order p™ 1, defined by

m—2 m—3

pr =1 R'=1, R 'PR=PpPWr
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If @ is not a self-conjugate operation, it must be one of p conjugate
operations and (§ 57) these must be

Q. QP QP¥TT L QP
Now if s

R'QR=QP> ",
then

RT'PT*QR =PQ.
Hence, if @) is not self-conjugate, P~%() is a self-conjugate operation of or-
der p™~2: and the group is that determined in the last paragraph. There-
fore () must be self-conjugate, and the group is defined by

m—2 m—3

pr =1 @Q’=1, R'=1 R 'PR=PP
PQ=QP, RQ=QR.

It is clear from these relations that the group thus arrived at is the
direct product of the groups {P, R} and {Q}".

It is to be expected, from the result of the corresponding case at the end of
§ 65, that the number of distinct types when p = 2 is much greater than when p is

*In each of the five distinct cases to which we have been led in the discussion
contained in §§ 65-67, we have arrived at a set of defining relations, containing no
indeterminate symbols, such that in each case a set of generating operations can be
chosen to satisfy these relations. To justify the statement, in each particular case, that
such a set of relations gives a distinct type of group, it is finally necessary to verify
that the relations actually define a group of order p™. In the cases dealt with in the
text, this verification is implicitly contained in the process by which the relations have
been arrived at. We have therefore omitted the direct verification, which moreover
is extremely simple. We shall similarly omit the corresponding verifications in the
discussion of groups of orders p® and p?, as in none of these cases does it present any
difficulty.

To illustrate the necessity of such a verification in general, we may consider a simple
case. The relations
PP=1, @ =1, P'QP=Q",

where « is any given integer, certainly define a group whose order is equal to or is
a factor of 27, since they indicate that {P} and {Q} are permutable. They will not
however give a type of group of order 27, unless « is 1, 4 or 7. For instance, if a = 5,
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an odd prime. There are, in fact, when m > 5, fourteen distinct types of groups
of order 2™, which contain a self-conjugate cyclical sub-group of order 22 and
no operation of order 2~ 1. They may be classified as follows.

Suppose first that the group has a self-conjugate operation of order
There is then a single type defined by the relations

om=2

2m72 2m73

i) A =1, B?=1, C?=1, CBC=BAY" .

Suppose next that the group G has no self-conjugate operation of order 22,

G
and let {A} be a self-conjugate cyclical sub-group of order 2™~2. If m is

cyclical, there are, when m > 5, five distinct types. The common defining
relations of these are

2m—2

A =1, B*=1, B !'AB= A%

and the five distinct types are

(i) a=-1, (i) a=1+2"3  (iv) a=-1+2""3
(v) a=1+2m"1 (vi) a=-1+2m"14

If m =5, then (iv) and (v) are identical, and (vi) is Abelian; so that there are
only three distinct types. If m = 4, there is a single type; it is given by (ii).
When m is not cyclical, the square of every operation of G is contained
in {A}. If all the self-conjugate operations of G are not contained in {A}, there
must be a self-conjugate operation B, of order 2, which does not occur in {A}. If
C'is any operation of G, not contained in { A, B}, then {A, C'} is a self-conjugate
sub-group of order 2! which has no operation except identity in common

the relations involve
Q=PPQP*=@Q% or Q" =1
Hence
Q —_ Q4<773~9 =1
and the relations hold only for a group of order 3.
Again, if a = 3, the relations give

PIQ°P=Q°=1, or Q°=1,

and as before they define a group of order 3.
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with {B}. Hence G is a direct product of a group of order 2 and a group of
order 2™~1. There are therefore, for this case, four types (vii), (viii), (ix), (x),
when m > 4, corresponding to the four groups of order 27! of § 65. If m = 4,
there are two types.

Next, let all the self-conjugate operations of G be contained in {A}; and
suppose that A is one of two conjugate operations. Then G must contain an
Abelian sub-group of type (m — 2,1), in which A occurs; and it may be shewn
that, when m > 4, there are two types defined by the relations

AZ"? —1, B2=1, BAB=A, (?=1,

(xi) and (xii) s m—3
CBC = BA*"", CAC=A"1' or A",

When m = 4, there is, for this case, no type.

Lastly, suppose that A is one of four conjugate operations. Then G must
contain sub-groups of order 277!, of the second and the third types of § 65, and
a sub-group of order 2™~ ! of either the first or fourth type (l.c.). In this last
case, there are two distinct types defined by

om—2 om—3

A =1, B?=1, BAB=A""",
C2=1, CAC=A"Y2"" CBC=B or BAY™’

(xiii) and (xiv)

These two types exist only when m > 4.

68. We shall now, as a final illustration, determine and tabulate all types
of groups of orders p?, p? and p*. It has been already seen that when p = 2
the discussion must, in part at least, be distinct from that for an odd prime; for
the sake of brevity we shall not deal in detail with this case, but shall state the
results only and leave their verification as an exercise to the reader.

It has been shewn (§ 53) that all groups of order p? are Abelian; and hence
the only distinct types are those represented by (2) and (1,1).

For Abelian groups of order p3, the distinct types are (3), (2,1) and (1,1, 1).

If a non-Abelian group of order p® contains an operation of order p?, the
sub-group it generates is self-conjugate; hence (§ 65) in this case there is a single
type of group defined by

2

PP =1 Q°=1, Q 'PQ=P'r.

If there is no operation of order p?, then since there must be a self-conjugate
operation of order p, the group comes under the head discussed in § 66; there is
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again a single type of group defined by

PP=1, Q”=1, R°=1, R 'QR=QP,
R'PR=P, Q'PQ=P

These two types exhaust all the possibilities for non-Abelian groups of or-
der p3.

69. For Abelian groups of order p*, the possible distinct types are (4),
(3,1), (2,2), (2,1,1) and (1,1,1,1).

For non-Abelian groups of order p* which contain operations of order p? there
is a single type, namely that given in § 65 when m is put equal to 4.

For non-Abelian groups which contain a self-conjugate cyclical sub-group of
order p? and no operation of order p?, there are three distinct types, obtained
by writing 4 for m in the group of § 66 and in the first and the last groups of
§ 67. The defining relations of these need not be here repeated, as they will be
given in the summarizing table (§ 73).

It remains now to determine all distinct types of groups of order p*, which
contain no operation of order p? and no self-conjugate cyclical sub-group of
order p?. We shall first deal with groups which contain operations of order p?.

Let S be an operation of order p? in a group G of order p*. The cyclical sub-
group {S} must be self-conjugate in a non-cyclical sub-group {S, T’} of order p?,
defined by

S =1, TP=1, T ST =Stk

If R is any operation of G, not contained in {S,T}, then since {S} is not
self-conjugate, we must have (§ 57)

R™'SR = S'terT?,

and therefore
R™1SPR = SP.

Now
T-1SPT = SP,

and therefore the pth power of every operation of order p? in G is a self-conjugate
operation.

First let us suppose that G contains other self-conjugate operations besides
those of {SP}. Every such operation must occur in the group that contains {S'}
self-conjugately; hence in this case T' must be self-conjugate.
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We now therefore have
S =1, TP=1, T'ST =S,
R7'SR = g'terpf RTITR =T,
RP = ST,
These equations give
(S*R)P = RPS™P = S§@+v)pps.

Hence, if § = 0, S™7R is an operation of order p. Denoting this by R’ and
SePT8 by T', the group is defined by

S =1, TP=1 RP=1, R 'SR =ST,
77187 =S, R™'T'R' =T'.

da
On the other hand, if § is not zero, S # 'R is an operation of order p? such
that R transforms it into a power of itself. This is contrary to the supposition
that the group contains no cyclical self-conjugate sub-group of order p?. Hence
& cannot be different from zero: we therefore have only one type of group.

70. Next, let {SP} contain all the self-conjugate operations of G; and as
before, let {S, T} be the group that contains {S} self-conjugately. If G' contains
an operation S’ of order p? which does not occur in {S, T}, there must also be a
non-cyclical sub-group {S’, T’} of order p* which contains {S’} self-conjugately.
Now {S,T} and {S’, T’} must have a common sub-group of order p?; since this
is self-conjugate in G, it cannot be cyclical. The only non-cyclical sub-groups of
orders p? that {S, T} and {S’, 7"} contain are {SP, T} and {SP, T'}. Hence these
must be identical, and therefore T' must occur in {S’,7'}. If now {S,T} and
{S', T"} were both Abelian, T would be permutable both with S and with S’, and
would therefore, contrary to supposition, be a self-conjugate operation. Hence
either (i) G must contain a non-Abelian group {S,T} of order p3, in which S
is an operation of order p?; or (ii) the Abelian group {S,T}, in which S is an
operation of order p?, must contain all the operations of G of order p?.

In the case (i), the group is defined by

SP* =1, TP=1, T 'ST =57,
R7'SR = §iterpB  R=ITR = ST,
RP = S,
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These equations give

(STR)P = RPSPI+5 (- Dpp+1AG-2))

)

and therefore, except when p = 3, S~9R is an operation of order p. Hence, if
p > 3, we may, without loss of generality, put zero for §. In this case a simple
calculation gives

R™"SR® = §'te=rTle RTTTRT = SPT,

where
az = 5Byae(x —1) +za, By =B, v, =Y.
Hence if R* = R/, SY = 5’, S*PT = T', where z, y and z are not multiples
of p, then
7 =1, TP=1, T7'ST =",
R1S'R = gt aw—2Be)ppiyl

R'T'R = S/’YL?JPT’, R? =1.

If now we take

z

Oy 1
—, y=— (mod. p),
5 5, ( )
then
R™S'R'=S'T', R™'T'R = §hrr,

Dropping the accents, the defining relations now become

S =1, TP=1, RP=1, T 'ST =S
R 'SR=ST, R 'TR=S“T;

where « is either zero, unity, or any given non-residue. Since the sub-group
{R, T, SP} contains all the operations of order p of the group, it follows at once
that these three cases give three distinct types.

When p = 3, it will be found that the defining relations again give three
distinct types. The operation R may always be chosen so that o and ~ are zero.
If it is so chosen, the three types correspond to the values 1, 0; —1, 1; and —1, —1;
of B and 0.
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In case (ii), the group is defined by

2

SPt =1, TP=1, T 'ST=25,
R7'SR = glterpB  R7ITR = S7PT,
RP =1;

with the condition that all operations of G, not contained in {S,T'}, are of
order p.
The formule for R™*SR* and R™*TR® enable us to calculate directly the

power of any given operation of G. Thus they give
(STR)P = Spw{1+%ﬁv(p+1)p(p—1)+%ap(p+1)}‘

If p > 3, this gives
(S*R)P = SP*

so that, if = is not a multiple of p, the order of S*R is p?>. Hence the type of
group under consideration can only occur when p = 3.
In this case

(SmR)?) _ S3:c(1+5’7)‘

Hence if p = 3 and By = —1 (mod. 3), we obtain a new type. A reduction
similar to that in the previous case may now be effected; and taking unity for x,
the group is defined by

$9=1, T®=1, R*=1, T7'ST=25,
R 'SR=ST, R 'TR=S°T.

71. It only remains to determine the distinct types which contain no op-
eration of order p?.

Suppose first that the self-conjugate operations of G form a group of order p?.
This must be generated by two independent operations P and () of order p.

If now R is any other operation of the group, {P, @, R} must be an Abelian
group of type (1,1,1). If again S is any operation not contained in {P, @, R}, it
cannot be permutable with R; for if it were, R would be self-conjugate. There
must therefore be a relation of the form (§ 57)

STIRS = RP*Q".
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Since any operation of {P, @} may be taken for one of its generating opera-
tions, we may take P*QP or P’ for one. If then @’ is an independent operation
of {P,Q}, G will be defined by

PP=1 QP=1, R°=1, S?=1, S 'RS=RP,

in addition to the relations expressing that P’ and Q' are self-conjugate. There
is then in this case a single type. That all the operations of G in this case are
actually of order p follows from the obvious fact that every sub-group of order p3
is either Abelian or of the second type of non-Abelian groups of order p3.

72. Suppose, secondly, that the self-conjugate operations of G form a sub-
group of order p, generated by P. There must then be some operation ) which
belongs to a set of p conjugate operations; for if every operation of G which is
not self-conjugate were one of a set of p? conjugate operations, the total number
of operations in the group would be congruent to p (mod. p?). It follows that
Q must be self-conjugate in a group of order p?; and since P is also self-conjugate
in this group, it must be Abelian. Let P, ), R be generators of this group and
S any operation of G not contained in it. We may now assume that () belongs
to the sub-group Hs (§ 53), and therefore that

S7'QS = QP

while
STIRS = RQPP".
1 1
If B were zero, Qo R 7 would be a self-conjugate operation not contained

in {P}; and therefore 5 must be different from zero. We may now put
QP =qQ, PY="P,
and the group is then defined by the relations

PP=1 QP=1, RP=1, SP=1,
ST'RS=RQ', S'Q'S=QP,
together with the relations expressing that P is self-conjugate. There is thus

again in this case, at most, a single type. It remains to determine whether the
operations are all actually of order p.
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The defining relations give
S—1 pas Q/Bz Rz S — P+l Q6x+1 RY#+1,

where
Qg1 = Qg + 5% Bw-{—l = 5;t + Yz, VYat+l = Vo
and therefore
S—l’paQﬂRvsﬂc — poa Qﬁx R,
where
az:a+x/8+%x(x_1)’77 Be=B+zv, Yu=1-
Hence
P

Qg 3 Bz 3 7
(paQﬁRvs)p = p; Q? R;,y

— ppa+%p(p—1)6+%(p+1)p(p—1)prﬂ+%p(p—l)va'

If p is a greater prime than 3, the indices of P, ), R are all multiples of p;
hence P*QPRYS is of order p, S being any operation not contained in G. If
however p = 3, then

(P*Q°RYS)® = P,
so that, if v is not a multiple of 3, P*QPRYS is an operation of order 9. Hence
this last type of group exists as a distinct type for all primes greater than 3; but
for p = 3, it is not distinct from one of the previous types containing operations
of order 9.

73. In tabulating, as follows, the types of group thus obtained, we
give with each group G a symbol of the form

(a,b,...)(d,b,..)(a"b",..). .,

Hy H
indicating the types of Hy, Fi’ Fz, ..., where
H17 H27 H3a ) H’n? G

is the series of self-conjugate sub-groups defined in § 53. This symbol is to
be read from the left so that (a,b,...) is the type of Hj.

Moreover in each group there is no operation of higher order than that
denoted by P.
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Table of groups of order p™, p an odd prime*.

L. n = 2, two types.
i (2); G @1,1).
II. n = 3, five types.
i) ) () (21); (i) (1,1,1);
2
iv) PP =1, Qv=1, Q7'PQ=P"r (1)(11);
(v) PP=1, Q=1 R'=1, R 'QR=QP,
R'PR=P, Q'PQ="P (1)(11).
I11. n = 4, fifteen types.
i) ); ) 31); () (2,2);
(iv) (2,31,1); (v) (1,1,1,1); ;
(vi) PP =1, Q=1 Q'PQ=P""" (2)(11)
(viy PP =1, Q’=1, R’'=1, R 'QR=QP?,
Q'PQ=P, R 'PR=P, (2)(11);
(il)) PP =1 Q" =1, Q'PQ=P"T (1)(11);
(ix) PP =1, Q°=1, RP=1, R 'PR=P!?
PT'QP=Q, R'QR=Q, (11)(11),
this group (ix) being the direct product of {@Q} and {P, R};
x) PP =1 Q=1 R'=1, R 'PR=PQ,

QT'PQ=P RTIQR=Q, (11)(11);
(xi), (xii), and (xiii) p > 3,

P’ =1, Q" =1, R° =1, Q'PQ= P
RT'PR=PQ, R'QR=PQ, (1)(1)(11),

where for (xi) a = 0, for (xii) a = 1, for (xili) @ = any non-residue,
(mod. p);

*On groups of orders p? and p?, the reader may consult, in addition to Young’s
memoir already referred to, Holder, “Die Gruppen der Ordnungen p3, pg?, pgr, p*,’
Math. Ann., XL, (1893), in particular, pp. 371-410.
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(xi), (xii), and (xiii) p = 3,
PP=1, @Q*=1, R*=P" Q'PQ=P"
R'PR=PQ", R'QR=Q, (1)(1)(11),

where for (xi) « =0, § =1, for (xii) a = 1, § = —1, for (xiii) o = —1,

B=-1.
(xiv) PP=1, Q’=1, R’=1, SP=1, S 'RS=RP

SIS =@, s'psS=P, R 'QR=0Q,
R'PR=P, Q7 'PQ=P, (11)(11),
this group (xiv) being the direct product of {Q} and {P, R, S};
(xv) p>3,
PP=1, Q=1 RP =1, S» =1, ST'RS=RQ, S7'QS =QP,
S7IpS=P, R'QR=Q, R"'PR=P,
Q™'PQ =P, (1)(1)(11);
(xv) p=3,
P'=1 Q=1 RP=1, Q'PQ=P, R'PR=PQ,
R™'QR = P*Q, (1)(1)(11).

74. To complete the list, we add, as was promised in § 68, the types
of non-Abelian groups of orders 23 and 2%: the possible types of Abelian
groups being the same as for an odd prime.

Non-Abelian groups of order 23; two types.
(i) identical with II (iv), writing 2 for p;
) Pl=1, Q'=1, Q'PQ=P1, Q*=P2 (1)(11).
Non-Abelian groups of order 2*; nine types.
(i), (ii), (iii), (iv) and (v) identical with IIT (vi), (vii), (viii), (ix)
and (x), writing 2 for p;
(vi)  Pi=1, Q'=1 R=1 Q'PQ=P,
Q*=P, RIQR=Q, R'PR=P, (11)(11),
this group (vi) being the direct product of { R} and {P, Q};
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(vii) PP=1, Q*=1, Q'PQ=P' (1)(1)(11);
(vii) P¥=1, @Q*=1, Q7 'PQ=P3, (1)(1)(11);
(ix) P8=1, Q*=1, Q'PQ=P' @Q*=P' (1)(1)11).

75. In the following examples, G is a non-Abelian group whose order is
the power of a prime p; and the sub-groups Hy, Hs, ..., H, referred to are the
series of self-conjugate sub-groups of § 53.

Ex. 1. If P and @) are any two operations of GG, the totality of operations
of the form P~'Q 'PQ generate a self-conjugate sub-group identical with or
contained in H,.

Ex. 2.  Shew that, if every sub-group of G is Abelian, Hg is an Abelian

1
group of type (1, 1); and any two operations of G, neither of which belongs to H;
and neither of which is a power of the other, generate G.
G H, H, 1

H, Hn—1 H, o
that G can be generated by two operations.

Ex. 3. If

are of types (1,1), (1), (1), ..., shew

Ex. 4. If G, of order p™, is not Abelian, and if every sub-group of G is
self-conjugate, shew that p must be 2. (Dedekind.)

Ex. 5. If G is of order p™, and H; of type (1,1,...,with m — 2 units), and
if m > 5, G is the direct product of two groups. If m = 5, there is one type for
which G is not a direct product, viz.

2 2
11) = 17 12) = 17 PP = 17 QQ_1Q1Q2 - lea
Qi'PQ1 =P, Q;'PQy=P.

Ex. 6. A group G, of order p™, (m > 4), where p is an odd prime,
contains an operation P of order p”~2, and no cyclical self-conjugate sub-group

of order p™~2. Shew that, if P is one of a set of p? conjugate operations, the
defining relations of the group are of the form
=1, @P=1, QT'PQ=PT, R =PQ,

R'QR=Q, R'PR=PZ#"Q;
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and that, if P is one of a set of p conjugate operations, the defining relations are

of the form
P =1, QP =1, Q'PQ=P, R’=Q",
RIQR = P?"°Q, R 'PR=PQ.

Determine in each case the number of distinct types.



CHAPTER VL
ON SYLOW’S THEOREM.

76. IT has been proved (§ 22) that the order of any sub-group of
a group G is a factor of the order of GG; and it results at once from the
investigation of §§ 45-47 that, in an Abelian group, there is always at least
one sub-group whose order is any given factor of the order of the group.
The latter result is not however generally true for groups which are not
Abelian; and for factors of the order of a group which contain more than
one distinct prime, no general law is known as to the existence or non-
existence of corresponding sub-groups. If however p'”, where p is a prime,
divides the order of the group, it may be shewn that the group will always
contain a sub-group of order p”*. The special form of this theorem, that a
group whose order is divisible by a prime p contains operations of order p,
is due originally to Cauchy*. The more general result was first established
by Sylow. He has shewn' that, if p® is the highest power of a prime p
which divides the order of a group, the group contains a single conjugate
set of kp 4+ 1 sub-groups of order p®.

For the special case p = 2, the following proof of Cauchy’s theorem is perhaps
worth giving for its simplicity. Arrange the operations of a group of even order
in pairs S and S~! of inverse operations. If at any stage no further pairs can be
formed, the remaining operations must all, except the identical operation, be of
order 2. The number of these remaining operations, which include the identical
operation, is even. Hence there must be at least one operation of order 2, and
the total number of such operations is odd.

We shall devote the present chapter to the proof of Sylow’s theorem:;
and a consideration of some of its more immediate consequences. These
constitute, as will be seen later on, a most important set of results.

77. We shall divide the proof of Sylow’s theorem into two parts.
First we shew that, if p® is the highest power of a prime p which divides

*Cauchy, Ezercises d’analyse, 111, (1844), p. 250.

fSylow, Théorémes sur les groupes de substitutions, Math. Ann., v (1872) pp. 584
et seq. Compare also Frobenius, Neuer Beweis des Sylow’schen Satzes, Crelle, c. (1886),
p- 179.

104
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the order of a group, the group must have a sub-group of order p®; and
secondly that the sub-groups of order p® form a single conjugate set and
that their number is congruent to unity, (mod. p).

Lemma. Ifp® is the highest power of a prime p by which the order of
a group G is divisible, G must contain a sub-group whose order is divisible
by p™.

If the group G is Abelian, this has been already proved in § 37. Suppose
then that G of order N (= p®m, where m is prime to p) is not Abelian;
and let G’ of order N’ be the sub-group of G formed of its self-conjugate
operations. If S is any operation of G which is not self-conjugate, and
if n is the order of the greatest sub-group within which S is permutable,

S forms one of a set of — conjugate operations; hence, by equating the

n
order of the group to the sum of the numbers of operations contained in
the different conjugate sets, we obtain the equation

N
N:N/+Zz7

where the sign of summation is extended to all the different conjugate sets
of those operations which are not self-conjugate.

If N’ is not divisible by p, or in other words if G contains no self-
conjugate operations of order p, this equation requires that at least one of
the symbols n should be divisible by p®; therefore in this case the lemma
is true.

If N’ is divisible by p®, the group G', being Abelian, must contain

a sub-group ¢’ of order po‘/; and this sub-group is self-conjugate in G.

G /
Consider now the group — of order p*~*m. If it has no self-conjugate

operations of order p, it must (by the result just obtained) contain a sub-
!/
group whose order is divisible by p®~% ; and hence G contains a sub-group

G
whose order is divisible by p®. If, on the other hand, — has a sub-group of
g

self-conjugate operatig)nsnof order po‘”, then GG must contain a self-conjugate
sub-group of order p® 7@ | say ¢”. We may now repeat the same reasoning

N/ . .
m =@ ~% m. In this way we must in any case

with the group — of order p
g



78] THEORY OF FINITE GROUPS. 106

be ultimately led to a sub-group of G whose order is divisible by p®*. The
lemma is therefore established.

We have as an immediate inference:—

THEOREM 1. If p® is the highest power of a prime p which divides
the order of a group, the group contains a sub-group of order p®.

For the group contains a sub-group whose order is divisible by p“; this
sub-group must itself contain a sub-group whose order is divisible by p®,
and so on. Hence at last a sub-group must be arrived at whose order is p®.

Corollary. Since it has been seen in § 53 that a group of order p“
contains sub-groups of every order p? (B < @), it follows that, if the order of
a group is divisible by p?, the group must contain a sub-group of order p?.
In particular, a group whose order is divisible by a prime p has operations
of order p.

78. THEOREM II.  If p® is the highest power of a prime p which
divides the order of a group G, the sub-groups of G of order p® form a
single conjugate set, and their number is congruent to unity, (mod. p).

If H is a sub-group of G of order p“, the only operations of GG, which are
permutable with H and have powers of p for their orders, are the operations
of H itself. For if P is an operation of order p”, not contained in H and
permutable with it, and if p® is the order of the greatest group common
to {P} and H, the order of {H, P} is p®™"*5. But G can have no such
sub-group, since p®**" % is not a factor of the order of G.

Suppose now that H’ is any sub-group conjugate to H; and let p® be
the order of the group A common to H and H'. When H’ is transformed
by all the operations of H, the operations of h are the only ones which
transform H' into itself. Hence the operations of H can be divided into
p®~ B sets of p? each, such that the operations of each set transform H’ into
a distinct sub-group. In this way, p®# sub-groups are obtained distinct
from each other and from H and conjugate to H. If these sub-groups do
not exhaust the set of sub-groups conjugate to H, let H” be a new one.
From H” another set of po‘*ﬁ, sub-groups can be formed, distinct from
each other and from H and conjugate to H. Moreover no sub-group of this
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latter set can coincide with one of the previous set. For if
P 'H'P = Py H' Py,
where P, and P, are operations of H, then
H" = Py H'Ps,

where Py (= PoP; ') is an operation of H; and this is contrary to the
supposition that H” is different from each group of the previous set. By
continuing this process, it may be shewn that the number of sub-groups in
the conjugate set containing H is

1pe B ppe b 4

where no one of the indices o — 3, o — 8/, ... can be less than unity.
The number of sub-groups in the conjugate set containing H is therefore
congruent to unity, (mod. p).

If now G contains another sub-group Hi, of order p®, it must belong to
a different conjugate set. The number of sub-groups in the new set may be
shewn, as above, to be congruent to unity, (mod. p). But on transforming
Hy by the operations of H, a set of p®*~7 conjugate sub-groups is obtained,
where p7 is the order of the sub-group common to H and Hy. A further
sub-group of the set, if it exists, gives rise to p®~7 additional conjugate sub-
groups, distinct from each other and from the previous p®~"7. Proceeding
thus we shew that the number of sub-groups in the conjugate set is a
multiple of p; and as it cannot be at once a multiple of p and congruent
to unity, (mod. p), the set does not exist. The sub-groups of order p®
therefore form a single conjugate set and their number is congruent to
unity, (mod. p).

Corollary I. If p®m is the order of the greatest group I, within
which the group H of order p® is contained self-conjugately, the order of
the group G must be of the form

p*m(1 + kp).
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Corollary II.  The number of groups of order p® contained in G, i.e.
the factor 1 + kp in the preceding expression for the order of the group,
can be expressed in the form

L+ kip+ kap® + ... + kap®,

where k,p” is the number of groups having with a given group H of the set
greatest common sub-groups of order p®~".

This follows immediately from the arrangement of the set of groups
given in the proof of the theorem. Thus each of the p®~# groups, obtained
on transforming H’ by the operations of H, has in common with H a
greatest common sub-group of order p®. It may of course happen that any
one or more of the numbers ki, ko, ..., ko is zero. If no two sub-groups
of the set have a common sub-group whose order is greater than p”, then
ki, ko, ..., ko—r—1 all vanish; and the number of sub-groups in the set is
congruent to unity, (mod. p®~"). Conversely, if p*® is the highest power of p
that divides kp, some two sub-groups of the set must have a common sub-
group whose order is not less than p®~#; for if there were no such common
sub-groups, the number of sub-groups in the set would be congruent to
unity, (mod. p**1).

Corollary III.  Every sub-group of G whose order is p?, (6 < «),
must be contained in one or more sub-groups of order p®.

For if the sub-group of order p? is contained in no sub-group of or-
der pP*1, the only operations whose orders are powers of p that transform
it into itself are its own. In this case, the preceding method may be used
to shew that the number of sub-groups in the conjugate set to which the
given sub-group belongs must be congruent to unity, (mod. p). But this
is impossible, as the number of such sub-groups must, on the assumption
made, be a multiple of p®~#. The sub-group of order p? is therefore con-
tained in one of order p#*1, and hence repeating the same reasoning in one
of order p®.

79.  We shall refer to Theorems I and II together as Sylow’s theorem.
In discussing in this and the following paragraphs some of the results that
follow from Sylow’s theorem, we shall adhere to the notation that has been
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used in establishing the theorem itself. Thus p® will always denote the
highest power of a prime p which divides the order of G; the sub-groups
of G of order p® will be denoted by H, Hy, ..., and the greatest sub-groups
of G that contain these self-conjugately by I, Iy, .... These latter form a
single conjugate set of sub-groups of GG, whose orders are p®m, the order
of G itself being p*m(1 + kp). Moreover the number of groups in this
conjugate set is 1 + kp.

Suppose now that S is any operation of G whose order is a power of p.
When the 1+ kp sub-groups

H, Hy, Ho, ..., Hy,

are transformed by S, each one that contains S is transformed into itself,
while the remainder are interchanged in sets, the number in any set being
a power of p. Hence the number of these groups which contain S must
be congruent to unity, (mod. p). In precisely the same way, it may be
shewn that the number of sub-groups of order p®, which contain a given
sub-group of order p”, is congruent to unity, (mod. p).

A sub-group (or operation), having a power of p for its order and oc-
curring in 1 + [p sub-groups of order p®, will not necessarily be one of the
same number of conjugate sub-groups (or operations) in each of these 1+Ip
sub-groups. If then h is a sub-group, of order p”, that occurs in 1+ [p sub-
groups of order p®, we may choose one of these, say H, in which A is one
of as small a number as possible of conjugate sub-groups. Let this number
be p®~"7%, so that, in H, h is self-conjugate in a group of order p" 5. Then
in G, the order of the greatest group ¢, in which h is self-conjugate, must
be p"*t$n, where n is relatively prime to p. The number of sub-groups of i
of order p"*# must be congruent to unity, (mod. p). No two of these groups
of order p"™* can occur in the same group of order p%; for if they did, they
would generate a group of order p"*** (¢ 4 1), and this is impossible,
p" 5 being the highest power of p that divides the order of i. Moreover
the number of groups of order p® in which any one of these groups of
order p"*¢ enters is congruent to unity, (mod. p). Hence the number of
groups of order p®, in which A is one of p®~" % (the least possible number)
conjugate sub-groups, is congruent to unity, (mod. p). Suppose now that,

in H', h is one of p@~"—% (s’ < s) conjugate sub-groups; so that in H' it
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is self-conjugate in a sub-group of order p“’sl and in no greater sub-group.

Then the highest power of p that divides the order of the group common
to I’ and i is p"+*; and therefore, when H' is transformed by all the oper-
ations of i, the number of groups of order p® formed is a multiple of ps_sl.
In each of these groups, h is one of pa*’"*sl conjugate sub-groups. If this
does not exhaust all the groups of order p® in which h is one of pa_r_sl
conjugate sub-groups, let H” be another. Then from this another set of
groups, whose number is a multiple of ps_sl, may be formed, which are
distinct from each other and from the previous set, such that in each of
them h is one of po‘*rfsl conjugate sub-groups. This process may clearly be
continued till all such groups are exhausted. Hence the number of groups
of order p®, in which h is one of pa_r_sl (s' < s) conjugate sub-groups,

S*S/ O{*T’*S/

is a multiple of p*~%. If h enters as one of p conjugate sub-groups
in H', a sub-group conjugate to h must enter as one of p®~"~% conju-
gate sub-groups in H. Hence if pr+s, pr+s pr+s" .. are the orders of
the greatest sub-groups that contain h self-conjugately in the various sub-
groups of order p® in which it appears, then H must contain sub-groups
of the conjugate set (in G) to which h belongs in conjugate sets of p"*,
pr+s’ pr+s” . only. The total number x of such sub-groups contained
in H is clearly connected with the total number 1 4 Ip of sub-groups of

order p“, in which h appears, by the relation
z(1+ kp) = y(1+1Ip),

y being the number of sub-groups in the conjugate set. For every sub-group

of order p® will contain x of the set: and the two sides of the equation

represent two distinct ways of reckoning all the sub-groups of the set h

contained in the sub-groups of the set H, when all repetitions are counted.
It is to be noticed that, with the above notation,

" m(1 + kp)
Yy = ;
n

and therefore
pa—T—Sm(l + lp)
T = )
n
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80. THEOREM III.  Let p® be the highest power of a prime p which
diwvides the order of a group G, and let H be a sub-group of G of order p®.
Let h be a sub-group common to H and some other sub-group of order p<,
such that no sub-group, which contains h and is of greater order, is common
to any two sub-groups of order p*. Then there must be some operation of G,
of order prime to p, which is permutable with h and not with H*.

Suppose that H and H' are two groups of order p® to which h is com-
mon; and let ~1 and k] be sub-groups of H and H’, of greater order than h,
in which h is self-conjugate. If h; and h) generate a group whose order
is a power of p, it must occur in some group H” of order p%; and then
H and H” have a common group hi, which contains i and is of greater
order. This is contrary to supposition, and therefore the order of the group
generated by hy and h} is not a power of p. Hence h is permutable with
some operation whose order is prime to p.

Let p" be the order of h, and p""*n be the order of the greatest sub-
group ¢ of GG that contains h self-conjugately. If ¢ contained a self-conjugate
sub-group of order p"**, h; and h} would be sub-groups of it and they
would generate a group whose order is a power of p. This is not the case,
and therefore i must contain 1 + k’p sub-groups of order p" ™%, so that we
may write m’(1 + k’p) for n; and then, in 4, a sub-group of order p"**
is self-conjugate in a sub-group of order p"™*m’. No sub-group of i of
order p"** (¢ > 0) can occur in more than one sub-group of order p®; and
the 1+ k’p sub-groups of i of order p"** belong therefore to 1+ k’p distinct
sub-groups of order p®*. Moreover h occurs in no sub-groups of order p®
other than these 1 + k’p. For if h occurred in another sub-group Hi, it
would in this sub-group be self-conjugate in a group of order prs (s > 0);
and this group would occur in 7. This group would then be common to
two sub-groups of order p®, contrary to supposition.

An operation of i, which transforms one of its sub-groups of order p" 3
into another, must transform the sub-group of order p® containing the one
into that containing the other. Hence ¢ must contain operations which are

*Frobenius, “Ueber endliche Gruppen,” Berliner Sitzungsberichte (1895), p. 176: and
Burnside, “Notes on the theory of groups of finite order,” Proc. London Mathematical
Society, Vol. xxv1 (1895), p. 209.
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not permutable with H. The greatest common sub-group of ¢ and [ is that
sub-group of i of order p"*¥m’ which contains the sub-group of order p"+*
belonging to H self-conjugately. For every operation, that transforms this
sub-group of order p"™* into itself, must transform H into itself; and no
operation can transform H into itself which transforms this sub-group of
order p"™* into another.

81. Let P be an operation, or sub-group, which is self-conjugate in H;
and let () be another operation, or sub-group, of H, which is conjugate to P
in G, but not conjugate to P in I. Suppose first that, if possible, @) is self-
conjugate in H. There must be an operation S which transforms P into @
and H into some other sub-group H’, so that

S7lps=q,
ST'HS = H'.
Now in the sub-group which contains () self-conjugately, the sub-groups

of order p® form a single conjugate set, and H must occur among them.
Hence this sub-group must contain an operation 7" such that

T7'QT = Q,
and
T'H'T = H.
It follows that
T-1571pPST = Q,
TS 'HST = H,

or that, contrary to supposition, P and () are conjugate in I. Hence:—

THEOREM IV.  Let G and H be defined as in the previous theorem,
and let I be the greatest sub-group of G which contains H self-conjugately.
Then if P and @ are two self-conjugate operations or sub-groups of H,
which are not conjugate in I, they are not conjugate in G.

Corollary. If H is Abelian, no two operations of H which are not
conjugate in I can be conjugate in G. Hence the number of distinct sets of
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conjugate operations in GG, which have powers of p for their orders, is the
same as the number of such sets in /.

82. Suppose next that @ is not self-conjugate in H. Then every
operation that transforms ) into P must transform H into a sub-group of
order p® in which P is not self-conjugate. Of the sub-groups of order p®,
to which P belongs and in which P is not self-conjugate, choose H' so
that, in H', P forms one of as small a number of conjugate operations or
sub-groups as possible. Let g be the greatest sub-group of H' that contains
P self-conjugately. Among the sub-groups of order p® that contain P self-
conjugately, there must be one or more to which g belongs. Let H be one
of these; and suppose that h and h’ are the greatest sub-groups of H and
H' respectively that contain g self-conjugately. The orders of both h and i’/
must (Theorem II, § 55) be greater than the order of g; and in consequence
of the assumption made with respect to H’, every sub-group, having a
power of p for its order and containing h, must contain P self-conjugately.

Now consider the sub-group {h,h'}. Since it does not contain P self-
conjugately, its order cannot be a power of p. Also if p? is the highest
power of p that divides its order, it must contain more than one sub-group
of order p®. For any sub-group of order p?, to which h belongs, contains P
self-conjugately; and any sub-group of order p?, to which &’ belongs, does
not. Suppose now that S is an operation of {h, h’'}, having its order prime
to p and transforming a sub-group of {h, '} of order p?, to which h belongs,
into one to which »/ belongs. Then S cannot be permutable with P; for if
it were, P would be self-conjugate in each of these sub-groups of order p®.

When P is an operation, we may reason in the same way with respect
to {P}.

Since g is self-conjugate in both kA and A’, S must transform g into itself.
Now P is self-conjugate in g, and therefore S™"PS" is also self-conjugate
in g for all values of 7. If then S is the first power of S which is permutable
with P, the series of groups P, S™'PS, ..., S~ PSt=1 are all distinct
and each is a self-conjugate sub-group of g. Every group in this series is
therefore permutable with every other. Hence:—

THEOREM V. If G and H are defined as in the two preceding theo-
rems, and if P is a self-conjugate sub-group or operation of H, then either
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(i) P must be self-conjugate in every sub-group of G, of order p®, in which
it enters, or (ii) there must be an operation S, of order q prime to p, such
that the set of sub-groups S™"{P}S" (r = 0,1,...,q — 1) are all distinct
and permutable with each other.

83. In illustration of Sylow’s theorem and its consequences, we will now
consider certain special types of group; and we will deal first with a group whose
order is the product of two different primes.

If p; and py (p1 < p2) are distinct primes, a group of order p;ps must,
by Sylow’s theorem, have a self-conjugate sub-group of order ps. If po is not
congruent to unity, (mod. p;), the group must also have a self-conjugate sub-
group of order p;. The two self-conjugate sub-groups of orders p; and p, can have
no common operation except the identical operation; and therefore (Theorem IX,
§ 34) every operation of one must be permutable with every operation of the
other. Hence if py is not congruent to unity, (mod. p1), a group of order pipo
must be Abelian, and therefore also cyclical.

If po is congruent to unity, (mod. p;), there may be either 1 or ps conjugate
sub-groups of order pj.

If there is one, it is self-conjugate and the group is cyclical.

If there are po sub-groups of order p;, let P; denote an operation which
generates one of them. Then if P, is an operation of order po,

PrHRYP = {P};

therefore
P 'PP = PY,
so that
Py =P P PPP = Py
Hence

aPt =1 (mod. p9).

If « were unity, P, would be permutable with P;, and {P;} would not be one
of ps conjugate sub-groups. Hence o must be a primitive root of the above
congruence.

A group of order pipo, which has ps conjugate sub-groups of order p;, must
therefore, when it exists, be defined by the relations

PPt =1, P*=1, P'PP =P§,
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where « is a primitive root of the congruence*
aPt =1 (mod. pa).

It follows from § 33 that the order of the group defined by these relations
cannot exceed p1py. But also from the given relations it is clearly impossible to
deduce new relations of the form

PPy =Py Py,

where x and 2’ are less than p;, and y and 3’ are less than ps; hence the order
cannot be less than pips.
Again, let 8 be a primitive root of the congruence, distinct from «, so that

B* = a (mod. ps).
Then if, in the group defined by
prr=1, P=1, P/'PP =P},
we represent Pf by P/, the defining relations become
PP =1, PP*=1, P 'PP =P

and the group is simply isomorphic with the previous group.
Hence finally, when ps is congruent to unity, (mod. p;), there is a single type
of group of order p;pe2, which contains ps conjugate sub-groups of order p;.

84. We will next deal with the problem of determining all distinct types
of group of order 24.

*It should be noticed that, if « is not a root of the congruence, the relations define
a group of order p;. Thus from

P 'P,P, = Py,

we have
—P1 p1 _ paPl
PP PPt =Py

Hence o
P =1, and PP* =1,

so that P, =1, and the group reduces to {P;}.



84] THEORY OF FINITE GROUPS. 116

A group of order 24 must contain either 1 or 3 sub-groups of order 8, and
either 1 or 4 sub-groups of order 3. If it has one sub-group of order 8 and one
sub-group of order 3, the group must, since each of these sub-groups is self-
conjugate, be their direct product. We have seen (§§ 68, 74) that there are five
distinct types of group of order 8; there are therefore five distinct types of group
of order 24, which are obtained by taking the direct product of any group of
order 8 and a group of order 3.

If there are 3 groups of order 8, some two of them must (Theorem II, Cor. II,
§ 78) have a common sub-group of order 4; and (Theorem III, § 80) this common
sub-group must be a self-conjugate sub-group of the group of order 24. Moreover
if, in this case, a sub-group of order 8 is Abelian, each operation of the self-
conjugate sub-group of order 4 must (Theorem IV, Cor. § 81) be a self-conjugate
operation of the group of order 24.

With the aid of these general considerations, it now is easy to determine for
each type of group of order 8, the possible types of group of order 24, in addition
to the five types already obtained.

(i) Suppose a group of order 8 to be cyclical, and let A be an operation that
generates it. If {A} is self-conjugate and B is an operation of order 3, then

B7'AB = A°,
and therefore
B3AB3 = A%,
Hence
o® =1 (mod. 8),
and therefore
a =1 (mod. 8);

so that A and B are permutable. This is one of the types already obtained.
Hence for a new type, {A} cannot be self-conjugate, and A% must be a self-
conjugate operation; B is therefore one of two conjugate operations, while { B} is
self-conjugate. Hence the only possible new type in this case is given by

A'BA=B"".
(ii) Next, let a group of order 8 be an Abelian group defined by

A*=1, B?=1, AB-= BA.
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If this is self-conjugate, then, by considerations similar to those of the pre-
ceding case, we infer that the group is the direct product of groups of orders
8 and 3. Hence there is not in this case a new type.

If the group of order 8 is not self-conjugate, the self-conjugate group of order 4
may be either {A} or {A2 B}. In either case, if C' is an operation of order 3,
it must be one of two conjugate operations while {C} is self-conjugate. Hence
there are two new types respectively given by

C*=1, BCB=C"' A 'CcA=cC;

and
cd=1, Al'cA=c"!, BCB=C.
(iii) Let a group of order 8 be an Abelian group defined by
A =1, B?=1, C?’=1, AB=BA, BC=CB, CA=AB.

If it is self-conjugate, and if the group of order 24 is not the direct product
of groups of orders 8 and 3, an operation D of order 3 must transform the
7 operations of order 2 among themselves; and it must therefore be permutable
with one of them. Now the relations

D 'AD=A, D 'BD=AB,
are not self-consistent, because they give
D?BD? = B.

Hence, since the group of order 8 is generated by A, B and any other operation
of order 2 except AB, we may assume, without loss of generality, that

D 'AD=A, D 'BD=C, D 'CD= A*BYC>.
These relations give
B=D7*BD? = D' A®BYC*D = AT+ gy vt

and therefore
y==z=1.

Now if
D~'CD = ABC,
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and if
AB=DB', AC=C,
then
D 'B'D=cC', D 'C'D=DBc(C

so that the two alternatives x = 0 and = 1 lead to simply isomorphic groups.

Hence there is in this case a single type. It is the direct product of {A} and
{D, B,C}, where

D 'BD=cC, D 'CD=BC.

If the group of order 8 is not self-conjugate, the self-conjugate group of order 4
may be taken to be {A, B}; and D being an operation of order 3, there is a single
new type given by

D¥=1, CDC=D"' ADA=D, BDB=D.
(iv) Let a group of order 8 be a non-Abelian group defined by
A*=1, B*=1, A*’=pB? B 'AB=A47%

and let C' be an operation of order 3. If the group of order 8 is self-conjugate, and
the group of order 24 is not a direct product of groups of orders 8 and 3, C' must
transform the 3 sub-groups of order 4, {A}, {B} and {AB}, among themselves.
Hence we may take

C~'AC = B,

and
C™'BC =AB or (AB)>.

If C transforms B into (AB)3, then
C3AC3 = A7,

and C cannot be an operation of order 3. Hence in this case there is only one
new type, given by

Cc3=1, C'AC=B, C'BC=AB.

If the sub-group of order 8 is not self-conjugate, the self-conjugate sub-group
of order 4 is cyclical, and each of its operations must be permutable with C.
Hence again we get a single new type, given by

c3=1, Al'cA=cC, B 'CB=C"l.
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(v) Lastly, let a sub-group of order 8 be a non-Abelian group defined by
A*=1, B?>=1, BAB=A'

This contains one cyclical and two non-cyclical sub-groups of order 4. If it
is self-conjugate, the group of order 24 must therefore be the direct product of
groups of orders 8 and 3; and there is no new type.

If the sub-group of order 8 is not self-conjugate, and the self-conjugate sub-
group of order 4 is the cyclical group {A}, then A must be permutable with an
operation C of order 3, and there is a single new type given by

c*=1, A 'CcA=c, B'cB=C""

If the self-conjugate sub-group of order 4 is not cyclical, it may be taken to
be {1, A% B, A2B}. If C is permutable with each operation of this sub-group,
there is a single type given by

c3=1, AlcA=c"', B 'cB=C.

If C is not permutable with every operation of the self-conjugate sub-group,
it must transform A2, B, A2B among themselves and we may take

C'A’Cc =B, C'BC=A%B.

Now {C, A% B} is self-conjugate, and therefore A must transform C' into
another operation of order 3 contained in this sub-group. Hence

ATICA = C"AYB*,
The only values of x, y, z which are consistent with the previous relation
A2C A% = CA®B,
are
r=2, y=z=1.
The last new type is therefore defined by
A'=1, B?’=1, BAB=A"",
c3=1, C'A’Cc=B, C'BC=A%B,
A7lCcA=C?A%B.
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When B is eliminated between these relations, it will be found that the only
independent relations remaining are

At=1, C*=1, (AC)’=1.

It is a good exercise to verify that these form a complete set of defining
relations for the group. (Compare Ex. 1, § 35.)

There are therefore, in all, fifteen distinct types of group of order 24. The
last of these is the only type, which has neither a self-conjugate sub-group of
order 8, nor one of order 3. The reader should satisfy himself, as an exercise,
that, in the ten cases where the group is not a direct product of groups of orders
8 and 3, the defining relations which we have given are self-consistent. This is
of course an essential part of the investigation, and it may, in more complicated
cases, involve some little difficulty. We have omitted the verification here, where
it is very easy, for the sake of brevity.

It is to be noticed that the last type obtained gives an example, and indeed
the simplest possible, of Theorem V, § 82. Thus in {A, B} of order 8, A2 is a
self-conjugate operation and B is not. In the group of order 24, the operations
A? and B are conjugate; and C is an operation, of order prime to 2, such that
A2 C71A%2C, C72A%C? generate three mutually permutable sub-groups.

A discussion similar to that of the present section (but simpler, since in each
case the number of types is smaller), will verify the following table*:—

Order 61101214 |15 |18 120|22|26 |28 |30
Number 2| 2 | 5 | 2| 1|5 |5 |2]|2|4]|4

This table, taken with the results of Chapter V, gives the number of distinct
types of groups for all orders less than 32.

85. Asasecond example, we will discuss the various distinct types of group
of order 60.

A group of order 60 must, by Sylow’s theorem, contain either 1 or 6 cyclical
sub-groups of order 5.

We will first suppose that a group G of order 60 contains a single cyclical
sub-group of order 5, which is necessarily self-conjugate. There will then be four
operations of order 5 in GG; and we may deal with two sub-cases according as
these operations are or are not self-conjugate.

*Miller, Comptes Rendus, cxx1i1 (1896), p. 370.
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(i) Suppose that each operation of order 5 is self-conjugate. There must then
be either 1 or 3 sub-groups of order 4. If there is only one, it must be permutable
with an operation of order 3; and then G contains a sub-group of order 12. If
there are three, it follows, by Theorem II, Cor. IT (§ 78), that some pair of them
must have a common sub-group of order 2. But (Theorem III, § 80) this sub-
group of order 2 must be permutable with some operation of order prime to 2,
which is not permutable with a sub-group of order 4. This operation must be of
order 3; hence in this case also there must be a sub-group of order 12. Thus then
the group is, with either alternative, the direct product of a group of order 5 and
a group of order 12. Now there are five distinct types of group of order 12; there
are therefore five distinct types of group of order 60 which contain self-conjugate
operations of order 5.

(ii) Suppose that S is an operation of order 5 which is not self-conjugate. If
T is an operation which is not permutable with S, then

T718T = 5,

where « is not unity. Also, if T% is the lowest power of T which is permutable
with S, then
T~*8T* = 5% = G,

and therefore
a® =1 (mod. 5).

It follows that x must be either 2 or 4. If x is 2 for every operation T
which is not permutable with S, then S and S* form a complete set of conjugate
operations; as also do S? and S3. If x is 4 for any operation T', the four operations
S, §2%, 53, 84 form a single conjugate set.

First, let S be one of two conjugate operations; it must then be self-conjugate
in a sub-group of order 30, and by Sylow’s theorem this sub-group must contain
a single sub-group of order 3. It will therefore be given by

() A’=1, B3=1, S§°=1, ABA=B,
or (B) A*=1, B*=1, S°=1, ABA=B?

according as B is or is not a self-conjugate operation; S in either case being
permutable with both A and B.

If the sub-groups of order 4 are cyclical, G must contain an operation A; of
order 4 whose square is A; and A; must transform S into its inverse and {B}
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into itself. The latter condition clearly cannot be satisfied if the self-conjugate
sub-group of order 30 is of type (). Hence we have two types given by

At=1, B¥*=1, S°=1, B 'SB=S5,
AIISAl =54 and Al_lBAl =B or B~
If the sub-groups of order 4 are not cyclical, G must contain an operation A’
of order 2, which is permutable with A; and A’ transforms S into its inverse and

{B} into itself. In this case, if the self-conjugate sub-group is of type («), there
are two types given by

A% =1, A% =1, B*=1, S°=1, ASA=S, B !'SB=S5,
AAA = A, ASA =8* ABA=B, A'BA =B or B~

If the self-conjugate sub-group is of type (), there is a single type in which
the last two of the preceding equations are replaced by

ABA =B?, A'BA' = B.

Secondly, let the operations of order 5 form a single conjugate set. The
sub-groups of order 4 must then be cyclical since G contains an operation T,
such that T? is the lowest power of T which is permutable with S. Also S is
permutable in a sub-group of order 15. This sub-group must be self-conjugate;
and therefore G contains a self-conjugate sub-group of order 3. Let

B3*=1, $§°=1, B'SB=3S

define the self-conjugate sub-group of order 15; and let A; be an operation of
order 4, none of whose powers is permutable with S. We may then take

ATIS A = 5%

since { B} is self-conjugate, Ay must transform this sub-group into itself. There
are therefore two types given by

Ail = 1, _B3 = 17 S5 = 17 B71SB = S, Al_lsAl - 527

and
AT'BA; =B or B
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Hence there are in all twelve distinct groups of order 60, each of which has a
self-conjugate sub-group of order 5.

(iii) Next, suppose that G contains 6 conjugate sub-groups of order 5. No
operation of order 3 can be permutable with an operation of order 5, and therefore
by Sylow’s theorem there must be 10 conjugate sub-groups of order 3. Hence
G contains 24 operations of order 5 and 20 operations of order 3. If any one
operation of order 5 were permutable with an operation of order 2, all its powers
would be permutable with the same operation, and therefore, since the sub-
groups of order 5 form a single conjugate set, every operation of order 5 would
be permutable with an operation of order 2. The group would then contain at
least 24 operations of order 10. This is clearly impossible, since the sum of the
numbers of operations of orders 3, 5 and 10 would be greater than the order of
the group. Hence the sub-group of order 10, which contains self-conjugately a
sub-group of order 5, must be of the type

A2=1, S§°=1, ASA=5%

In a similar way, we shew that a sub-group of order 6, which contains self-
conjugately a sub-group of order 3, is of the type

A’=1, B>=1, ABA=B7!.

Since no operation of order 3 or 5 is permutable with an operation of order 2,
it follows (Theorem III, § 80) that no two sub-groups of order 4 can have a
common operation other than identity. Hence there must be 5 sub-groups of
order 4; for if there were 3 or 15, some of them would necessarily have common
operations. Each sub-group of order 4 is therefore contained self-conjugately
in a sub-group of order 12. Such a sub-group of order 12 can contain no self-
conjugate operation of order 2, since G contains no operation of order 6. Hence
the sub-groups of order 4 are non-cyclical, and the 3 operations of order 2 in
any sub-group of order 4 are conjugate operations in the sub-group of order 12
containing it. This sub-group must therefore be of the type

B3 =1, B 'A|B=A,, B 'A;B=AA,,

where A; and Ay are two permutable operations of order 2.

The 5 sub-groups of order 4 contain therefore 15 distinct operations of order 2;
and these form a conjugate set. We have already seen that the 20 operations
of order 3 form a conjugate set, and that the 24 operations of order 5 form two
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conjugate sets of 12 each. Hence the 60 operations of the group are distributed
in 5 conjugate sets, containing respectively 1, 12, 12, 15 and 20 operations. It
follows at once (§ 27, p. 39) that the group, when it exists, is simple.

A sub-group of order 12, the existence of which has been proved, must be
one of 5 conjugate sub-groups; and, since the group is simple, no operation can
transform each of these into itself. Hence if the 5 conjugate sub-groups

Hy, Hy, H3, Hy, H;
are transformed by any operation of the group into
H{? Hé’ Hé? HZ/l’ Hé?
and if we regard
H17 H25 H37 H4, H5
H{, Hy, H Hy, H
as a substitution performed on 5 symbols, the group is simply isomorphic with a
substitution group of 5 symbols. In other words, the group can be represented as
a group of substitutions of 5 symbols. Now there are just 60 even substitutions
of 5 symbols; and it is easy to verify that the group they form satisfy all the con-
ditions above determined. Moreover it will be formally proved in Chapter VIII,
and it is indeed almost obvious, that no group of substitutions can be simple if

it contains odd substitutions. Hence finally, there is one and only one type of
group of order 60 which contains 6 sub-groups of order 5.

Ex. 1. Ifp, g, r are distinct primes, shew that a group of order p?qr, which
contains a self-conjugate operation of order r, must be the direct product of two
groups of orders p?q and r respectively.

Ex. 2. Shew that there is a single type of group of order 84 which contains
28 sub-groups of order 3; and determine its defining relations.

Ex. 3. If p® (o > 1) is the highest power of p which divides the order
of G, and if 1 4+ kp be the number of sub-groups of G of order p®, shew that
(i) if 1 + kp < p?, (ii) if a group of order p® is cyclical and 1+ kp < p®, G is
composite. (Maillet, Comptes Rendus, cXviil, (1894), p. 1188.)

86. A remarkable and important extension of Sylow’s theorem has
recently been given by Herr Frobenius*. In the theorem, as stated above,

*Frobenius: Berliner Sitzungsberichte (1895), p. 988.
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(e%

p® is the highest power of a prime p that divides the order of a group.
Herr Frobenius shews that, if p* is any power of a prime p that divides
the order of a group, the number of sub-groups of order p¥ is congruent to
unity, (mod. p). These groups do not however, in general, form a single
conjugate set.

For a group whose order is a power of p higher than p¥, this result has
been already proved in § 61. Suppose now that

/ !
Gka k> ky =

are the sub-groups of order p* contained in a group G, and that p® is the
highest power of p dividing the order of GG. It has been seen, in the proof
of Sylow’s theorem, that GG contains at least one sub-group G, of order p.
The above set of sub-groups of order p¥ may then be divided into two
classes, those namely which are contained in GG, and those which are not.
The result of § 61 shews that the number of the sub-groups contained in
the first of these classes is congruent to unity, (mod. p); and if G, is a
self-conjugate sub-group of GG, all the sub-groups must be contained in this
class. If G, is not self-conjugate in G, and if GG, any one of the sub-groups
belonging to the second class, be transformed by all the operations of G,
a set of p® sub-groups of order p* will result.

Now it is easy to see that x is not less than unity, and that every one
of these p* sub-groups belongs to the second class. For suppose first that
x is zero, so that Gy is transformed into itself by every operation of G,.
Then {G4, Gk} is a sub-group of G whose order is a power of p; and since
G/, is not contained in Gy, the order of this sub-group is not less than p®*1,
This is impossible, since p®*! is not a factor of the order of G. Secondly,
if P~1G,, P were contained in G, P being some operation of Gy, then
G}, would be contained in PG, P~! or in G, contrary to supposition. If
the sub-groups of the second class are not thus exhausted, and if G}, is
a new one, we may on transforming G, by the operations of G, form a

fresh set of p“l sub-groups of the second class which are distinct from each
other and from the previous set; and this process may be continued till the
second class is exhausted. The number of sub-groups in the second class
is therefore a multiple of p. Hence:—
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THEOREM VL. Ifp®, where p is prime, divides the order of a group G,
the number of sub-groups of G of order p* is congruent to unity, (mod. p).

87. If pisa prime which divides the order of a group G, it immediately
follows from the foregoing theorem that the number of operations of G,
which satisfy the relation

SP =1,

is a multiple of p. For the number of sub-groups of G of order p is k1p+ 1,
and no two of these sub-groups can contain a common operation except
identity. There are therefore

(kip+1)(p—1)

distinct operations of order p in G; these, together with the identical op-
eration, which also satisfies
SP =1,

give in all (k1p — k1 + 1)p operations.
This result has been generalized by Herr Frobenius® in the following
form:—

THEOREM VII.  If n is a factor of the order N of a group G, the
number of operations of G, including identity, whose orders are factors
of n, is a multiple of n.

It is easy to verify the truth of this theorem directly for small values
of N; and we may therefore assume it true for every group whose order
is less than that of the given group GG. Again, when n is equal to N, the
theorem is obviously true. If then, on the assumption that the theorem is
true for all factors of N which are greater than n, we shew that it is true
for n, the general truth of the theorem will follow by induction.

N
If p is any factor of —, we assume that the number of operations of G

n
whose orders divide np is a multiple of np, and therefore also of n; and we

*“Verallgemeinerung des Sylow’schen Satzes,” Berliner Sitzungsberichte (1895),
pp. 984, 985.



[87] CHAPTER VL. 127

have to shew that the number of operations of G, whose orders divide np
and do not divide n, is also a multiple of n. Let this set of operations be
denoted by A. If p*~1 is the highest power of p that divides n, the order of
every operation of the set A must be equal to or be a multiple of p*. Let
P be one of these operations and m its order. Then, if ¢(m) is the number
of integers less than and prime to m, the cyclical sub-group {P} contains
¢(m) operations of order m, and each of these belongs to the set A. If these
do not exhaust the set, let P’ of order m’ be another operation belonging
to it. Then no one of the ¢(m’) operations of order m’, contained in the
cyclical sub-group {P’}, can be identical with any of the preceding set of
¢(m) operations, since P’ itself is not contained in that set; at the same
time, the new set of ¢(m’) operations all belong to A. This process may be
continued till the set A is exhausted. Now m, m/, ... are all divisible by p*,
and therefore ¢(m), ¢p(m/), ... are all divisible by p*~!(p — 1). Hence the
number of operations in the set A is a multiple of p* 1.

If now n = p*~ls, where by supposition s is relatively prime to p, it
remains to shew that the number of operations in the set A is a multiple
of s. For this purpose, let P be any operation of G of order p*; and let
those operations of G, which are permutable with P, form a sub-group H
of order p*r. The number of operations of H whose orders divide s is the
same as the number whose orders divide ¢, where ¢ is the greatest common

H
measure of r and s. Now the order of —— is less than /N, and therefore we

{P}

may assume that the number of operations of m whose orders divide t is

a multiple of ¢, say kt. H therefore contains kt operations of the form PT',
where P and T are permutable and the order of 1" divides s. Now P is

one of a set of —— conjugate operations in G; and corresponding to each
r

of these, there is a similar set of kt operations. Moreover no two of these
operations can be identical; for we have seen (§ 16) that, if m and n are
relatively prime, an operation of order mn of a group G, can be expressed
in only one way as the product of two permutable operations of GG of orders
m and n.

N
The complete set of ——k¢ operations of the form PT belongs to A;
pAr
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if A is not thus exhausted, its remaining operations can be divided into
similar sets. Now N is divisible by both r and s, and therefore by their

rs Nkt
least common multiple 7 Hence —— is divisible by s, and therefore
pAr
also the number of operations in the set A is divisible by s. The number of
operations in A, being divisible both by p*~! and by s, is therefore divisible
by n. Hence finally, the number of operations of G, whose orders divide n,

is a multiple of n; and the theorem is proved.

Corollary I. Let N,, be the number of operations of G whose orders
divide n, and suppose that

N, = n.

Let p be the smallest prime factor of n, and p® the highest power of p that
divides n, so that

n = p“ni,

where every prime factor of ny is greater than p. If the order of G is
divisible by a higher power of p than p®, then

N, pn — kpn,
where £ is an integer. Now if the order m of any operation divides pn
and does not divide n, then m must be a multiple of p®*!; and therefore

among the operations, whose orders divide n, there must be operations
whose orders are equal to or are multiples of p®. Hence

a—1
Npo—1p, = Ap™" 11,

where
A <p.

Now Npapn, — Npja-1p, is the number of operations whose orders are factors
of n and multiples of p®*; and it has been shewn, in the proof of the theorem,

that this number is a multiple of p®~!(p — 1). Hence

(p—Np*tny = wp* Hp—1).
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Since every prime factor of n; is greater than p, this equation requires that
A should be unity; therefore
N, = p*Iny.

p*~Ing

This process may be repeated to shew that, for each value of 8 which
is not greater than «, we have

_ a8
Npa_ﬁnl - p

ni,
so that, finally,

Np, = ny.

Moreover it is easy to see that the reasoning holds when p® is the highest
power of p that divides the order of GG, provided that then the sub-groups
of GG, of order p®, are cyclical.

Suppose now that

n=pypy’ .. PRt
where p1, p2, ..., py are primes in ascending order; and either that, for
each value of r from 1 to n — 1, p&" is not the highest power of p, which
divides the order of G: or that, if p{!" is the highest power of p, that divides
the order of GG, the sub-groups of order p'" are cyclical.

Then we may prove as above, first, that G’ contains operations of each
of the orders p{*, p5?, ..., p,"7'; and secondly that, for each value of r
from 2 to n,

— nOr Qn,
Np?T...p%" =Dyr ---Dp -

The equation
Npan = pi"

implies that G has a self-conjugate sub-group of order pi»; for G has a
sub-group of this order, and if G had more than one, it would necessarily
contain more than p» operations whose orders divide p5™.

Again, since G contains a self-conjugate sub-group of order p&" and also

n—1 n—1, an

operations of order pzfl , it must contain a sub-group of order pgfl par.
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If it had more than one sub-group of this order, it would contain more than

Qi — . o . (e 77 .
p," 7' p%™ operations whose orders divide p,."7'pS™. But since

Nyonstpan = "1 Pi"
this is impossible. Hence G contains a single sub-group of order pzi_ll o,
which is necessarily self-conjugate. In the same way we shew that, for each

order
Qn

prropyt (r=n—1n-—2,...,1),

GG contains a single sub-group.
Finally then, under the conditions stated above, the equation

Np=n

involves the property that G has a self-conjugate sub-group of order n and
no other sub-group of the same order.

Corollary IT*. If m and n are relatively prime factors of the order
of G, and if the numbers of operations of G whose orders divide m and n
respectively are equal to m and n; then every operation whose order is a
factor of m is permutable with every operation whose order is a factor of n,
and the number of operations of G whose orders divide mn is equal to mn.

Every operation of G whose order divides mn can be expressed as the
product of two permutable operations whose orders divide m and n re-
spectively; and therefore the number of operations whose orders divide mn
cannot be greater than mn. On the other hand, it follows from the the-
orem that the number of such operations cannot be less than mn; and
therefore every operation whose order divides m must be permutable with
every operation whose order divides n.

Corollary IIIT.  If a group of order mn, where m and n are relatively
prime, contains a self-conjugate sub-group of order n, the group contains
exactly n operations whose orders divide n.

*Frobenius, Berliner Sitzungsberichte, (1895), p. 987.
tFrobenius: “Ueber endliche Gruppen,” Berliner Sitzungsberichte (1895), p. 170.
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If the group G has an operation S whose order divides n, and if S is
not contained in the self-conjugate sub-group H of order n, {S, H} would
be a sub-group of G, whose order is greater than n and at the same time
contains no factor in common with m. This is impossible, and therefore
H must contain all the operations of G' whose orders divide n.

Corollary IV*. If G has a self-conjugate sub-group H of order mn,
where m and n are relatively prime, and if H has a self-conjugate sub-
group K of order n, then K is a self-conjugate sub-group of G.

For by the preceding Corollary, H contains exactly n operations whose
orders divide n, namely the operations forming the sub-group K; and every
operation that transforms H into itself must interchange these n operations
among themselves. Hence every operation of GG is permutable with K.

Ex. 1.  Shew that if, the conditions of Corollary II being satisfied, the order
of G is mn, then either G is the direct product of two groups of orders m and n,
or (G contains an Abelian self-conjugate sub-group.

Ex. 2. If p and g are distinct primes, there cannot be more than one type
of group of order p®¢® which contains no operation of order pq.

88. We have seen in § 53 that a group G, whose order is the power
of a prime, contains a series of self-conjugate sub-groups

Hy, Hy, ..., H,_1, Hy, G,

Hr+1

G
such that in o7 every operation of is self-conjugate. We shall con-

T T
clude the present chapter by shewing that any group which has such a
series of self-conjugate sub-groups is the direct product of two or more
groups whose orders are powers of primes.

THEOREM VIIL.  If a group G, of order p*¢®...r", where p, q, ...,
r are distinct primes, has a series of self-conjugate sub-groups

Hy, Hy, ..., Hy_1, Hy, G,

*Frobenius, loc. cit. p. 170.
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HT—H

G
such that in o7 every operation of 15 self-conjugate, then G is the

T T
direct product of groups of order p*, ¢%, ..., 7.

Suppose, if possible, that p divides the order of Hy and does not divide
the order of Hy. If P is an operation of order p contained in Ha, {P, H;} is
a self-conjugate sub-group of G; and every operation conjugate to P is
contained in the set PH;. But the only operation of this set, whose order
is p, is P. Hence P must be a self-conjugate operation, contrary to the
supposition that has been made. Hence if the order of H; is not divisible
by p, neither is the order of Ho. Suppose, next, that p* is the highest power

of p that divides the orders of both H, and H,_;. Then the order of the

H
sub-group T of , formed of the self-conjugate operations of the
Hy—y  Hy

latter, is not divisible by p; and therefore the order of

HT—|—1

r—1
by p. Hence p” is the highest power of p that divides the order of H, 1.

This reasoning may be repeated to shew that p” is the highest power of p

is not divisible

that divides the order of each of the groups Hyy2, Hyy3, .... Hence x must
be equal to a; and therefore the order of H; must be divisible by each of
the primes p, q, ..., 7.

Suppose now that, for each prime p which divides the order of GG, every
operation of H,, whose order is a power of p, is permutable with every
operation of G whose order is relatively prime to p. Let P be any operation,
whose order is a power of p, belonging to H,;; and not to H,; and let Q)
be any operation of G whose order is relatively prime to p. If @) is not
permutable with P, then

Q'PQ = Ph,,

where h, is some operation of H,. The order of h, must be a power of p.
For let h, = hl.h!, where the order of Al is a power of p and the order of h!’
is relatively prime to p. Then, from the supposition made with regard
to the sub-group H,, the operation Ph, is the product of the permutable
operations Ph/. and h!!. But, since the order of Ph, is a power of p, this is
impossible unless A/ is identity. If the order of h, is p?, then

P 8 B
Q"' PQY =Ph =P,
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and this equation implies that Q is permutable with P, since p” and the
order of () are relatively prime. Hence if the supposition that has been
made holds for H,, it also holds for H,;;. But it certainly holds for Hj,
and therefore it is true for G. Hence every operation of G whose order is a
power of p is permutable with every operation of G whose order is relatively
prime to p. The group therefore contains self-conjugate sub-groups of each
of the orders p®, ¢?, ..., r7; and it follows, from the definition of § 31, that
G is the direct product of these groups.

We add here two examples in further illustration of the applications of Sylow’s
theorem.

Ex. 1. If p is a prime, greater than 3, shew that the number of distinct
types of group of order 6p is 6 or 4, according as p is congruent to 1 or 5, (mod. 6).

Ex. 2. If p is a prime, greater than 5, shew that the number of distinct
types of group of order 12p is 18, 12, 15 or 10, according as p is congruent to
1,5, 7or 11, (mod. 12).



CHAPTER VIL
ON THE COMPOSITION-SERIES OF GROUP,

89. LET G be a maximum self-conjugate sub-group (§ 27) of a given
group GG, G2 a maximum self-conjugate sub-group of GG1, and so on. Since
G is a group of finite order, we must, after a finite number of sub-groups,
arrive in this way at a sub-group G,_1, whose only self-conjugate sub-
group is that formed of the identical operation alone, so that G, _; is a
simple group.

Definitions.  The series of groups
G? Gl? G27 R G’I’L—17 ]‘7

obtained in the manner just described is called a composition-series of G.
The set of groups

G Gl Gn—2

IR G,
Gl, G27 ’Gn717 1

is called a set of factor-groups of GG, and the orders of these groups are said
to form a set of composition-factors of G.

Each of the set of factor-groups is necessarily (§ 30) a simple group.

The set of groups forming a composition-series of G is not, in gen-
eral, unique. Thus G may have more than one maximum self-conjugate
sub-group, in which case the second term in the series may be taken dif-
ferent from G7. Moreover the groups succeeding G are not all necessarily
self-conjugate in GG; and when some of them are not so, we obtain a new
composition-series on transforming the whole set by a suitably chosen op-
eration of G. That the new set thus obtained is again a composition-series
is obvious; for if G,41 is a maximum self-conjugate sub-group of G,, so
also is S71G,41S of ST1G,.S. We proceed to prove that, if a group has
two different composition-series, the number of terms in them is the same
and the factor-groups derived from them are identical except as regards
the sequence in which they occur.

134
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This result, which is of great importance in the subsequent theory, is
due to Herr Hélder*; and the proof we here give does not differ materially
from his.

The less general result, that, however the composition-series may be
chosen, the composition-factors are always the same except as regards their
sequence, had been proved by M. Jordan' some years before the date of
Herr Holder’s memoir.

90. THEOREM I. If H is any self-conjugate sub-group of a group G;
and if K, K' are two self-conjugate sub-groups of G contained in H, such
that there is no self-conjugate sub-group of G contained in H and containing
either K or K' except H, K and K' themselves; and if L is the greatest

common sub-group of K and K', so that L is necessarily self conjugate
!/

H
i G; then the groups e and T are simply isomorphic, as also are the

H K

groups 7 and T
Since K and K’ are self-conjugate sub-groups of G contained in H,
{K,K'} must also be a self-conjugate sub-group of G contained in H;
and since, by supposition, there is in H no self-conjugate sub-group of G
other than H itself, which contains either K or K’, { K, K’} must coincide
with H. Hence (§ 33) the product of the orders of K and K’ is equal to

the product of the orders of H and L.

K
If the order of T is m, the operations of K may be divided into the

m sets
L, SiL, SoL, ..., Sy_1L,

such that any operation of one set multiplied by any operation of a second

gives some operation of a definite third set, and the group T is defined by

the laws according to which the sets combine.
Consider now the m sets of operations

K', S1K', SoK', ..., Spm_1 K.

*““Zurilickfiihrung einer beliebigen algebraischen Gleichung auf eine Kette von Gle-
ichungen,” Math. Ann. XxXx1v, (1889), p. 33.
t“Traité des substitutions,” (1870), p. 42.
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No two operations of any one set can be identical. If operations from
two different sets are the same, say

Spki = Sk,

where k] and k) are operations of K’, then
~1 -1
Sq Sp= kykT,

some operation of K’. But Sq_lsp is an operation of K; hence, as it belongs
both to K and K, it must belong to L, so that

S, = 8,1,

where [ is some operation of L. This however contradicts the supposi-
tion that the operations S,L and SyL are all distinct. It follows that the
operations of the above m sets are all distinct.

Now they all belong to the group H; and their number, being the

order of K’ multiplied by the order of T is equal to the order of H.
Hence in respect of the self-conjugate sub-group K’, which H contains, the

operations of the group H can be divided into the sets

K', iK', SoK', ..., Smo1K',

H
and the group 17 is defined by the laws according to which these sets
combine. But if
SpL - SqL = S, L,

then necessarily

S,K' - 5,K' = S, K.

H K
Hence the groups I and T are simply isomorphic. In precisely the same
/

H
way it is shewn that 174 and I are simply isomorphic.

Corollary. If H coincides with G, K and K’ are maximum self-
conjugate sub-groups of G. Hence if K and K’ are maximum self-conjugate
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sub-groups of G, and if L is the greatest group common to K and K’, then

G d K’ Ly hi 1 G d K
— and — are simply isomorphic; re — and —.
7 and —— are simply isomorphic; as also are -7 and —
/
Now — and 7 are simple groups; and therefore, — and — being

simple groups, L must be a maximum self-conjugate sub-group of both K
and K.

91. We may now at once proceed to prove by a process of induction
the properties of the composition-series of a group stated at the end of
§ 89. Let us suppose that, for groups whose orders do not exceed a given
number n, it is already known that any two composition-series contain the
same number of groups and that the factor-groups defined by them are the
same except as regards their sequence. If G, a group whose order does not
exceed 2n, has more than one composition-series, let two such series be

G’ Gl’ G27 ) 17
and G, G}, G, ..., 1.
If H is the greatest common sub-group of G and G/, and if
H I J ..., 1
is a composition-series of H, then, by the Corollary in the preceding para-
graph,
G, Gy, H I, J...,1,
and G, Gy, H, I, J,..., 1
are two composition-series of G which contain the same number of terms
G
and give the same factor-groups. For it has there been shewn that a
1
G G G
and —L are simply isomorphic; as also are — and Z1 Now the order
H G H
of G1, being a factor of the order of GG, cannot exceed n. Hence the two
composition-series

G, Go, ..., 1,
and G, H, I,..., 1,
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by supposition contain the same number of groups and give the same factor-
groups; and the same is true of the two composition-series

! ! 1
1 2 ey )
and G}, H, I,..., 1.

Hence finally, the two original series are seen, by comparing them with the
two new series that have been formed, to have the same number of groups
and to lead to the same factor-groups. The property therefore, if true for
groups whose order does not exceed n, is true also for groups whose order
does not exceed 2n. Now the simplest group, which has more than one
composition-series, is that defined by

B =1

A% =1 AB = BA.

? Y

For this group there are three distinct composition-series, viz.

{4, B}, {4}, L
{4, B}, {B}, L
and {A, B}, {AB}, 1:

and for these the theorem is obviously true. It is therefore true generally.
Hence:—

THEOREM II.  Any two composition-series of a group consist of the
same number of sub-groups, and lead to two sets of factor-groups which,
except as regards the sequence in which they occur, are identical with each
other.

The definite set of simple groups, which we thus arrive at from whatever
composition-series we may start, are essential constituents of the group: the
group is said to be compounded from them. The reader must not, however,
conclude either that the group is defined by its set of factor-groups, or that
it necessarily contains a sub-group simply isomorphic with any given one
of them.

92. It has been already pointed out that the groups in a composition-
series of G are not necessarily, all of them, self-conjugate groups of G.
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Suppose now that a series of groups
Ga Hlv H27 SRR Hm—la 1

are chosen so that each one is a self-conjugate sub-group of GG, while there
is no self-conjugate sub-group of GG contained in any one group of the series
and containing the next group.

Definition.  The series of groups, obtained in the manner just de-
scribed, is called a chief composition-series, or a chief-series of G.

It should be noticed that such a series is not necessarily obtained by
dropping out from a composition-series those of its groups which are not
self-conjugate in the original group. Thus it follows immediately, from the
results of § 54, that the composition-series of a group whose order is the
power of a prime can be chosen, either (i) so that every group of the series
is a self-conjugate sub-group, or (ii) so as to contain any given sub-group,
self-conjugate or not.

A chief composition-series of a group is not necessarily unique; and
when a group has more than one, the following theorem, exactly analogous
to Theorem II, holds:—

THEOREM III.  Any two chief-composition-series of a group consist
of the same number of terms and lead to two sets of factor-groups, which,
except as regards the sequence in which they occur, are identical with each
other.

The formal proof of this theorem would be a mere repetition of the proof
of § 91, Theorem I itself being used to start from instead of its Corollary;
it is therefore omitted.

Although it is not always possible to pass from a composition-series to
a chief-series, the process of forming a composition-series on the basis of
a given chief-series can always be carried out. Thus if, in a chief-series,
H, ;1 is not a maximum self-conjugate sub-group of H,, the latter group
must have a maximum self-conjugate sub-group G,1 which contains H,.
If Hy41 is not a maximum self-conjugate sub-group of G, 1, then such a
group, G2, may be found still containing H,41; and this process may be
continued till we arrive at a group G, s—1, of which H; 41 is a maximum self-
conjugate sub-group. A similar process may be carried out for each pair
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of consecutive terms in the chief-series; the resulting series so obtained is
a composition-series of the original group.

93. The factor-groups arising from a chief-series are not neces-
r+1

sarily simple groups. If between H, and H, 1 no groups of a corresponding

composition-series occur, the group is simple; but when there are

r+1

such intermediate groups, cannot be simple. We proceed to discuss

r+1
the nature of this group in the latter case.

Let G be multiply isomorphic with G’, so that the self-conjugate sub-
group H,.1 of G corresponds to the identical operation of G’. Also let

H, H, . H)HD . HL
be the sub-groups of G’ which correspond to the sub-groups
Hy, H?a SO Hp7 Hp+17 SRR HT7 HT+1

of G. Since H) contains Hpi1, H), must contain H,; and since Hp4q
is self-conjugate in G, H1/7 . is self-conjugate in G’. Also if G’ had a self-
conjugate sub-group contained in f,, and containing H, ;, G would have
a self-conjugate sub-group contained in H), and containing Hp4q1. This is

not the case, and therefore

G H|, H, ..., H 1

is a chief-series of G’. Hence is simply isomorphic with H/, the last

r+1
group but one in the chief-series of G.

Definition.  If T" is a self-conjugate sub-group of G, and if G has
no self-conjugate sub-group, contained in I', whose order is less than that
of ', then T is called a minimum self-conjugate sub-group of G.

Making use of the phrase thus defined, the discussion of the factor-

of a chief-series is the same as that of the minimum self-

groups
r+41
conjugate sub-groups of a given group.
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94. To simplify the notation as much as possible, let I be a minimum
self-conjugate sub-group of GG; and, if I is not a simple group, suppose that
in a composition-series of G the term following I is g;. Since g; cannot be
self-conjugate in GG, it must be one of a set of conjugate sub-groups

(Oé) g1, 92, -+, Ggn-

Now, if g, = S71¢15, then as ¢ is a maximum self-conjugate sub-
group of I, S™1¢1.S or ¢, is a maximum self-conjugate sub-group of S~1I8
or I; and hence every one of the above set of conjugate sub-groups is a
maximum self-conjugate sub-group of I. If g,s represents the greatest sub-
group common to g, and gs, then, by Theorem I of the present chapter

(§ 90),

SRR ]7 g1, gir, ---
R Ia 9ry 9ir, ---

I
are composition-series of G. Hence gL is simply isomorphic with —. Now

) gir gr

I SIS~ 1 I
— and ——5—, or — are simply isomorphic; therefore gL and — are
g SeSTI g1 gir 9
simply isomorphic. Similarly we may shew that, whatever r and s may be,
gr . . .
~—— and — are simply isomorphic.
Grs

If g1, and g;5 are the same group, whatever r and s may be, this group is

common to the whole set of conjugate groups («). If these groups have any
common sub-group, except identity, it is (Theorem V, § 27) a self-conjugate
sub-group of GG, and this self-conjugate sub-group would be contained in I,
contrary to supposition. Hence if g1, and gis are the same group, for all
values of r and s, this group consists of the identical operation alone, and
a composition-series is

ey 1 , g1, 1.

If g1, and g1 are distinct and if gy,5 is their greatest common sub-group,
then
SRR Ia g1, 9ir, Girs, - - -
crty ]a 917 ng) ngS)



[94] THEORY OF FINITE GROUPS. 142

I
d1r is simply isomorphic with with — for
9irs g1

are two composition-series, and

all values of r and s.
This reasoning may be repeated. If g1,s and g1,+ are the same group

whatever s and ¢ may be, they must each be the identical operation. If
9irs

9irst

not, girs i another term of the composition-series, and is simply

I
isomorphic with —.
g1
Hence however the composition-series from I onwards be constructed,

the corresponding factor-groups are all simply isomorphic with each other.
Moreover every group after I in the composition-series is self-conjugate in .
For g; and ¢, being self-conjugate sub-groups of I, so also is their great-
est common sub-group g¢i,; and g1, g1s being self-conjugate sub-groups
of I, girs is also self-conjugate; and so on. Let the composition-series thus
arrived at be now written

"'7[7 717 727"'778*17 17
I m . : .
where, as has been proved, —, —, ..., 751, are simply isomorphic.
7172

The final group vs—1 must be one of a conjugate set of, say, v groups
in (G, no one of which has any operation except identity in common with
any other. Since each of these v groups is self-conjugate in I, and since
no two of them have a common operation except identity, it follows by
Theorem IX, § 34, that every operation of any one of them is permutable
with every operation of the remaining v — 1. The group generated by the
v groups conjugate to vs—1, being self-conjugate in G and contained in I,
must coincide with I. Now, if v ; and 7?_1 are any two of this set of
v groups, {7 ;,72 ;} is their direct product, and it is a self-conjugate
sub-group of I. If s > 2, {71 ;,92 ;} does not coincide with I; and
therefore there must be another sub-group 'yg’_l, of the set to which ~vs_1
belongs, which is not contained in {7;—1773—1}- Since both the latter
group and 7;9’_1 are self-conjugate in I, while 753_1 is a simple group, no
operation of 42 ; except identity can be contained in {y! ;,72 ;}. Hence
7;71, 7371 and 75’71 are independent, i.e. no operation of one of these
groups can be expressed in terms of operations of the other two. The
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group {7} 1,72 1,73 1} is the direct product of 4} |, 42 ; and 43 ;, and
it is self-conjugate in I. If s > 3, the same reasoning may be repeated.
Finally, from the set of v groups conjugate to vs_1, it must be possible to
choose s independent groups

1 2 s
Vs—1> Vs—15 -5 Vs—1>

such that no operation of any one of them can be expressed in terms of the
operations of the remaining s — 1; and [ will then be the direct product of
these s groups. Hence:—

THEOREM IV.  If between two consecutive terms H, and Hy1 in the

chief-composition-series of a group there occur the groups G,1, Gra, ...,
Gyr.s—1 of a composition-series; then (i) the factor groups

Hrr GT’,l GT’,S—l
s g ey, T
G%l G%Q E[r—i—l

I

are all simply isomorphic, and (ii) is the direct product of s groups

r+1

H,
of the type
f ype G-

)

r

H
Corollary. If the order of —— is a power, p*, of a prime, must

r+1 r+1
be an Abelian group of type (1,1,...,to s units).

95. A chief-series of a group G can always be constructed which shall
contain among its terms any given self-conjugate sub-group of GG. For if "

is a self-conjugate sub-group of G, and if T is simple, we may take I" for

the group which follows G in the chief-series. If on the other hand % is

not simple, it must contain a minimum self-conjugate sub-group. Then I'y,
the corresponding self-conjugate sub-group of G, contains I'; and if there
were a self-conjugate sub-group of G contained in I'1, and containing I', the

self-conjugate sub-group of T which corresponds to I'y, would not be a

minimum self-conjugate sub-group. We may now repeat the same process
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with I'y, and so on; the sub-groups thus introduced will, with G and T,
clearly form the part of a chief-series extending from G to I'. The series
may be continued from I', till we arrive at the identical operation, in the
usual way.

96. It will perhaps assist the reader if we illustrate the foregoing theory
by one or two simple examples. We take first a group of order 12, defined by the
relations

A?’=1, B?=1, AB=BA,
R*=1, R '4R=B, R 'BR= AB*.

From the last two equations, it follows that
R YABR = A,

and therefore R transforms the sub-group {A, B} of order 4 into itself; so that
this sub-group is self-conjugate, and the order of the group is 12 as stated.
The self-conjugate sub-group {A, B} thus determined is clearly a maximum self-
conjugate sub-group. Also it is the only one. For if there were another its order
would be 6, and it would contain all the operations of order 3 in the group.
Now since {R} is only permutable with its own operations, the group contains
4 sub-groups of order 3, and therefore there can be no self-conjugate sub-group
of order 6. The three cyclical sub-groups {A}, {B} and {AB} of order 2 are
transformed into each other by R, and therefore no one of them is self-conjugate.
Hence the only chief-series is

{R,A,B}, {A,B}, 1,
and there are three composition-series, viz.

{R7A7B}v {A>B}7 {A}a 1;
{R7A7B}v {A>B}7 {B}> 1;
and {R,A,B), {A B}, {AB}, 1.

*The reader will notice that B can be eliminated from these relations, and that
the group can be defined by A% = 1, R* = 1, (AR)?® = 1. The structure of the group
however is given, at a glance, by the equations in the text.
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The orders of the factor-groups in the chief-series are 3 and 22, and the
group of order 2?2 is, as it should be, an Abelian group whose operations are all
of order 2. The composition-factors are 3, 2, 2 in the order written.

97. As a rather less simple instance, we will now take a group generated
by four permutable independent operations A, B, P, ), of orders 2, 2, 3, 3
respectively and an operation R of order 3, for which

R1'AR=B, R 'BR=AB, R 'PR=P, R 'QR=QP"

The sub-group {4, B, P,Q}, of order 36, is clearly a maximum self-conjugate
sub-group, and therefore the order of the group is 108. Since A, B and AB
are conjugate operations, every self-conjugate sub-group that contains A must
contain B; and since () and QP are conjugate, every self-conjugate sub-group
that contains ) must contain P. Hence the only other possible maximum self-
conjugate sub-groups are those of the form {A, B, P, RQ*}; and since

Q'RQ*Q = RQ*P,
these groups actually are self-conjugate. The same reasoning shews that the only
maximum self-conjugate sub-group of {4, B, P,Q} or of {A, B, P, RQ“}, which
is self-conjugate in the original group, is {4, B, P}; and the only maximum self-

conjugate sub-groups of the latter, which are self-conjugate in the original group,
are {A, B} and {P}. Hence all the chief-series of the group are given by

{A7 B7 P’ Q}7 {A? B}?
{R, A, B, P,Q}, or {A, B, P}, or 1.
{A,B,P,RQCX}, {P}?

Since {A, B, P,Q} is an Abelian group, all of its sub-groups are self-conjugate.
Hence if G1, G2, and G3 are any maximum sub-groups of {4, B, P,Q}, G1 and
(G5 respectively, then

{R7A7B7P7Q}7 {A7B7P7Q}a le G27 G37 1

is a composition-series.
Again, since A and B are conjugate in {A, B, P, RQ"}, the only maximum
self-conjugate sub-groups of this group are those of the form {A, B, P*(RQ®)"}.

*Here again the group can clearly be defined in terms of A, @ and R.
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If y is zero, this sub-group is Abelian; and we may take for the next term
in the composition series any maximum sub-group gs of this Abelian sub-
group, and for the last term but one any sub-group gz of go. But if y is not
zero, {A, B, P*(RQ®)Y} can only be followed by {A, B}. Hence the remaining
composition-series are of the forms:—

{R7A7B7P7Q}7 {Avapv RQa}a {A7B7P}7 g2, g3, 1:
and

{R,A,B,P,Q}, {A,B,P,RQ“}, {A,B,P*(RQ*)"},
{A,B}, {A}or {B}or {AB}, 1.

It should be noticed that if, in the last of these series, we drop out the terms
which are not self-conjugate in the original group, here the third and fifth terms,
we do not arrive at a chief-series. This illustrates a remark made in § 92.

98. THEOREM V. If H is a sub-group of G, each composition-factor
of H must be equal to or be a factor of some composition-factor of G.

If G is simple, its only composition-factor is equal to its order: the
theorem in this case is obvious.

If G is not simple, let G4 1 be the first term in a composition-series of G
which does not contain H; and let G, be the term preceding G,41. If Hy is
the greatest common sub-group of G,41 and H, then Hj is a self-conjugate
sub-group of H. For every operation of H transforms both H and G,
into themselves; and therefore every operation of H transforms Hip, the
greatest common sub-group of H and G,1, into itself. Now the order of
{H,Gy41} is equal to the product of the orders of H and G,y divided by

H
the order of Hy; and {H, Gy41} is contained in G,. Hence the order of I
1

r

is equal to or is a factor of the order of . If then a composition-series

GrJrl
of H be taken, containing the term Hp, the orders of the factor-groups,

formed by those terms of the series terminating with Hy, are equal to or

r

are factors of the order of . The same reasoning may now be used for

r+1
H;y that has been applied to H; and the theorem is therefore true.
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Corollary. If all the composition-factors of G' are primes, so also are
the composition-factors of every sub-group of G.

99. Definition. A group, all whose composition-factors are
primes, is called a soluble group.

The Corollary of the last theorem may be stated in the form:—if a
group is soluble, so also are all its sub-groups.

A soluble group of order p*¢?...r7, where p, ¢, ..., r are distinct
primes, has o + # + ... + v composition-factors; these are capable of
(a+p+...+7)!

distinct arrangements.
al gl
For a specified group the composition-factors may, as we have already

seen, occur in two or more distinct arrangements; but it is immediately ob-
vious that two groups of the same order cannot be of the same type, i.e. sim-
ply isomorphic, unless the distinct arrangements, of which the composition-
factors are capable, are the same for both. A first step therefore towards
the enumeration of all distinct types of soluble groups of a given order, will
be to classify them according to the distinct arrangements of which the
composition-factors are capable; for no two groups belonging to different
classes can be of the same type.

The case, in which the composition-factors are capable of all possible
arrangements, is one which will always occur. Taking in this case § ¢’s
followed by « p’s for the last a+ 5 composition-factors, the group contains
a sub-group G’ of order p®¢®. In the composition-series of this group,
with the composition-factors taken as proposed, there is a sub-group H of
order p® contained self-conjugately in a sub-group H; of order p®q. This
sub-group H;p is contained self-conjugately in a group Ha of order p®q¢?.
Hence (Theorem VII, Cor. IV, § 87) H is contained self-conjugately in Ho.
Again, H» is contained self-conjugately in a group Hs of order p®g®, and
therefore again H is self-conjugate in Hs. Proceeding thus, we shew that
H is self-conjugate in G’. It follows that n, the number of conjugate sub-
groups of order p® contained in the group, is not a multiple of g. Now
q may be any one of the distinct primes other than p that divide the order
of the group. Hence finally the group contains a self-conjugate sub-group
of order p®. In the same way we shew that it contains self-conjugate sub-
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groups of orders ¢°, ..., 7. The group must therefore be the direct product
of groups whose orders are p®, ¢%, ..., r7.
Hence:—

THEOREM VI. A soluble group, the composition-factors of which may
be taken in any order, is the direct product of groups whose orders are
powers of primes.

100. THEOREM VII. If G is a soluble group of order p®m, where
p is prime and does not divide m, and if every operation of G whose order
15 a power of p is permutable with every operation whose order is relatively
prime to p; then G is the direct product of two groups of orders p* and m.

Let H be a sub-group of G of order p®. This sub-group, from the
conditions of the theorem, is necessarily self-conjugate. Let a chief-series
of G be formed which contains H, say

G, ..., H H .. 1

The order of H' must be of the form p®¢®; and H’ must contain a
single sub-group h of order ¢®. This sub-group h is self-conjugate in G,
since H' is self-conjugate in G; and h is the only sub-group of order ¢”
contained in H'.

Consider now the group g Every operation of this group whose or-
der is a power of p is permutable with every operation whose order is
relatively prime to p. Hence we may repeat the same reasoning to shew
that — contains a self-conjugate sub-group of order 7 where r is a prime
distinct from p, but possibly the same as ¢. It follows that G has a self-
conjugate sub-group hi of order ¢®r7. We may now repeat the same rea-

soning with h—; and in this way we must at last reach a self-conjugate

sub-group of G of order m. Hence, since GG contains self-conjugate sub-
groups of orders p® and m, which are relatively prime, G must be the
direct product of these sub-groups.

It should be noticed that the above reasoning does not necessarily hold
if G is not soluble; for then the order of H' may be of the form p®u?,
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where p, the order of a simple group, contains more than one prime factor.
In that case it would not be necessarily true that H’ contains a group of
order yi”.

101. Though the actual determination of all types of soluble groups of
a given order more properly forms part of the subject of Chapter XI, we will
here, as a further illustration of the subject of the present Chapter, deal with
the problem for groups whose orders are of the form p?q, p and ¢ being distinct
primes.

Every such group must be soluble. In fact, if p > ¢, the group must contain a
self-conjugate sub-group of order p?; and if p < ¢, there must be a self-conjugate
sub-group of order ¢ unless p = 2, ¢ = 3; while in this case if there are 4 sub-
groups of order 3, there must be a self-conjugate sub-group of order 4. These
statements all follow immediately from Sylow’s theorem.

The Abelian groups of order p?q may be specified immediately; and therefore
in what follows we will assume that the group is not Abelian. There are 3 possible
arrangements for the composition-factors, viz.

p,p, ¢ P4 P 4 D, D

If the factors are capable of all three arrangements, the group is the direct
product of groups of orders p? and g; it is therefore an Abelian group.

If the two arrangements p, p, ¢ and q, p, p are possible, there are self-conjugate
sub-groups of orders p? and ¢; the group again is Abelian, and all three arrange-
ments are possible.

There are now five other possibilities.

L. p, p, ¢ and p, ¢, p, the only possible arrangements.

There must be here a sub-group of order pq, containing self-conjugate sub-
groups of orders p and ¢ and therefore Abelian. Let this be generated by oper-
ations P and @, of orders p and ¢. Since the group has sub-groups of order p?,
there must be operations of orders p or p?, not contained in the sub-group of or-
der pq, and permutable with P. Let R be such an operation, so that RP belongs
to the sub-group of order pq. R cannot be permutable with @, as the group
would be then Abelian; hence

RT'QR =Q"°,
so that
RPQR = Q,
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and
a? =1 (mod. q).

This case can therefore only occur if p is a factor of g — 1. There are two distinct
types, according as R is of order p or of order p?; i.e. according as the sub-groups
of order p? are non-cyclical or cyclical. If & and 3 are any two distinct primitive
roots of the congruence

aof =1 (mod. q),

the relations
RT'QR=Q",
and
RTQR= Q"
do not lead to distinct types, since the latter may be reduced to the form by

replacing R by R*, where
B* =« (mod. q).

The two types are respectively defined by the relations

Ql=1, PP=1, RP=1, P 'QP=0Q,
R 'PR=P, R 'QR=Q%

and ,
Q?=1, R’ =1, R 'QR=0Q".

In each case, « is a primitive root of the congruence o =1 (mod. q).

II. p, q, p and q, p, p, the only possible arrangements.

There must be a self-conjugate sub-group of order pgq, in which the sub-group
of order ¢ is not self-conjugate, and a self-conjugate sub-group of order p?. The
sub-group of order pg must be given by

Pr=1, Q'=1, Q'PQ="r",
a? =1 (mod. p);

so that in this case ¢ must be a factor of p— 1. If the sub-group of order p? is not
cyclical, there must be an operation R of order p, not contained in the sub-group
of order pq. Any such operation must be permutable with P. Moreover since the
sub-group of order pq is self-conjugate and contains only p sub-groups of order ¢,



[101] CHAPTER VIL. 151

the sub-group {Q} must be permutable with some operation of order p. Hence
we may assume that R is permutable with {Q}, and, since p > ¢, with Q.
We thus obtain a single type defined by

PP=1 RP=1, PR = RP,
Q'=1, QR=RQ, Q 'PQ=r"

If the sub-group of order p? is cyclical, all the operations, which have powers
of p for their orders and are not contained in the sub-group of order pg, must be
of order p?. There can therefore be no operation of order p, which is permutable
with {@}; therefore there is no corresponding type.

II1. P, P, q, the only possible arrangement.
There must be a self-conjugate sub-group of order pg, which has no self-
conjugate sub-group of order p; it is therefore defined by

Pr=1, Q"=1, PTQP=Q",
o =1 (mod. q);

so that here p must be a factor of ¢ — 1.
If the sub-groups of order p? are not cyclical, there must be an operation R’
of order p, not contained in this sub-group and permutable with P. Hence

R™'QR = Q"

and if
B = a® (mod. q),

then R'P~% is an operation of order p, which is not contained in the sub-group
of order pg and is permutable with (). It is therefore a self-conjugate operation
of order p. Hence p, ¢, p is a possible arrangement of the composition-factors,
and there is in this case no type.
If the sub-groups of order p? are cyclical, there must be an operation R of
order p?, such that
RP = P.

Hence
R'QR=0Q",
where 3 is a primitive root of the congruence

6”2 =1 (mod. q).
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This case then can only occur when p? is a factor of ¢ — 1; and we again have a
single type defined by

R =1, Q7=1, R 'QR=Q".

IV. P, q, p, the only possible arrangement.
Here the self-conjugate sub-group of order pq must be given by

Pr=1, Q=1 Q'PQ=P",
a? =1 (mod. p),

and ¢ must be a factor of p — 1. As in II, there must be an operation R of
order p, permutable with {@Q} and therefore with @; and since R transforms
{P,Q} into itself, it must be permutable with P. This however makes the sub-
group {P, R} self-conjugate, which requires ¢, p, p to be a possible arrangement
of the composition-factors. Hence there is no type corresponding to this case.

V. q, p, p, the only possible arrangement.
If the sub-group of order p? is cyclical, and is generated by P, while Q is an
operation of order ¢, we must have

Q™'PQ = P,

where
a? =1 (mod. p?).

Here ¢ must be a factor of p — 1; since the congruence has just ¢ — 1 primitive
roots, there is a single type of group.

If the sub-group of order p? is not cyclical, it can be generated by two per-
mutable operations P; and P» of order p. Since a sub-group of order ¢ is not
self-conjugate, either p or p? must be congruent to unity (mod. ¢); and therefore
q must be a factor of either p — 1 or p+ 1.

Suppose first, that ¢ is a factor of p — 1.

There are p 4+ 1 sub-groups of order p. When these are transformed by any
operation () of order ¢, those which are not permutable with ) must be inter-
changed in sets of q. Hence at least two of these sub-groups must be permutable
with @), and we may take the generating operations of two such sub-groups for
P, and P,. Therefore

Q'PQ=P, Q'RQ=P).
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Now if either « or 3, say 3, were unity, then {Q, P } would be a self-conjugate
sub-group and p, ¢, p would be a possible arrangement of the composition-factors.
Hence neither a nor 5 can be unity, and we may take

Q'AQ =P, Q'RQ=PF,
where « is a primitive root of
a? =1 (mod. p),

and z is not zero.

It remains to determine how many distinct types these equations contain.
When ¢ = 2, the only possible value of z is unity; and there is a single type.
When ¢ is an odd prime, and we take

Q'=Q, P=P, P=P, zy=1(mod. g),
the equations become
QIPQ = PP, QTP = Py
and therefore the values x and y of the index of a, where
zy =1 (mod. q),

give the same type. Now the only way, in which the two equations can be altered
into two equations of the same form, is by replacing () by some other operation of
the group whose order is ¢ and by either interchanging P; and P; or leaving each
of them unchanged. Moreover the other operations of the group whose orders
are g are those of the form QIP{”PQ”, where [ is not zero, and this operation
transforms P; and P, in the same way as Q'. Hence finally, the values z and y
of the index will only give groups of the same type when

zy =1 (mod. q).

There are therefore %(q + 1) distinct types, when ¢ is an odd prime; they are
given by the above equations.

Suppose next, that ¢ is a factor of p + 1.

Any operation @, of order ¢, will transform the sub-groups of order p, with

which it is not permutable, so as to interchange them in sets of ¢; and hence
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if it is permutable with any sub-group, it must be permutable with ¢ at least.
This, by the last case, is clearly impossible, and hence @ is permutable with no
sub-group of order p. We may therefore, by suitably choosing the generating
operations of the group of order p?, assume that

Q'PIQ="P,, Q 'PQ=P}P).

If now
QRQ — R
then
Qg1 = 048:):7 /Ba:Jrl =y + /ﬁﬁx (mOd p)7

and therefore
B:Hl - Bﬁm - aﬁxfl =0 (mOd- p)'

Hence if +1 and 1o are the roots of the congruence

2 — B —a =0 (mod. p),

then ) )
x+ r+
8, = Lo — 4
r =
Lo — U1

Now since Q7 is the lowest power of () that is permutable with P;, 8,1 must
be the first term of the series 31, B2, ... which vanishes. Hence ¢ is the least
value of z for which

z z
L L1,

and therefore the congruence
Z—Bi—a=0
is irreducible. Moreover a,_1 must be congruent to unity, and therefore

-1 -1
_ R
l=—tjpot—— = Ly-
Lo — U1

From the quadratic congruence satisfied by ¢, it follows that

a=—PT1=_-1 A=+ (mod. p);
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and thence
PT T Lp(:rJrl) _ Lerl

=Ty

P —
Finally, we may shew that, when ¢ is a factor of p + 1, the equations
Pl=1 P/=1 Q'=1 PP=nRP,
Q'AQ=P, Q'RQ=P 'R,

where ¢ is a primitive root of the congruence
(=1 (mod. p),

define a single type of group, whatever primitive root of the congruence is taken
for ¢.
Thus from the given equations it follows that

Q"PIQ* = PM*'P)*' = Py, say,
and

Q_xPéQx _ (Plaz—lpégz—l)az_l (Plaxpgﬁm)ﬁz_l,
— szﬁxflfawflﬁngawfl‘i’ﬁz

_ p—1pP*H”
=P P .

If then we take Py, P3 and Q* as generating operations in the place of Py, Ps
and @, the defining relations are reproduced with ¢ in the place of ¢. The
relations therefore define a single type of group®.

We have, for the sake of brevity, in each case omitted the verification that the
defining relations actually give a group of order p?q. This presents no difficulty,
even for the last type; for the previous types it is immediately obvious.

*On groups whose order is of the form p2q the reader may consult; Hélder, “Die
Gruppen der Ordnungen p?, pg?, pqr, p*” Math. Ann. Xuin (1893), in particular
pp- 335-360; and Cole and Glover, “On groups whose orders are products of three
prime factors,” Amer. Journal, Xv (1893), pp. 202-214.



CHAPTER VIII.

ON SUBSTITUTION-GROUPS: TRANSITIVE AND INTRANSITIVE
GROUPS.

102. IT has been proved, in the theorem in § 20, that every group
is capable of being represented as a group of substitutions performed on
a number of symbols equal to the order of the group. For applications to
Algebra, and in particular to the Theory of Equations, the presentation
of a group as a group of substitutions is of special importance; and we
shall now proceed to consider the more important properties of this special
mode of representing groups*.

Definition.  When a group is represented by means of substitutions
performed on a finite set of n distinct symbols, the integer n is called the
degree of the group.

It is obvious, by a consideration of simple cases, that a group can always
be represented in different forms as a group of substitutions, the number of
symbols which are permuted in two forms not being necessarily the same;
examples have already been given in Chapter II. The “degree of a group”
is therefore only an abbreviation of “the degree of a special representation
of the group as a substitution-group.”

The n! substitutions, including the identical substitution, that can be
performed upon n distinct symbols, clearly form a group; for they satisfy
the conditions of the definition (§ 12). Moreover they form the greatest
group of substitutions that can be performed on the n symbols, because
every possible substitution occurs among them. When a group then is
spoken of as of degree n, it is implicitly being regarded as a sub-group of this
most general group of order n! which can be represented by substitutions of
the n symbols; and therefore (Theorem I, § 22) the order of a substitution-
group of degree n must be a factor of n!.

103. It has been seen in § 11 that any substitution performed on

*When it is necessary to call attention directly to the fact that the group we are
dealing with is supposed to be presented as a group of substitutions, the group will be
spoken of as a substitution-group.

156
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n symbols can be represented in various ways as the product of transposi-
tions; but that the number of transpositions entering in any such represen-
tation of the substitution is either always even or always odd. In particular,
the identical substitution can only be represented by an even number of
transpositions. Hence if S and S are any two even (§ 11) substitutions
of n symbols, and T any substitution at all of n symbols, then SS’ and
T~L1ST are even substitutions. The even substitutions therefore form a
self-conjugate sub-group H of the group G of all substitutions.

If now T is any odd substitution, the set of substitutions T'H are all odd
and all distinct. Moreover they give all the odd substitutions; for if 77 is
any odd substitution distinct from 7', then T-'T" is an even substitution
and must be contained in H. Hence the number of even substitutions is

equal to the number of odd substitutions: and the order of GG is twice that
of H.

Definitions.  The group of order n! which consists of all the substi-
tutions that can be performed on n symbols is called the symmetric group
of degree n.

The group of order %n! which consists of all the even substitutions of
n symbols is called the alternating™ group of degree n.

If the substitutions of a group of degree n are not all even, the preceding
reasoning may be repeated to shew that its even substitutions form a self-
conjugate sub-group whose order is half the order of the group; and this
sub-group is a sub-group of the alternating group of the n symbols.

104. Definition. A substitution-group is called transitive when,
by means of its substitutions, a given symbol a; can be changed into every
other symbol a9, as, ..., a, operated on by the group. When it has not
this property, the group is called intransitive.

A transitive group contains substitutions changing any one symbol into
any other. For if S and T respectively change a; into as and a¢, then
ST changes ag into a;.

*The symmetric group has been so called because the only functions of the n symbols

which are unaltered by all the substitutions of the group are the symmetric functions.

All the substitutions of the alternating group leave the square root of the discriminant
unaltered (§ 11).
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THEOREM 1.  The substitutions of a transitive group G, which leave
a giwen symbol a1 unchanged, form a sub-group; and the number of substi-
tutions, which change ay into any other symbol a,, is equal to the order of
this sub-group.

The substitutions which leave a; unchanged must form a sub-group H
of G; for if S and S’ both leave a1 unchanged, so also does S5’
Let the operations of G be divided into the sets

H, HSy, HSs, ..., HSm_1.

No operation of the set H.5), leaves a1 unchanged; and each operation of
the set HS), changes ay into ay, if S, does so. If the operations of any other
set H.S; also changed a; into ap, then SpS.” I would leave a; unchanged
and would belong to H, which it does not. Hence each set changes aq
into a distinct symbol. The number of sets must therefore be equal to
the number of symbols, while from their formation each set contains the
same number of substitutions. If N is the order and n the degree of the

N
transitive group G, then — is the order of the sub-group that leaves any
n

N
symbol a1 unchanged; and there are — substitutions changing a; into any
n

other given symbol a.
Corollary. The order of a transitive group must be divisible by its
degree.

Every group conjugate to H leaves one symbol unchanged. For if S
changes a; into ap, then S “1HS leaves ap unchanged. The sub-groups
which leave the different symbols unchanged form therefore a conjugate
set.

A transitive group of degree n and order mn has, as we have just seen,
m — 1 substitutions other than identity which leave a given symbol a;
unchanged. Hence there must be at least mn —1 —n(m — 1), i.e. n — 1,
substitutions in the group that displace every symbol. If the m — 1
substitutions, other than identity, that leave a; unchanged are all distinct
from the m — 1 that leave a;, unchanged, whatever other symbol a, may
be, n — 1 will be the actual number of substitutions that displace all the
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symbols; and no operation other than identity will displace less than
n — 1 symbols. If however the sub-groups that leave a1 and a, unchanged
have other substitutions besides identity in common, these substitutions
must displace less than n — 1 symbols; and there will be more than n — 1
substitutions which displace all the symbols.

Ex. If the substitutions of two transitive groups of degree n which displace
all the symbols are the same, the groups can only differ in the substitutions that
keep just one symbol unchanged. (Netto.)

105. We have seen that every group can be represented as a substitution-
group whose degree is equal to its order. A reference to the proof of this theorem
(§ 20) will shew that such a substitution-group is transitive, and that the identical
substitution is the only one which leaves any symbol unchanged.

We will now consider some of the properties of a transitive group of degree n,
whose operations, except identity, displace all or all but one of the n symbols. It
has just been seen that such a group has exactly n — 1 operations which displace
all the n symbols. If these n — 1 operations, with identity, form a sub-group, the
sub-group must clearly be self-conjugate.

Suppose now that nm is the order of the group. Then the order of the sub-
group, that leaves one symbol a; unchanged, is m; and if ag is any other of the
n symbols, no two operations of this sub-group can change as into the same
symbol. For if S, S’ were two operations of the sub-group both changing as
into a,, then SS'~! would be an operation, distinct from identity, which would
keep both a; and as unchanged. Let now P be any operation that displaces all
the symbols. Then the set of m operations S~'PS, where for S is put in turn
each operation of the sub-group that keeps a; unchanged, are all distinct; for
each of them changes a; into a different symbol. If this set does not exhaust
the operation conjugate to P, and if P, is another such operation, then the set
of m operations S~'P; S are all distinct from each other and from those of the
previous set. This process may be continued till the operations conjugate to P
are exhausted. The number of operations conjugate to P is therefore a multiple
of m. Since P itself does not belong to any one of the n conjugate sub-groups
that each keep one symbol fixed, no operation conjugate to P can belong to
any of them. Hence each of the km operations of the conjugate set to which
P belongs displaces all the symbols. The n — 1 operations that displace all the
symbols can therefore be divided into sets, so that the number in each set is a
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multiple of m; and hence m must be a factor of n — 1.

Suppose now that p is any prime factor of n, and that p® is the highest power
of p which divides n. If P is an operation whose order is a power of p, and if
p?u is the order of the greatest sub-group A that contains P self-conjugately, then
P is one of Z% conjugate operations. Now (§ 87) the sub-group h contains ku
(k€1 operat?ons whose orders are relatively prime to p; and therefore there
are ku operations of the form PQ, where @) is permutable with P and the order
of Q is relatively prime to the order of P. If P’ is any operation conjugate
to P, there are similarly ku operations of the form P'Q’; and (§ 16) no one of
these operations can be identical with any one of those of the previous set. The

distinct operations, which are conjugate to the

nmk
group therefore will contain 3

various operations of the set PQ. Moreover since P displaces all the symbols,
each one of these operations must displace all the symbols.

If then the group has r distinct sets of conjugate operations whose orders are
powers of p, the number of operations, whose orders are divisible by p, is equal

to
=T nmk,

Bs
s=1 P
Also the number of operations, which displace all the symbols and the orders

k
of which are not divisible by p, is of the form n—ao —1 (8 87).
p

my - i{n_l_(z’?_l)}

The greatest possible value of m will correspond to the suppositions

Hence finally

r=1, k=1, k=1,
and these give
m=p~ —1.

Hence if n = p®¢® ... 77, where p, q, ..., r are distinct primes, m cannot be
greater than the least of the numbers

=1, F£—-1, ..., -1
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Certain particular cases may be specially noticed. First, a group of degree n
and order n(n — 1), whose operations other than identity displace all or all but
one of the symbols, can exist only when n is the power of a prime*. Groups
which satisfy these conditions will be discussed in § 112.

Similarly, a group of degree n and order nm, where m is not less than /n,
whose operations other than identity displace all or all but one of the symbols,
can only exist when n is the power of a prime.

If n is equal to twice an odd number, a transitive group of degree n, none
of whose operations except identity leave two symbols unchanged, must be of
order n.

Lastly we may shew that, if m is even, a group of degree n and order nm,
none of whose operations except identity leave two symbols unchanged, must
contain a self-conjugate Abelian sub-group of order and degree n.

A sub-group that keeps one symbol fixed must, if m is even, contain an oper-
ation of order 2. If it contained r such operations, the group would contain nr;
and each of these could be expressed as the product of %(n — 1) independent
transpositions. Now from n symbols %n(n — 1) transpositions can be formed. If
then r were greater than 1, among the operations of order 2 that keep one sym-
bol fixed there would be pairs of operations with a common transposition; and
the product of two such operations would be an operation, distinct from identity,
which would keep two symbols at least fixed. This is impossible; therefore » must
be unity. Now let

Ay, Ag, ..., A,

be the n operations of order 2 belonging to the group. Since no two of these
operations contain a common transposition,

AlAr7 A2Ar7 R AT—].AT’ AT+1AT7 "')ATLAT

are the n — 1 operations which displace all the symbols. These operations may
also be expressed in the form

ArAh A'I’A27 cee ArAr—la AT‘AT‘-'rl? ceey A'I‘ATL;

and since

ApA, - A Ay = AyA,,

*Jordan, “Récherches sur les substitutions,” Liouville’s Journal, 2™¢ sér. Vol. XVII
(1872), p. 355.
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the product of any two of these operations is either identity or another operation
which displaces all the symbols. Hence the n — 1 operations which displace all
the symbols, with identity, form a self-conjugate sub-group. Now

A, A A - A = AMA,
so that A, transforms every operation of this sub-group into its inverse. Hence
AL Ay - AgA, = AjA, = AJA, - AL Ay,

i.e. every two operations of this sub-group are permutable, and the sub-group is
therefore Abelian.

106. If
S =(amaz...a;)(ait10i42...a5) ...,

and

are any two substitutions of a group, then (§ 10)
T1ST = (byby ... b;)(biy1biva ... bj) . ...

Hence every substitution of the group, which is conjugate to S, is also
similar to S. It does not necessarily or generally follow that two similar
substitutions of a group are conjugate. That this is true however of the
symmetric group is obvious, for then the substitution 7" may be chosen so
as to replace the n symbols by any permutation of them whatever.

A self-conjugate substitution of a transitive group of degree n must be
a regular substitution (§ 9) changing all the n symbols. For if it did not
change all the n symbols, it would belong to one of the sub-groups that
keep a symbol unchanged. Hence, since it is a self-conjugate substitution,
it would belong to each sub-group that keeps a symbol unchanged, which
is impossible unless it is the identical substitution. Again if it were not
regular, one of its powers would keep two or more symbols unchanged, and
this cannot be the case since every power of a self-conjugate substitution
must be self-conjugate. On the other hand, a self-conjugate sub-group of a
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transitive group need not contain any substitution which displaces all the
symbols. Thus if

S = (12)(34),
T = (135)(246),

then {S,T'} is a transitive group of degree 6. The only substitutions con-
jugate to S are

T18T = (34)(56) and TST! = (12)(56);

and these, with S and identity, form a self-conjugate sub-group of order 4,
none of whose substitutions displace more than 4 symbols. The form of a
self-conjugate sub-group of a transitive group will be considered in greater
detail in the next Chapter.

107. Since a self-conjugate substitution of a transitive substitution-
group G of degree n must be a regular substitution which displaces all the
symbols, the self-conjugate sub-group H of G which consists of all its self-
conjugate operations must have n or some submultiple of n for its order.
For if S and S’ are two self-conjugate substitutions of G, so also is S~15’;
and therefore S and S’ cannot both change a into b. The order of H
therefore cannot exceed n; and if the order is n/, the substitutions of H
must interchange the n symbols in sets of n/, so that n/ is a factor of n.
Let now S, some substitution performed on the n symbols of the transitive
substitution-group G of degree n, be permutable with every substitution
of G. Then S is a self-conjugate operation of the transitive substitution-
group {5, G} of degree n, and it is therefore a regular substitution in all
the n symbols. The totality of the substitutions .S, which are permutable
with every substitution of G, form a group (not necessarily Abelian); and
the order of this group is n or a factor of n.

The special case, in which G is a group whose order n is equal to its
degree, is of sufficient importance to merit particular attention. If

Si(=1), Sz, ..., Sp
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are the operations of G, it has been seen (§ 20) that the substitution-group
can be expressed as consisting of the n substitutions

Sl ) 52 yoe ey Sn
=1,2,...
(SISx’SQSx’7SnSm)’ (x » < ,n),

performed upon the symbols of the operations of the group.
Now if pre-multiplication be used in the place of post-multiplication, it
may be verified exactly as in § 20 that the n substitutions

Sl ) SQ gos ey Sn
=1,2,...
<stlasxS2,...,S$Sn>’ (-’17 74 ,TL)

form a group G’ simply isomorphic with G; and the substitution of G’
which is given corresponds to the operation S, ! of G. Moreover

St Sa N Y8, S, Si ..., S,
(Sa;Sl, . sxsn) (Slsy, o Snsy) (stl, . ,stn>
(8651, 82Su\ [ S1Sy ..y SnSy
B (Slsy,...,515n> (stlsy, . ,stnsy)

. SxSl P SZCSTL o Sl gee ey Sn
— \SeS1Sy, o, 8eSnSy ) \S1Sy, ..., SnSy )
so that every operation of G’ is permutable with every operation of G,

while G and G’ can be expressed as transitive substitution-groups in the
same n symbols. Hence:—

THEOREM II.  Those substitutions of n symbols which are permutable
with every substitution of a substitution-group G of order n, transitive in
the n symbols, form a group G' of order and degree n, simply isomorphic
with G*.

It has, in fact, been seen that there is a substitution-group G’ of or-
der and degree n, every one of whose substitutions is permutable with
every substitution of G; and also that the order of any such group cannot
exceed n.

*Jordan, Traité des Substitutions (1870), p. 60.
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If S, is a self-conjugate substitution of (G, the substitutions
St ..., Sp St ..., Sp
and
S18%, .., SpSz SS1, ..., S50
are the same. Hence G and G’ have for their greatest common sub-group,

that which is constituted by the self-conjugate substitutions of either; and
2

if n’ is the order of this sub-group, the order of {G, G’} is n_/ In particular,
n

if G is Abelian, G and G’ coincide; and if G has no self-conjugate operation
except identity, {G, G’} is the direct product of G and G'.

The sub-group of {G, G’} which leaves one symbol, say S7, unchanged,
is formed of the distinct substitutions of the set

S, S ,..., Sy _ 19
(5;151536,55152336, § .,Sglsnsx)’ (#=12,...,n)

When G has no self-conjugate operation except identity, the order of
this sub-group is n, and it is simply isomorphic with G. In fact, in this case
the order of {G,G'}, a transitive group of degree n, is n?, and therefore
the order of a sub-group that keeps one symbol unchanged is n. Again

Sy, Sy ..., Sy Sy, Sy L., S,
(s;lslsm, Sy 189S, ..., S;lsnsx) (Sy—lslsy, Sy 189S, ... ,Sy—lsnsy)

B Sy, Sy ..., Sy

B (s;lslsx, Sy185S,, ... ,S;lsnS)

( S;191S: ., S;'SeS. ..., S;'S.S. )
Sy1S:1518,S,, Sy Sz 19288y, ..., Syt Syt S, S:S,

B S1 , S e Sp, '

—\Sy 18518188y, Syt Ss 1S9S:Sy, . .., Sy 1Syt SnS. Sy )
thus giving a direct verification that the sub-group is isomorphic with the
group whose operations are

S1, Sa, ..., S

When G contains self-conjugate operations, it will be multiply isomor-
phic with the sub-group Kj of {G, G’} which keeps the symbol S; fixed;
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and if g is the group constituted by the self-conjugate operations of G
(or G), then K is simply isomorphic with —.

g
If K is not a maximum sub-group of {G,G'}, let I be a greater sub-
group containing K. Then [ and G’ (or G) must contain common substi-
tutions. For every substitution of {G, G’} is of the form

St o, Se ,..., Su .
SyS1Sz, SyS2Sy, ..., SySnSz )’
and if this substitution belongs to I, then

Sto, S ..., Su St , So ey Sn

(SySle, SyS2Sz, . .. ,SySnSx) <stls;1, S.S828:1, ... ,Smsn5;1> ’
or

St o, Se ..., Sy
(SxSySl, SpSySa, ..., SxSySn> ’
is a substitution of G’ which belongs to I. Moreover, since G’ is a self-
conjugate sub-group of {G, G'}, the substitutions of G’ which belong to I
form a self-conjugate sub-group of I: this sub-group we will call H'.

Now every substitution of the group can be represented as the product
of a substitution of K; by a substitution of G: and therefore all the sub-
groups conjugate to I will be obtained on transforming I by the operations
of G. Hence, because every substitution of G transforms H' into itself, H' is
common to the complete set of conjugate sub-groups to which I belongs;

and H' is therefore a self-conjugate sub-group of {G,G’}. Finally then,
K is a maximum sub-group of {G, G’} if and only if G is a simple group.

108. Definition. A substitution-group, that contains one or more
substitutions changing £ given symbols ay, a9, ..., a; into any other k sym-
bols, is called k-ply transitive.

Such a group clearly contains substitutions changing any set of k sym-
bols into any other set of k; and the order of the sub-group keeping any j
(}k) symbols unchanged is independent of the particular j symbols chosen.

THEOREM III.  The order of a k-ply transitive group of degree n is
nn—1)...(n—k+1)m, where m is the order of the sub-group that leaves
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any k symbols unchanged. This sub-group is contained self-conjugately in
a sub-group of order k!m.

If N is the order of the group, the order of the sub-group which keeps
N

one symbol fixed is —, by Theorem I (§ 104). Now this sub-group is a
n

transitive group of degree n — 1; and therefore the order of the sub-group
N

—— . If k > 2, this sub-group

n(n —1)

again is a transitive group of degree n — 2; and so on. Proceeding thus, the

order of the sub-group which keeps k£ symbols unchanged is seen to be

N
nn—1)...(n—k+1)

which proves the first part of the theorem.

Let a1, as, ..., ai be the k symbols which are left unchanged by a sub-
group H of order m. Since the group is k-ply transitive, it must contain
substitutions of the form

ai,as,...,ap,b,c,...

(a’l,aé,...,a%,b’,c’,...)’

where @}, d, ..., a are the same k symbols as a1, ag, ..., a; arranged
in any other sequence. Also every substitution of this form is permutable
with H, since it interchanges among themselves the symbols left unchanged
by H. Further, if S; and Sy are any two substitutions of this form,
51_152 will belong to H if, and only if, S; and S5 give the same per-
mutation of the symbols ai, a9, ..., a;. Hence finally, since k! distinct
substitutions can be performed on the k symbols, the order of the sub-
group that contains H self-conjugately is k!m.

If m is unity, the identical substitution is the only one that keeps any
k symbols fixed, and there is just one substitution that changes k& symbols
into any other k. In the same case, the group contains substitutions which
displace n — k£ + 1 symbols only, and there are none, except the identical
substitution, which displace less.

If m > 1, the group will contain m — 1 substitutions besides identity,
which leave unchanged any k given symbols, and therefore displace n — k
symbols at most.

that keeps two symbols unchanged is
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It follows from § 105 that a k-ply transitive group of degree n and order
n(n—1)...(n—k+1) can exist only if n—k+2 is the power of a prime. For
such a group must contain sub-groups of order (n —k+2)(n—k+1), which
keep k£ — 2 symbols unchanged and are doubly transitive in the remaining
n —k + 2. When k is n, the group is the symmetric group; and when
k is n — 2, we shall see (in § 110) that the group is the alternating group.
If £ is less than n — 2, M. Jordan® has shewn that, with two exceptions for
n = 11 and n = 12, the value of k cannot exceed 3. The actual existence
of triply transitive groups of order (p"™ + 1)p™(p"™ — 1), for all prime values
of p, will be established in § 113.

109. A k-ply transitive group, of degree n and order N, is not gen-
erally contained in some (k + 1)-ply transitive group of degree n + 1 and
order N(n+1). To determine whether this is the case for any given group,
M. Jordan' has suggested the following tentative process, which for mod-
erate values of n is always practicable.

Let GG be a transitive group of order N in the n symbols

ai, az, ..., Qnp;

and suppose that G is that sub-group of the transitive group I in the n+1
symbols

ai, a2, ..., Qp, Ap4i,

which leaves the symbol a,+; unchanged. Then I' must be at least dou-
bly transitive, and it therefore contains a substitution of order 2 which
interchanges the two symbols a1 and a,+1. Let A be such a substitution.
Then

I'={G, A};

for {G, A} is contained in I', and its order cannot be less than the order
of I'. Also if S is any substitution of G which displaces aj, two other
substitutions S’ and S” of G can always be found such that

ASA = S"AS".

*“Récherches sur les substitutions,” Liouville’s Journal, 2™¢ sér., Vol. xvi1 (1872),
pp. 357-363.
Y Traité des Substitutions (1870), pp. 31, 32.
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In fact, if ASA changes a, into a1, and if S’ changes a, into ay, then
AS"~1AS A leaves a,41 unchanged, and it therefore belongs to G.
Conversely, if A is any operation of order 2 which changes a; into
an+1 and permutes the remaining a’s among themselves; and if, whatever
substitution of G is represented by S,two other substitutions of G can be
found such that
ASA = S'AS",

then {G, A} is a group with the required properties. In fact, when these
conditions are satisfied, every substitution of the group {G, A} can be
expressed in one of the two forms

S1, S2ASs,
where S, So, S3 are substitutions of GG. For instance, the substitution

AS,AS,AS, = SLAS! - 5,AS,,
— S/ AS,AS,, it SIS, =S,
— 5! SIAS/'S,,

which is of the second form. The reduction is here carried out on suppo-
sition that S, and S; displace a1. The modification, when this is not the
case, is obvious.

Moreover every operation of the form S9AS3 displaces a1, and there-
fore the sub-group of {G, A} which leaves a1 unchanged is G.

It is clearly sufficient that the conditions

ASA = 5'AS"

should be satisfied, when each of a set of independent generating operations
of G is taken for S.

Ex. Construct a doubly transitive group of degree 12 of which the sub-group
that keeps one symbol unchanged is

{(123456789ab), (256a4)(39687)}.
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110. Let
S = (CL16L2 R CLZ') e ( .. aj,laj)(aj+1 Q10 .. ) Ce
be a substitution of a k-ply transitive group displacing s (> k) symbols. If
J < k—1, take
1,02, ... Qf1, Ak, - - .
T — < 1,02 k—1, Ok )7
ai,az,... 7ak—17bk7 s
where b; is some other symbol occurring in S. Since the group is k-ply
transitive, it must contain a substitution such as 7. Now
T18T = (CL1(L2 .. .ai) c ( . .ajfla]’)(a.]q,l e Qp_1bg .. ) e

and this is certainly not identical with S, so that T-1ST'S™! cannot be

the identical substitution. Moreover ay, a9, ..., ap_o are not affected by
T~1ST S~ and therefore this substitution will displace at most 25— 2k+2
symbols.

Ifj=FkF—1, take

T (&1,612,---,%1,%,---)
- I
a1,02,...,0k—1,Cf,y ...
where ¢, is a symbol that does not occur in S. Then
-1
T ST = (a1a2 .. .ai) ce ( .. ak_zak_l)(ck .. .),

and this cannot coincide with .S. Now in this case, a1, a9, ..., ai_1 are not
affected by T~1ST'S~!; and therefore this operation will again displace at
most 2s — 2k + 2 symbols.
If then
2s — 2k + 2 < s,

or
s < 2k — 2,

the group must contain a substitution affecting fewer symbols than S. This
process may be repeated till we arrive at a substitution

Y= (Oqag . ..ai)(aiﬂ . ..Oéj) NP (ozj+1 . ..Ozk),
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which affects exactly k symbols; and if this substitution be transformed by

T — (abO@)"'aaklaaka"')
- )
1,02,y A1,y Py - -

then

T7yT = (v1ag ... o) (gt - - Ozj) e (Oéj+1 ceap—18k),

and
STTIST = (apBraj).

Thus in the case under consideration the group contains one, and there-
fore every, circular substitution of three symbols; and hence (§ 11) it must
contain every even substitution. It is therefore either the alternating or
the symmetric group. If then a k-ply transitive group of degree n does not
contain the alternating group of n symbols, no one of its substitutions, ex-
cept identity, must displace fewer than 2k — 2 symbols. It has been shewn
that such a group contains substitutions displacing not more than n—k-+1
symbols; and therefore, for a k-ply transitive group of degree n, other than
the alternating or the symmetric group, the inequality

n—k+14<2k—2,
or
k}%n%—l,

must hold. Hence:—

THEOREM IV. A group of degree n, which does not contain the al-
ternating group of n symbols, cannot be more than (%n + 1)-ply transitive.

The symmetric group is n-ply transitive; and, since of the two substi-
tutions

<a17a27---aan—27an—17an> and (al,CLQ,...,an_Q,an_l,an)
)
bla b27 SRR bn—2a bn—la bn b17 b27 B 7b7’L—27 b’I’L7 bn—l
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one is evidently even and the other odd, the alternating group is (n—2)-ply
transitive. The discussion just given shews that no other group of degree n
can be more than (3n + 1)-ply transitive*.

111. The process used in the preceding paragraph may be applied
to shew that, unless n = 4, the alternating group of n symbols is simple.
It has just been shewn that the alternating group is (n — 2)-ply transitive.
Therefore, if S is a substitution of the alternating group displacing fewer
than n— 1 symbols, a substitution T7~1ST can certainly be found such that
S~IT=1ST is a circular substitution of three symbols. In this case, the self-
conjugate group generated by S and its conjugate substitutions contains all
the circular substitutions of three symbols, and therefore it coincides with
the alternating group itself. If S displaces n — 1 symbols, then 7-1ST can
be taken so that S~!7~1ST displaces not more than 2(n—1) —2(n—2)+2,
or 4 symbols; and if S displaces n symbols, S™'T~1ST can be found to
displace not more than 2n — 2(n — 2) 4+ 2, or 6 symbols.

It is therefore only necessary to consider the case n = 5, when S dis-
places n—1 symbols; and the cases n = 4, 5, 6, when S displaces n symbols;
in all other cases, the group generated by S and its conjugate substitutions
must contain circular substitutions of 3 symbols.

When n = 5, and S is an even substitution displacing 4 symbols, we
may take

S = (12)(34).
If
T = (12)(35),
then
T~1ST = (12)(45),
and

STiT1ST = (345).

Hence, in this case again, we are led to the alternating group itself.

*For a further discussion of the limits of transitivity of a substitution-group, compare
Jordan, Traité des Substitutions, pp. 76-87; and Bochert, Math. Ann., XX1x, (1886)
pp. 27-49; xxxi11, (1888) pp. 573-583.
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When n = 6, and S is an even substitution displacing all the symbols,
we may take
S = (12)(3456),

or
S' = (123)(456).
If now
T = (12)(3645),
then
STIT18T = (356),
and

S/IT=1S'T = (14263);

and, in either case, we are led to the alternating group.
When n = 5, and S is an even substitution displacing all the symbols,
we may put

S = (12345).

It
T = (345),

then
STiT=1ST = (134);

and again the alternating group is generated.
When n = 4, and S is an even substitution displacing all the symbols,
we may take

S = (12)(34).

Here the only two substitutions conjugate to S are clearly (13)(24) and
(14)(23), which are permutable with each other and with S. Hence the
alternating group of 4 symbols, which is of order 12, has a self-conjugate
sub-group of order 4.

Finally when n = 3, the alternating group, being the group {(123)}, is
a simple cyclical group of order 3. Hence:—

THEOREM V.  The alternating group of n symbols is a simple group
except when n = 4.
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112. It has been seen in § 108 that the order of a doubly transitive group
of degree n is equal to or is a multiple of n(n — 1). If it is equal to this number,
every substitution of the group, except identity, must displace either all or all but
one of the symbols; for a sub-group of order n — 1 which keeps one symbol fixed
is transitive in the remaining n — 1 symbols, and therefore all its substitutions,
except identity, displace all the n — 1 symbols.

Now it has been shewn in § 105 that a transitive group of degree n and
order n(n — 1), whose operations displace all or all but one of the symbols can
exist only if n is the power of a prime p. The n — 1 operations displacing all the
symbols are the only operations of the group whose orders are powers of p; and
therefore with identity they form a self-conjugate sub-group of order n. Moreover
it also follows from § 105 that the n — 1 operations of this sub-group other than
identity form a single conjugate set. Hence this sub-group must be Abelian, and
all its operations are of order p.

Suppose first that n is a prime p, and that P is any operation of the group of
order p. If «v is a primitive root of p, there must be an operation S in the group
such that

S—lps = pe;
then SP~! is the lowest power of S which is permutable with P. Now S must
belong to a sub-group of order p — 1 that keeps one symbol fixed, and we have

just seen that the order of {S} is not less than p—1. The sub-group of order p—1
is therefore cyclical, and

Sr—t =1,

Hence the group, if it exists, must be defined by
pr=1, stl=1 S 'ps=p°

It is an immediate result of a theorem, which will be proved in the next
chapter (§ 123), that this group can be actually represented as a transitive
substitution-group of degree p; this may be also verified directly as follows.

Let

P = (aiaz...ap),

so that

P = (a1004102041 - - - Q(p—1)at1)s
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where the suffixes are to be reduced (mod. p); and suppose that S is a substitu-
tion that keeps unchanged. Then since

S—lps = pe,

S must change az into an41, as into age+1, and generally, a, into ag_1)a41-
Hence

S = (agaa+1aa2+1 .. ) ey

and since « is a primitive root of p, there is only a single cycle; so that

S = (agaa+1aa2+1 ce aap72+1).

The substitutions P and S thus constructed actually generate a doubly tran-
sitive substitution-group of degree p and order p(p — 1).

Without making a complete investigation of the case in which n is the power
of a prime, we go on to shew that, p being any prime, there is always a doubly
transitive group of degree p™ and order p"(p™ — 1), in which a sub-group of
order p" — 1 is cyclical*.

Let ¢ be a primitive root of the congruence

"1 =1 (mod. p),

so that the distinct roots of the congruence are

i, 12, 88, ..., P
Every rational function of ¢ with real integral coefficients satisfies the same con-
gruence; and therefore every such function is congruent (mod. p) to some power
of i not exceeding the (p" — 1)th.

Consider now a set of transformations of the form

' = az + B (mod. p),

where « is a power of 7, and ( is either a power of ¢ or zero. Two such transfor-
mations, performed successively, give another transformation of the same form;
and since a cannot be zero, the inverse of each transformation is another definite

*On the subject of this and the following paragraph, the reader should consult the
memoirs by Mathieu, Liouville’s Journal, 2™¢ Sér., t. v (1860), pp. 9-42; ib. t. vI (1861),
pp- 241-323; where the groups here considered were first shewn to exist.



[112] THEORY OF FINITE GROUPS. 176

transformation; so that the totality of transformations of this form constitute a
group. Moreover
2 =ax+ 8,

and ' =dz+p

(mod. p),

are not the same transformation unless
a=d and B=p" (mod. p).

Hence, since a can take p™ — 1 distinct values and S can take p” distinct
values, the order of the group, formed of the totality of these transformations,
is 7 (pm — 1).
The transformations for which « is unity clearly form a sub-group. If S and T
represent
¥Y=ar+p and 2'=x+7

respectively, STIT'S represents
=2+ ay.

Hence the transformations for which « is unity form a self-conjugate sub-group
whose order is p. Every two transformations of this sub-group are clearly
permutable; and the order of each of them except identity is p.

Again, the transformations for which § is zero form a sub-group. Since every
one of them is a power of the transformation

/_.
T =iz,

this sub-group is a cyclical sub-group of order p™ — 1. If the transformation just
written be denoted by I, then S™'IS is

o' =iz + B(1 —1).

Hence the only operations permutable with {/} are its own operations, and
therefore {I} is one of p" conjugate sub-groups.
The set of transformations

* =ax+ B

therefore forms a group of order p" (p™ —1). This group contains a self-conjugate
Abelian sub-group of order p™ and type (1,1,...,1), and p™ conjugate cyclical
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sub-groups of order p™ — 1, none of whose operations are permutable with any
of the operations of the self-conjugate sub-group.
Now if the operation
¥ =or+ B

be performed on each term of the series

0, 4, i2, ..., "L
it will, since every rational integral function of 7 with real integral coefficients
is congruent (mod. p) to some power of i, change the term into another of the

same series; and since the congruence
ai* +B=ai¥ +

gives

=y (mod. p™ 1)

)

no two terms of the series can thus be transformed into the same term. Moreover
the only operation that leaves every term of the series unchanged is clearly the
identical operation.

To each operation of the form

¥ =ax+ B

therefore will correspond a single substitution performed on the p™ symbols just
written, so that to the product of two operations will correspond the product
of the two homologous substitutions. The group is therefore simply isomorphic
with a substitution group of degree p™. Moreover since the linear congruence

x = ax+ f (mod. p)

has only a single solution when « is different from unity, and none when « is
unity, every substitution except identity must displace all or all but one of the
symbols. The substitution group is therefore doubly transitive*.

*The author has shewn (Messenger of Mathematics, Vol. XXv (1896), pp. 147-153)
that the type of group considered in the text is the only type of doubly transitive group
of degree p™ and order p™(p™ — 1) when m = 3; and that, when m = 2 and p > 3, the
same is true. When m = 2 and p = 3, there is one other type.
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Ex. 1.  Apply the method just explained to the actual construction of a
doubly transitive group of degree 8 and order 56.

Ex. 2.  Shew that the equations
A2=1, §?""1=1, AST'AS=S5""AS",
where n is such that a primitive root of the congruence,
2”71 —1=0 (mod. 2),
satisfies the congruence
i"+i+1=0 (mod. 2),

suffice to define a group which can be expressed as a doubly transitive group of
degree 2™ and order 2"(2™ — 1).
(Messenger of Mathematics, Vol. XXV, p. 189.)

113. A slight extension of the method of the preceding paragraph will
enable us to shew that, for every prime p, it is possible to construct a triply
transitive group of degree p + 1 and order (p™ + 1)p™(p™ —1). The analysis of
this group will form the subject of investigation in Chapter XIV; here we shall
only demonstrate its existence.

In the place of the operations of the last paragraph, we now consider those
of the form

where again «, 3, 7, 6 are powers of ¢, limited now by the condition that ad — 5~y
is not congruent to zero (mod. p). When this relation is satisfied, the set of
s T

i
operations again clearly form a group. Moreover if we represent — by oo for all

values of x, any operation of this group, when carried out on the set of quantities

00, 0, 4, i%, ..., "1,
will change each of them into another of the set; while no operation except
identity will leave each symbol of the set unchanged. Hence the group can be

represented as a substitution group of degree p™ + 1.
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Now
c -b’

LA L A

! .
[ L —q

7 =

| f— x — b ¢ — 40

is an operation of the above form, which changes the three symbols i, i®, i€ into
i@ v e respectively; and it is easy to modify this form so that it holds when
0 or oo occurs in the place of ¢*, etc. Hence the substitution group is triply
transitive, since it contains an operation transforming any three of the p™ + 1
symbols into any other three.

On the other hand, if the typical operation keeps the symbol x unchanged,
then

yz? 4+ (6 — a)z — B =0 (mod. p),

and this congruence cannot have more than two roots among the set of p™ + 1
symbols. Hence no substitution of the group, except identity, keeps more than
two symbols fixed.

Finally then, since the group is triply transitive and since it contains no
operation, except identity, that keeps more than two symbols fixed, its order
must (§ 108) be (p™ + 1)p™(p™ — 1).

114. An intransitive substitution group, as defined in § 104, is one
which does not contain substitutions changing a; into each of the other
symbols as, as, ..., a, operated on by the group. Let us suppose that the
substitutions of such a group change a; into ag, as, ..., ai only. Then
all the substitutions of the group must interchange these k£ symbols among
themselves; for if the group contained a substitution changing as into ax41,
then the product of any substitution changing a; into ag by this latter sub-
stitution would change a; into agy,. Hence the n symbols operated on by
the group can be divided into a number of sets, such that the substitutions
of the group change the symbols of any one set transitively among them-
selves, but do not interchange the symbols of two distinct sets. It follows
immediately that the order of the group must be a common multiple of the
numbers of symbols in the different sets.

Suppose now that ai, ao, ..., ai is a set of symbols which are inter-
changed transitively by all the substitutions of a group G of degree n. If for
a time we neglect the effect of the substitutions of G on the remaining n—k
symbols, the group G will reduce to a transitive group H of degree k. The
group G is isomorphic with the group H; for if we take as the substitutions
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of GG, that correspond to a given substitution of H, those which produce
the same permutation of the symbols ay, as, ..., a; as that produced by
the substitution of H, then to the product of any two substitutions of G
will correspond the product of the corresponding two substitutions of H.
The isomorphism thus shewn to exist may be simple or multiple. In the
former case, the order of H is the same as that of GG; in the latter case, the
substitutions of G which correspond to the identical substitution of H, i.e.
those substitutions of G' which change none of the symbols aq, as, ..., a
form a self-conjugate sub-group.

We will consider in particular an intransitive group G which inter-
changes the symbols in two transitive sets; these we will refer to as the
a’s and the 3’s. Let G, and Gg be the two groups transitive in the o’s
and [’s respectively, to which G reduces when we alternately leave out of
account the effect of the substitutions on the 5’s and the o’s. Also let
Ja and gg be the self-conjugate sub-groups of G, which keep respectively
all the ’s and all the o’s unchanged; and denote the group {ga, g3} by g.
This last group g, which is the direct product of g, and gg, is self-conjugate
in G, since it is generated by the two self-conjugate groups g, and gg. Now
Ja is self-conjugate not only in G but also in G; for G, permutes the a’s
in the same way that G does, while any substitution of g, not affecting
the (’s, is necessarily permutable with every substitution performed on

G
the 8’s. The group G, is simply isomorphic with the group —, and Gpg
9p

G
with —: hence, using ny to denote the order of a group H,
Ja

NG = NGy Ngs = NGgNg, -

Let the substitutions of G be now divided into sets in respect of the self-
conjugate sub-group g, so that

G=g, Sg, Tg, ....

G
The group — is defined by the laws according to which these sets com-

bine among themselves, the sets being such that, if any substitution of
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one set be multiplied by any substitution of a second set, the resulting
substitution will belong to a definite third set.

If we now neglect the effect of the substitutions on the symbols (3, the
group G reduces to G, and g reduces to g, and hence

Ga = 9gar Saga, Taga, -- -,

where S, Ty, ... represent the substitutions S, T, ..., so far as they
affect the a’s. Moreover the substitutions in the different sets into which
G is thus divided must be all distinct since, by the preceding relations
between the orders of the groups, their number is just equal to the order

G
of G. Hence —2 is defined by the laws according to which these sets of
g
substitutions Cor?lbine. But if
Sg-Tg=Uy,

then necessarily
Sado  Taga = UaGa,

G
and therefore, finally, the three groups —, @, and -2 are simply isomor-
9 Ga as
phic.
. . . . Ga Gﬂ
115. The relation of simple isomorphism between — and — thus
Ja as

arrived at establishes between the groups G, and Gy an isomorphism of
the most general kind (§ 32).

To every operation of G correspond ng, operations of G, and to every
operation of Gg correspond ngy, operations of G; so that to the product
of any two operations of G, (or Gg) there corresponds a definite set of
ng, operations of Gig (or ng, operations of Gy).

Returning now to the intransitive group G, its genesis from the two
transitive groups G and Gg, with which it is isomorphic, may be repre-
sented as follows. The ng, to ng, correspondence, such as has just been
described, having been established between the groups G, and Gpg, each
substitution of G is multiplied by the ng, substitutions that correspond
to it in Gg. The set of ng,ng, substitutions so obtained form a group, for

SaSs - SoSh = SaSh - S5Sh = ShSh,
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where, if Sg, S/g are substitutions corresponding to Sy, S, then S’ﬁ’ is a
substitution corresponding to S/. Moreover, this group may be equally
well generated by multiplying every one of the substitutions of Gz by the
ng, corresponding substitutions of G; and by a reference to the represen-
tations of G, G, and G, as divided into sets of substitutions given above,
it is immediately obvious that all these substitutions occur in G. Hence,
as their number is equal to the order of G, the group thus formed coincides

with G.

116. The general result for any intransitive group, the simplest case
of which has been considered in the two last paragraphs, may be stated in
the following form:—

THEOREM VI.  If G is an intransitive group of degree n which per-
mutes the n symbols in s transitive sets, and if (i) G, is what G becomes
when the substitutions of G are performed on the rth set of symbols only,
(ii) I'y is what G becomes when the substitutions of G are performed on
all the sets except the rth, (iii) g, is that sub-group of G which changes

the symbols of the rth set only, (iv) v, is that sub-group of G which keeps

G I,
all the symbols of the rth set unchanged: then the groups — and — are

gr Tr
simply 1somorphic, and n,, v, being the orders of g,, Vr, an n, to v, cor-

respondence is thus established between the substitutions of the groups G,
and T'r. Moreover, the substitutions of G are given, each once and once
only, by multiplying each substitution of G, by the v, substitutions of I,
that correspond to it*.

It is not necessary to give an independent proof of this theorem, since
if, in the discussion of the two preceding paragraphs, G, Gg, ga, g, g be
replaced by Gy, I'y, gr, ¥r, {gr, 7}, it will be found each step of the process
there carried out may be repeated without alteration.

If we regard G, and G as two given transitive groups in distinct sets of

*On intransitive groups, reference may be made to Bolza, “On the construction of
intransitive groups,” Amer. Journal, Vol. X1, (1889), pp. 195-214. The general iso-
morphism which underlies the construction of these groups is considered by Klein and
Fricke, Vorlesungen iber die Theorie der elliptischen Modulfunctionen, Vol. 1, (1890),
pp- 402-406.
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symbols, the determination of all the intransitive groups in the combined
symbols, which reduce to G, or Gg when the symbols of the second or
first set are neglected, involves a knowledge of the composition of the two
groups. To each distinct m to n isomorphism, that can be established
between the two groups, there will correspond a distinct intransitive group.
If G, is a simple group, containing therefore only itself and identity self-
conjugately, then to each substitution of Gz there must correspond either
one or all of the substitutions of G,; and the former can be the case only

G
when G contains a self-conjugate sub-group H, such that 7B s simply

isomorphic with G. Hence, if the order of G is less than twice the order
of Gy, the only possible intransitive group is the direct product of G,
and G, unless Gg is simply isomorphic with G,.

117. In illustration of the preceding paragraphs, we will determine the
number of distinct intransitive groups of degree 7, when the symbols are in-
terchanged in transitive sets of 4 and 3 respectively. The four symbols will be
referred to as the ’s, and the three symbols as the §’s.

If a transitive group of degree 4 contains operations of order 3, it must be
either the symmetric or the alternating group. If it contains no operation of
order 3, its order must be either 8 or 4. By Sylow’s theorem, the symmetric
group of degree 4, being of order 24, contains a single set of conjugate sub-
groups of order 8, so that there is only one type of transitive group of degree 4
and order 8. This is given by

S =(1234), T = (13),
so that
St=1, T*=1 TST=S"
This group contains three self-conjugate sub-groups of order 4, namely,

() 1, (1234), (13)(24), (1432),
(i) 1, (12)(34), (13)(24), (14)(23),
(i) 1, (13), (13)(24),  (24).

The two latter are simply isomorphic; but as substitution groups, they are
of distinct form. Hence for G, in the construction of the intransitive group, we
may take either Gag4, the symmetric group of the a’s, or G1s, the alternating
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group of the a’s, or Gg, the above group of order 8, or finally G4, G}, G, the
above three groups of order 4. The only transitive groups of 3 symbols are Gg,
the symmetric group, and (3, the alternating group: one of these must be taken
for Gg.

L Ga = Gog.
G
The only self-conjugate sub-groups of Ga4 are G2 and GY. Also G—M is a
12
G
group of order 2; and it may easily be verified that GT is simply isomorphic

with the symmetric group of degree 3.
Hence (i) if Gg is G, we may take

Jo = G2, gp = Gg, so that ng = 144,

7

Ga = G127 g9s = G37 ng = 727

Ga = Gila g = 17

7

ng = 24;
and (ii) if Gg is G3, we must take

9o = Gao4, gg = G3, giving ng = 72.

II. Gq = Gia.
G
The only self-conjugate sub-group of G2 is G; and Glf is a cyclical group

of order 3.
Hence (i) if Gg is G, we must take

9o = G12, g3 = Gg, giving ng = 72;
and (ii) if Gg is G3, we may take

o = G127 9 = G37 glVIDg ng = 367

7

or go=G, gsg=1, ng = 12.

I1I1. G = Gs.
The self-conjugate sub-groups of Gg, of order 4, are determined above.
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If (i) G is G, we may take

9o = G87 gg = G67 glVlIlg ng = 487

Ga = G47 gg = G37 7 ng = 247
9o =Gy, gs=0G3, 7 ng=24,
9o = GZ> gg = G37 7 ng = 24.

The two latter groups are simply isomorphic; but regarded as substitution
groups, they are of distinct forms.
If (ii) G is G'3, we must take

9o = Gg, gg = G3, giving ng = 24.

IV. Go = Gy.
If (i) G is G, we may take

9o = G4, g = Gg, giving ng = 24,

or
’”

9o = G2, gp = Gs, ng = 12;

G2 representing the group {1, (13)(24)}.
If (ii) G is G3, we must take

Jo = G4, g = G3, giving ng = 12.

V. Go =G
There are, exactly as in the last case, three possibilities: G taking the place
of G4. These groups are not however simply isomorphic with the preceding three.

VI Gqo =GY.

There are in this case four possibilities. Of these three correspond to those
of IV, G taking the place of G4. The remaining one is given by Gz = G,
g8 = G3, go = GY, where GY represents the group {1,(13)}. Regarded as
substitution groups all these are of distinct form from the groups of V.

There are thus 22 distinct intransitive substitution groups of degree 7, in
which the symbols are interchanged transitively in two sets of 4 and 3 respec-
tively.
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118. Let v (r =0,1,2,...,n) be the number of substitutions of a
group of degree n and order N which leave exactly r symbols unchanged,
so that

r=n
N=> .
r=0
Suppose first that the group is transitive; and in a sub-group, which
keeps one symbol unchanged, let v, (r = 1,2,...,n) be the number of

substitutions that leave exactly r» symbols unchanged, so that
N r=n ,
— = v,.
n 7";1 "

Each of the n sub-groups, which leave a single symbol unchanged, have
v]. substitutions which leave exactly r symbols unchanged; and each of these
substitutions belong to r sub-groups which leave one symbol unchanged.
Hence
nv. = ruy,

and therefore o
N =" ru;
r=1

or the number of unchanged symbols in all the substitutions of a transitive
group is equal to the order of the group.

Suppose, next, that the group is intransitive; and consider a set of
s symbols among the n, which are permuted transitively among themselves
by the operations of the group. Let Nj be the order of the self-conjugate
sub-group Hjp, which leaves unchanged each of this set of s symbols. Then
if we consider the effect of the substitutions on this set of s symbols only,
the group reduces to a transitive group of order Nl with which the original

1
group is multiply isomorphic. If S’ is any substitution of this group of or-

der N and if S H; denote the corresponding N; operations of the original
1
group, then every substitution of the set SH; produces the same effect on

the s symbols that S’ produces. Now the number of unchanged symbols

in all the substitutions of the transitive group of degree s and order —
1
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N
is F; therefore, in all the substitutions of the original group, the number

of sylmbols of the set of s that remain unchanged is N. The same rea-
soning applies to each separate set of the n symbols, which are permuted
transitively among themselves by the operations of the group. Hence if
there are t; such transitive sets, the total number of symbols which remain
unchanged in all the substitutions of the group is Nty; or

r=n
Nty = > rup.

r=1

119. The formula just obtained is the first of a series of similar for-
mulae, due to Herr Frobenius,” which are capable of many useful applica-
tions.

Consider the symbol (ai,ag,...,a,), where the letters are p distinct
letters chosen from the n which are operated on by the group, the
sequence in which the p letters are arranged being regarded as essential.
The number of such symbols that can be formed from the n letters is
n(n—1)...(n—p+1). Every substitution of the group interchanges this
set of symbols among themselves; and no substitution can leave one of
the symbols unchanged unless it leaves each of the letters forming it
unchanged. Moreover no substitution of the group, other than identity,
can leave each of the set of symbols unchanged. Hence the group can be
expressed as a substitution group in this set of n(n —1)...(n —p+1)
symbols. Every substitution of the group which leaves exactly r letters
unchanged will, if » < p, leave none of the set of symbols unchanged;
while if r > p, it will leave exactly

r(r—1)...(r—p+1)
unchanged. Hence, if the set of symbols are interchanged by the substitu-
tions of the group in ¢, transitive sets, then
r=n ol

Nt, =
P r;,r—p!

Vp.

*“Ueber die Congruenz nach einem aus zwei endlichen Gruppen gebildeten Dop-
pelmodul,” Crelle, t. c1, (1887), p. 288.
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From the symbol (a1, as,...,ap), containing p letters, may be formed
n — p symbols containing p + 1 letters, by adding any one of the remaining
n — p letters in the last place. If the symbol (ay,as,...,ap) is one of a

transitive set of s symbols, to these there will correspond s(n — p) symbols
of p 4+ 1 letters. No symbol of p + 1 letters, which is not included among
these s(n — p) symbols, can enter into a transitive set with any one of
the s(n — p); since if it did, the s symbols of p letters would not form a
transitive set. Hence the s(n — p) symbols must form, by themselves, a
number of transitive sets of the symbols of p + 1 letters; and this number
clearly cannot be less than 1 nor greater than n — p. Accordingly, to every
transitive set of the symbols of p letters, there correspond x (1 < x < n—p)
transitive sets of the symbols of p + 1 letters; and therefore

tp <tpr1 < (0 —p)itp.

Ex. 1. Ift, and t,11 are equal and if p < n — 1, shew that ¢, is unity
and that the group is (p + 1)-ply transitive.

Ex. 2. Apply the method of § 119 to shew that no substitution, except
identity, of a k-ply transitive group, which does not contain the alternating group,
can displace less than 2k — 2 letters.

Note to § 108.

The results of M. Jordan, stated on p. 168, may be established as follows. Let
G be a quadruply transitive group of degree n and order n(n —1)(n —2)(n — 3),
so that n — 2 is the power of a prime. There is a single operation of G which
changes any four symbols into any other four symbols. Let a, b, ¢, d be four of the
symbols operated on by G. The operations of G which permute these symbols
among themselves form a sub-group H, simply isomorphic with the symmetric
group of degree 4. Suppose that the remaining n —4 symbols are permuted by H
in transitive sets of ny, ng, ... symbols each.

The only groups with which H is multiply isomorphic are (i) the symmetric
group of degree 3, (ii) a group of order 2. If then, when we consider the effect
of H on a set of ny symbols which are permuted transitively by it, the group of
degree ny so obtained is one with which H is multiply isomorphic, this group
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must be either the symmetric group of degree 3 or a group of order 2. Hence
n1 must be either 6, 3 or 2. Since in this case H will contain operations leaving
all the n; symbols unchanged, the value 6 for n; is inadmissible. If ny is 3, the
operations of H, which give the substitutions

L, (ab)(cd), (ad)(be), (ac)(bd),

of a, b, ¢, d, leave the 3 symbols unchanged; and if ny is 2, the operations of H
which give all the even substitutions of a, b, ¢, d, leave the 2 symbols unchanged.

If, on the other hand, when we consider the effect of H on the set of n;
symbols only, the transitive group of degree n; so obtained is simply isomorphic
with H, then n; must be either 4, 6, 8, 12 or 24. In this case, the value 4
for ny is inadmissible. In fact, if n; were 4 the operation of H which leaves
c and d unchanged would also leave two of the n; symbols unchanged; and this
is impossible since no operation of H, except identity, can leave more than 3
symbols unchanged. For a similar reason, the value 12 for ny is inadmissible;
while, if ny is 6, the sub-group that keeps one of the ny symbols unchanged must
be cyclical.

The only other possible value for nj is unity.

Suppose, first, that nq is 2. If any of the remaining numbers ns, ng, ... differ
from 24, it may be shewn immediately that H contains operations which keep
more than 3 symbols fixed. Hence in this case n is congruent to 6 (mod. 24);
and since n — 2 cannot then be a power of a prime unless n = 6, this case gives
the alternating group of degree 6.

Next, suppose that n; is 3. The only admissible values for no, ns, ... are
8 and 24. In this case, the sub-group of H which keeps all the n; (= 3) symbols
unchanged is a non-cyclical sub-group of order 4. But we have seen in § 105 that,
if n — 3 is even, a sub-group of order n — 3 which keeps 3 symbols unchanged can
only have a single operation of order 2. Hence this case cannot occur.

Next, suppose that n; is 8. The only admissible values for no, ns, ... are
again 24. This case cannot occur since no number congruent to 10, (mod. 24),
can be a power of a prime.

The only remaining possibilities are:

(1) NE =N = ..., = 24,
(ll) ny = 1, ng=mn3g= ...... = 24,

(111) ny = 6, No =N3g = ...... = 24,
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(iv) nmp=1, ne=6, nz3=...=24,
(v) m=1, ng=6, nz=...=0,
(vi) mi=1, no=mnz= ...... =0

The first of them cannot occur, since then n — 2 is not the power of a prime.
In the second case, an operation of H which leaves ¢ and d unchanged would be
of the form

(ab)(aB)(79) .- .,

where there are 5(n — 3) independent transpositions; while an operation of H,
of order 2, which leaves none of the symbols a, b, ¢, d unchanged, will consist of

the product of %(n — 1) independent transpositions. Now the operation

(ab)(B)(79) ...

occurs in the group, conjugate to H, which permutes a, b, «, 8, among them-
selves; and as an operation of this group, it must be the product of %(n - 1)
independent transpositions. This is a contradiction: hence this case cannot oc-
cur.

In case (iii), let 1, 2, 3, 4, 5, 6 be the six symbols that are permuted transi-
tively. The self-conjugate sub-group of H of order 4 will consist of identity and
the three substitutions

This sub-group will also occur as the self-conjugate sub-group of order 4 of
the group, conjugate to H, which permutes «, 3, v, 6 among themselves. If
S, S’ are two operations, of order 3, of these sub-groups which give the same
permutation of 1, 2, 3, 4, 5, 6, then SS'~! is an operation of G, distinct from
identity, which keeps the six symbols unchanged. Hence this case cannot occur.
Precisely the same reasoning applies to case (iv).

Finally then, cases (v) and (vi), in which n is respectively 11 and 5 are the
only remaining possibilities.

When n is 5, G is the symmetric group of degree 5.

When n is 11, the group G, if it exists, is of degree 11 and order 11-10-9-8.
A sub-group of order 8 which keeps three symbols fixed must contain a single
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operation of order 2; hence it must either be cyclical or of the type given in
Theorem V, § 63. When expressed in 8 symbols, this is generated by

(1254)(3867) and (1758)(2643),
while we may take a cyclical group of order 8 to be generated by
(12835476).

It is easy to verify that each of these substitutions transforms the group of
order 9, generated by

(123)(456)(789) and (147)(258)(369),

into itself.

If we now apply the method of § 109, we find that each of these doubly
transitive groups of degree 9 is contained in a triply transitive group of degree 10;
a repetition of the same process of trial shews that, while the group

{(123)(456)(789), (12835476)}

is not contained in a quadruply transitive group of degree 11 and order 11-10-9-8,
the group
{(123)(456)(789), (1254)(3867), (1758)(2643)}

and the two substitutions
(a2)(58)(64)(79), (ab)(57)(68)(49)

actually generate such a group.
A further trial will shew that this group and the substitution

(be)(47)(58)(69)

generate a group of degree 12 and order 1211 -10-9 - 8; but that there is no
group of degree 13 which contains the last group as the sub-group that keeps one
symbol fixed.

The three substitutions, of order two, just given generate that sub-group of
order 24, of the transitive group of degree 11 and order 11-10-9-8 in the symbols

a, b7 ¢, 2> 3> 4> 5> 6> 7> 8> 9>
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which permutes a, b, ¢, 2 among themselves.

If k44, a k-ply transitive group, of degree n and order n(n—1)...(n—k-+1),
must contain a quadruply transitive group of degree m — k 4+ 4 and order
(n—k+4)(n—k+3)(n—k+2)(n—Fk+1). Hence, if the group is neither the
alternating group nor the symmetric group of degree n, it must be either the
group of degree 11 or the group of degree 12 that have been determined above.

Note to § 110.

It may be shewn that, with a single exception when n = 12, the inequality

(p. 171)
kdin+1

may be replaced by
k<sgn+l

Since k is an integer, it is only necessary to consider the case in which n is a
multiple of 3, so that we may write 3m for n. If, in this case, k = m + 1, then
2k — 2 = 2m; and a (m + 1)-ply transitive group of degree 3m, which does not
contain the alternating group, can therefore have no substitution which displaces
fewer than 2m symbols. Its order must therefore be 3m(3m —1)...(2m+1)2m.
From M. Jordan’s results, which have just been proved, such a group exists only
when n = 12; and therefore when n is not 12, a k-ply transitive group of degree n,
which does not contain the alternating group, can only exist if k < %n + 1.



CHAPTER IX.
ON SUBSTITUTION GROUPS: PRIMITIVE AND IMPRIMITIVE GROUPS.

120. WE have seen that the symbols permuted by the operations
of an intransitive substitution group may be divided into sets, such that
every substitution of the group permutes the symbols of each set among
themselves. For a transitive group the symbols must, from this point of
view, be regarded as forming a single set. It may however in particular
cases be possible to divide the symbols permuted by a transitive group into
sets in such a way, that every substitution of the group either interchanges
the symbols of any set among themselves or else changes them all into the
symbols of some other set. That this may be possible, it is clearly necessary
that each set shall contain the same number of symbols.

In the present Chapter we shall discuss those properties of transitive
groups which depend on their possessing or not possessing the property
indicated.

121. Definition. = When the symbols operated on by a transitive
substitution group can be divided into sets, each set containing the same
number of distinct symbols and no symbol occurring in two different sets,
and when the sets are such that all the symbols of any set are either
interchanged among themselves or changed into the symbols of another set
by every substitution of the group, the group is called imprimitive. When
no such division into sets is possible, the group is called primitive. The
sets of symbols which are interchanged by an imprimitive group are called
imprimitive systems.

A simple example of an imprimitive group is given by group VII of § 17.
An examination of the substitutions of this group will shew that they all
either transform the systems of symbols zyz and abc into themselves or
else interchange them, and that the same is true of the systems xa, yb, zc;
so that, in this case, the symbols may be divided into two distinct sets of
imprimitive systems.

It follows at once, from the definition, that an imprimitive group cannot
be more than simply transitive. For if it were doubly transitive, it would
contain substitutions changing any two symbols into any other two, and of

193
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these the first pair might be chosen from the same imprimitive system and
the second pair from distinct systems.

The question as to whether a given group can be expressed as a tran-
sitive group of given degree, and the further question as to whether such
a representation of the group, when possible, is imprimitive or primitive,
finds its complete solution in the following investigation due to Herr Dyck*.

122. In § 20 it was shewn how any group G of order N could be
represented as a substitution group of N symbols. This form of the group,
defined as the regular form, is simply transitive; for all its substitutions
except identity displace all the symbols, and therefore there must be just
one substitution changing a given symbol into any other. Let us now
suppose that N = pr, and that G has a sub-group H of order p, consisting
of the operations

Sl(: 1)7 S2a 837 ceey Sﬁb?

so that every operation of the group can be represented uniquely in the
form

ST (m=1,2,3,...,0;, n=1,23,...,v); T1 = 1.

The tableau representing the group as a substitution group of N sym-
bols will, in terms of these symbols, take the form given on the following
page. Every symbol in this tableau is of the form

SanSm’ n';
and such a symbol will belong to the column headed by S,,T}, and to the
line beginning with S,,/7,,,. The symbols in any line (or column) differ in

arrangement only from those in the leading line (or column); hence T}, must
occur in the line beginning with S,,,/7;,. We may therefore suppose that

SanSm/Tn/ - Tk,

*Dyck, “Gruppentheoretische Studien, II,” Math. Ann. xX11, (1883), pp. 86-95.
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and then
S3Sm TSy Ty = S3Ty,,
Since

1, 52, 53, ..., Sp

form a group, these symbols differ from
Sm7 SQSma SSSm7 R SuSm

only in the sequence in which they are written; and therefore the set of
symbols
SanSm/Tn/ (p = 1, 2, c. ,/L)

is identical, except as regards arrangement, with the set

Spl (p=1,2,...,p).

Hence the substitution of G, represented by the line beginning
with S,,/T,/, changes the set of symbols S,T;, into the set S,T} in some
sequence or other.

Every substitution of the group therefore changes the symbols of each
of the v sets, into which the first line of the tableau is divided, either into
themselves or into the symbols of some other of the v sets. Hence:—

THEOREM 1. If a group of order uv contains a sub-group of order u,
the regular form of the group will be imprimitive in such a way that the
pv symbols may be divided into v imprimitive systems of p symbols each.

The converse of this theorem is also true. For if the uv symbols
1, So, S3, ..., S,

by whose permutations the group can be expressed in regular form, are
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[122]

1 Sy S3 Sy T, 59T, S3Ty, SuTy T, ST, 53T, SuTy
Sy 595 535 SuSa ToSo  S9TuSy 531459 SuTuSs 1,59 S9T,Sy  S3T,S9 SuT)Ss
Sy S5, S35, SuSu TSy SeTuSy  S3TuSy SuTuSy TS,  ST,S,  S3T,S, SuTySy
T, STy STy ... STy || TTy  ST.L,  S3TLTy SOy | T, SSTT, ST ST
SoTy S9SoTy, S3S9Ty, ... m:mmﬂ@ TSty SoTySoTy SsT,S9T; m:ﬂgmw%@ | T,S59Ty SoT,, 89Ty SsT,S9Ty mtﬁ\mm%@
SuTy 525,Ty S35, Ty ... SuSuTy|. .| TaSuTy S9TuSuTy S3TuSuTy ... SuTuSuTy|. .\ TySuTy SoT0,S, Ty S3T,S, Ty ... SuT,S, T,
T, ST, ST, ... ST, |...| T,T, STT, S31.T, SIT, || T,T, STT, ST, ST,
S9T, S259T, S359T, ... SpSoTy|. . | ToSaTy SaTuSoT, S3TuSaTy ... SuTuSoTy|. .| T,SaT, SoT,SoT, S3T,S9T,, ... S, T,ST,
SuTy 25,1, S35, Ty ... SuSuTy|. | ToSuTy SoaTuS Ty S3TuS, Ty ... SuTuSuTy|. . | TS T, SoT,5,Ty S3T,S, Ty ... 1,5, T,
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divisible into v imprimitive systems of y each, let
1, S2, 83, ..., Sy
be that system which contains identity. Then this system and the systems
Sm, S29m, 93Sm, ..y SuSm, m=2,3, ..., p,

having the symbol S, in common, must have all their symbols in common;
therefore the product of any two of the operations of this set of 1 operations
is another operation of the set. The set therefore forms a group.

123. Let us now represent the imprimitive system
Ty ST, S3Tm, .., SyTm

by the single symbol U,,, for all values of m. If we then, in the preceding
tableau representing the group, pay attention only to the way in which the
systems are permuted among themselves, without regarding the permuta-
tions of the symbols within the individual systems, we obtain a substitution
group of the v symbols

U17 U27 U37 BRI Uy.

This group is isomorphic with the original group G; and if no substi-
tution of the original group interchanges among themselves the symbols of
each imprimitive system, the isomorphism must be simple. Now a substi-
tution of G, which does not change any imprimitive system into another,
must, if it exists, be a substitution S of the sub-group H, which is consti-
tuted by

L, So, S3, ..., Su,

such that T}, 5’ belongs to the set U, for each suffix m; and therefore, for
each suffix m, we must have an equation

TS’ = S" Ty,

where S” is another substitution of H. The sub-group H must therefore
contain every substitution of G which is conjugate to S’: in other words,
it must contain a self-conjugate sub-group of G. Hence:—
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THEOREM II.  If H, of order u, is a sub-group of G of order uv,
and if no self-conjugate sub-group of G is contained in H, then G can be
expressed as a transitive group of degree v.

That the converse of this theorem is true is immediately obvious.

124. If the sub-group H of G is contained in a greater sub-group K
of order pv/, where v = /1, the operations of K consist of the sets

H, HI,, HT3, ..., HT,,
and the operations of GG of the sets
K, KRy, KR3, ..., KR,
while the set K R,, is made up of the sets
HR,,, HI®R,,, HI3R,,, ..., HT, R,,.

The regular form of the group has v/v" imprimitive systems correspond-
ing to the sub-group H, and v imprimitive systems corresponding to the
sub-group K; the above method of representing K shews that each of the
latter systems contain ¢/ complete systems of the former set.

Now it has just been proved that, if H contains no self-conjugate sub-
group of G, the group can be represented as a transitive substitution group
of the symbols

HT,R,, (n=1,2,....0, m=12.../").

But from the division of the symbols in the regular form of the group
into v imprimitive systems, it follows that the set of symbols

HT, R, (n=1,2,...,V)
must either be permuted among themselves or be changed into another set
HT, R,y (n=1,2,...,V)

by every substitution of the group. The representation of the group as a
transitive group of v/ symbols is therefore imprimitive. Hence:—
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Z

THEOREM III.  If a group G of order uv'v" has a sub-group H of
order p, which contains no self-conjugate sub-group of G; and if H is
contained in a sub-group K of G of order uv'; then the representation
of G as a transitive group of degree V'V" (in respect of H) is imprimitive,
the V'V symbols being divisible into v" systems of v/ symbols each.

Corollary I. A transitive group of order pr and degree v will be
primitive if, and only if, a sub-group of order u that keeps one symbol
fixed is a maximum sub-group.

Corollary II. A group, which contains other self-conjugate opera-
tions besides identity, cannot be represented in primitive form.

For if a sub-group H of order p contains a self-conjugate operation, the
group (of order pur) cannot be represented as a transitive group of degree v
in respect of H; and if H contains none of the self-conjugate operations,
and is not a self-conjugate sub-group, it cannot be a maximum sub-group.

In particular, a group whose order is the power of a prime cannot be
represented as a primitive group.

Corollary III.  An Abelian group when represented as a transitive
substitution group, must be in regular form.

Corollary IV. A simple group can always be represented in primitive
form.

125. Every possible representation of a group as a transitive substi-
tution group is given by the method of the preceding paragraphs. There is
another method of dealing with the same problem which we may shortly
consider here in view of its utility in many special cases, though it does
not in general lead to all possible modes of representation. Let

H17 HQ) R HV

be a conjugate set of sub-groups (or operations) of a given group G, and
let
L, Is, ..., I,

be a set of sub-groups of GG, such that I, is the greatest sub-group containing
H, self-conjugately. The latter set of groups are not necessarily all distinct;
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in fact, we have seen in § 55 that, when the order of G is the power of a
prime, they cannot be all distinct.
If S is any operation of GG, then

Hl 5 H2 LRI HV
S-1HS,S—1HsS,...,S~1H,S
is a substitution performed on the set of symbols Hy, Ho, ..., H,; and if for
S each substitution of the group is written in turn, these substitutions form

a transitive substitution group of degree v. The substitution corresponding
to S, followed by the substitution

Hl ) H2 PR HI/
T-'H,T.T-\H,T,.. T-'H,T

corresponding to T, gives the substitution

H, , Hs e H, '
(T—lS—lHlsT, T—lS—ngST, R ,T_ls_lHVST) 7
and therefore the substitutions form a group isomorphic with G, since the
product of the substitutions corresponding to S and 7' is the substitution
corresponding to ST
Moreover, since there are operations of G which transform H; into each
of the other sub-groups (or operations) of the conjugate set, the substitu-
tion group is transitive in the v symbols. The substitution group will be
simply isomorphic with G if, and only if, there is no operation of G which
transforms each of the v sub-groups into itself. Now the only operations
of G which transform H; into itself are the operations of I1; and hence the
substitution group will be simply isomorphic with G if, and only if, the
conjugate set of sub-groups

Il? IQa EIR) ]Va

has no common sub-group except identity. This will be the case only when
I1 contains no self-conjugate sub-group of G.

It has been seen (§ 123) that, when this condition is satisfied, G can be
represented as a transitive substitution group whose degree is v, the ratio
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of the orders of G and [;. That the form there obtained is identical with
the form obtained in the present paragraph may be easily verified. Thus
in the earlier form, the substitution corresponding to S is

LT, L1y ,..., T,
s (Tl = 1)7
LTS, LTS, ... LT,S

LT,
LT, )

T,S = iTy,

or in abbreviated form

if

i being some operation of I;.
In the present mode of representation, the substitution corresponding
to S can be written in the form

TTtHm o, T,'H Ty o, TVHAT,
ST TS, ST, P W TS, .., ST H T, S )

since each operation of the set [17),, will transform H; into the same sub-
group. Now, if a corresponding abbreviated form be used, this substitution

may be written
(TmlHlTx )
T\ T, )’

and therefore the symbols I17, in the one form are permuted by the sub-
stitutions in identically the same manner as the corresponding symbols
Tx_lHlTw in the other form.

It should be noticed that, if G contains self-conjugate operations other
than identity, these operations necessarily occur in I1; and therefore in
such a case the present method cannot lead to a substitution group which
is simply isomorphic with G. In any case, if K is the greatest self-conjugate
sub-group of G contained in I7, the substitution group is simply isomorphic

G
ith —.
wit I%



[126] THEORY OF FINITE GROUPS. 202

126. As an illustration of the preceding paragraphs, we will determine the
different modes in which the alternating group of degree 5 can be represented as
a transitive group.

The only cyclical sub-groups contained in Ggg, the alternating group of de-
gree 5, are groups of orders 2, 3 and 5; and of each of these cyclical sub-groups
there is a single conjugate set.

The non-cyclical sub-groups may be determined as follows. The lowest pos-
sible order for such a sub-group is 4; since this is the highest power of 2 that
divides 60, there is a single conjugate set of sub-groups of order 4. The next
lowest possible order is 6. Now no operation of order 3 is permutable with an
operation of order 2, as the group contains no operations of order 6; on the other
hand, every sub-group of order 3 is permutable with an operation of order 2;
thus

(12)(45)(123)(12)(45) = (132).

There is therefore a single set of conjugate sub-groups of order 6. The next
lowest possible order is 10. The group contains no operation of order 10; but
every sub-group of order 5 is permutable with an operation of order 2; thus

(14)(23)(12345)(14)(23) = (15432).

There is therefore a single conjugate set of sub-groups of order 10. The next
lowest possible order is 12. If the group contains a sub-group of this order, it
must be transitive in 4 symbols. Now the alternating group of 4 symbols is
of order 12. Hence Ggp must contain a single conjugate set of sub-groups of
order 12. The only other possible orders are 15, 20 and 30. The reader will
readily verify directly that there are no sub-groups of these orders. This can
also be seen indirectly, since Ggg is a simple group and therefore, if there were
a sub-group of order 15, the group could be expressed transitively in 4 symbols.
Since the group contains operations of order 5, this is clearly impossible.

Hence finally, since each of the sub-groups leads to a transitive representation
of the group, Ggo can be represented as a transitive substitution group in 30, 20,
15, 12, 10, 6 and 5 symbols, and in one distinct form in each case. The second
method, as given in § 125, does not lead to all these modes of representation. The
group will be found to contain 15 conjugate operations (or sub-groups) of order 2:
10 conjugate sub-groups and 20 conjugate operations of order 3: 5 conjugate
sub-groups of order 4: 6 conjugate sub-groups and two sets of 12 conjugate
operations, each of order 5: 10 conjugate sub-groups of order 6: 6 conjugate
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sub-groups of order 10: and 5 conjugate sub-groups of order 12. Hence, by using
the second method, the representation of the group as transitive in 30 symbols
would be missed.

Since a sub-group of order 2 is contained in sub-groups of orders 4, 6, 10
and 12, the 30 symbols permuted by Ggg, when it is expressed as a transitive
group of degree 30, can be divided into sets of imprimitive systems, containing
respectively 2, 3, 5 and 6 symbols each. Similarly, when Ggg is represented as a
transitive group of degree 20, 15 or 12, it is imprimitive. When expressed as a
group of order 10, 6 or 5, it is primitive.

127. As a further illustration, we shall determine all the distinct forms
of imprimitive groups of degree 6. Let G be such a group, and H that sub-
group of G which interchanges among themselves the symbols of each imprimitive
system.

We will first suppose that there are two systems of three symbols each, viz.

1,2, 3 and 4, 5, 6.

In this case, H cannot consist of the identical operation only; for there must
be a substitution changing 1 into 2, and this must permute 1, 2 and 3 among
themselves, and therefore also 4, 5 and 6 among themselves.

Let H contain substitutions which leave 4, 5 and 6 unchanged. These must
(§ 114) form a self-conjugate sub-group of H, which will be either

{(123), (12)} or {(123)}.

Since G has substitutions interchanging the systems, H must similarly con-
tain

{(456), (45)} or {(456)}.
In the first alternative, H is the group

(i) {(123), (12), (456), (45)};

for H contains this group, and on the other hand, this is the most general group
that interchanges the six symbols in two intransitive systems of three each. The
order of this group is 22 - 32.

In the second alternative, H contains the self-conjugate sub-group

{(123), (456)}.
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Now if H is of order 22.32 it is necessarily of the form (i). If it is of order 2-32,
it must contain a substitution of order 2 which transforms the sub-group just
given into itself. This may be taken, without loss of generality, to be (12)(45);
and then H is the group

(i) {(123), (456), (12)(45)}.

If H is of order 32, it is the group

(i) {(123), (456)}.

Next, let H contain no substitutions which leave 4, 5 and 6 unchanged. Then
H is simply isomorphic with a group of degree 3, and therefore it must be of the
form

(iv)  {(123)(456), (12)(45)},

or

(v) {(123)(456)}.

G
Now — is of order 2; therefore G must have a substitution of order 2 or 4,

which interchanges the systems. If the order of H is odd, this substitution
must be of order 2. When the substitution is of order 2, we may, without loss
of generality, take it to be (14)(25)(36) or (14)(26)(35). If H is of the form
(1), (ii), or (iv), we get for G, in each case, the same group whichever of these
substitutions we take. When H is of the form (iii), we get two groups which are
easily seen to be conjugate in the symmetric group. These we do not regard as
distinct. When H is of the form (v), we get two distinct groups, one of which is
simply isomorphic with the symmetric group of three symbols, while the other
is a cyclical group. In these two latter cases, the symbols can be divided into
three imprimitive systems of two each.

If the substitution which interchanges the systems is of order 4, its square
must occur in H; we may therefore take it to be (1425)(36). When H is of
form (i), this gives the same group as before; but when H is of either of the
forms (ii) or (iv), we get new forms for G. There are therefore eight distinct
forms of groups of degree 6, in which the symbols form two imprimitive systems
of three symbols each.

Secondly, suppose that there are three systems of symbols, containing two
each, viz.

1, 2; 3,4; and 5, 6.
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The self-conjugate sub-group H is of order 23, 22, 2 or 1. Corresponding to
the first three cases, the forms of H are easily seen to be

() {(12), (34), (56)},
(i) {(12)(34), (34)(56), (12)(56)},
and (i) {(12)(34)(56)}.

Again, since ¢ interchanges the three systems, it must be simply isomorphic
with a group of degree 3, and its order is therefore either 3 or 6. First, let its
order be 3. It must then contain a substitution of order 3 which, without loss of
generality, may be taken to be (135)(246); this gives, with the three above forms
of H, three distinct forms for G. The form of G corresponding to the form (iii)
of H is, however, the same as one of those already determined.

G
If Vi is of order 6, G must contain as a self-conjugate sub-group one of the

G
three groups just obtained. Also if T were cyclical, there would be a substitution

in G, not belonging to H and permutable with (135)(246). This is clearly impos-
sible, and therefore G must contain a substitution which transforms (135)(246)
into its inverse. We may take this to be (13)(24) or (14)(23)(56). With the
form (i) for H, these two substitutions lead to the same group. When H is of
the form (ii), they give two distinct forms for G. When H is of the form (iii),
G admits the imprimitive systems 1, 3, 5, and 2, 4, 6.

Lastly, if H is the identical operation, G is necessarily of order 6; no new
forms can arise.

There are therefore five distinct forms of groups of degree 6, in which the
symbols form three imprimitive systems of two symbols each but do not at the
same time form two imprimitive systems of three symbols each.

128. An actual test to determine whether any transitive group is
primitive or imprimitive may be applied as follows. Consider the effect of
the substitutions of the group G on r of the symbols which are permuted
transitively by it. Those substitutions, which permute the r symbols, say

ai, a2, ..., Qp

among themselves, form a sub-group H. Now suppose that every substitu-
tion, which changes a; into one of the r symbols, belongs to H. Then if S is
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a substitution, which does not permute the r symbols among themselves,
it must change them into a new set

b1, b2, ..., bp,

which has no symbol in common with the previous set; and every operation
of the set HS changes all the a’s into b’s. Moreover, since G is transitive,
H must permute the a’s transitively; and therefore the set H.S must contain
substitutions changing a; into each one of the b’s.

Suppose now, if possible, that the group contains a substitution S’
which changes some of the a’s into 0’s, and the remainder into new symbols.
We may assume that S’ changes aq into by, and as into a new symbol cs.
Among the set HS there is at least one substitution, 7', which changes a;
into by. Hence T'S’~! changes a; into itself and some new symbol into as.
This however contradicts the supposition that every substitution, which
changes a; into one of the set of a’s, belongs to H. Hence no substitution
such as S’ can belong to G; and every substitution, which changes one of
the a’s into one of the b’s, must change all the a’s into b’s.

If the substitutions of the group are not thus exhausted, there must be
another set of r symbols

€1, €2, ..., Cp,

which are all distinct from the previous sets, such that some substitution
changes all the a’s into ¢’'s. We may now repeat the previous reasoning to
shew that every substitution, which changes an a into a ¢, must change all
the a’s into ¢’s. By continuing this process, we finally divide the symbols
into a number of distinct sets of r each, such that every substitution of
the group must change the a’s either into themselves or into some other
set: and therefore also must change every set either into itself or into some
other set. The group must therefore be imprimitive. Hence:—

THEOREM IV. If, among the symbols permuted by a transitive group,
it 1s possible to choose a set such that every substitution of the group, which
changes a chosen symbol of the set either into itself or into another of the
set, permutes all the symbols of the set among themselves; then the group
s imprimitive, and the set of symbols forms an imprimitive system.
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Corollary I.  If a1, as, ..., a, are a part of the symbols permuted by
a primitive group, there must be substitutions of the group, which replace
some of this set of symbols by others of the set, and the remainder by
symbols not belonging to the set.

Corollary II. A sub-group of a primitive group, which keeps one
symbol unchanged, must contain substitutions which displace any other
symbol.

If the sub-group H, that leaves a; unchanged, leaves every symbol of
the set a1, a9, ..., a, unchanged, then H must be transformed into itself
by every substitution which changes any one of these symbols into any
other. Every substitution, which changes one of the set into another, must
therefore permute the set among themselves; and the group, contrary to
supposition, is imprimitive.

129. It has already been seen that, in particular cases, it may be
possible to distribute the symbols, which are permuted by an imprimi-
tive group, into imprimitive systems in more than one way. When this is
possible, suppose that two systems which contain a; are

ai, a2, ..., Apr, Qr41, ..., Am,
/ )
and ar, ag, ..., Gp, Quyqy oovnnnn.. , Qs

and that the symbols common to the two systems are
ai, az, ..., Qp.

A substitution of the group, which changes a; into a;.,;, must change
ai, as, ..., a, into r symbols of that system of the first set which con-
tains a/, 41, while it changes the system of the second set that contains a;
into itself. Hence the latter system contains at least r symbols of that
system of the first set in which a;.; occurs. By considering the effect of
the inverse substitution, it is clear that the system

/ /
ai, a2, ..., Qp, Qpyq, «-.y Oy

cannot have more than r symbols in common with the system of the first
set that contains a., ;. Hence the n symbols of this system can be divided
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into sets of r, such that each set is contained in some system of the first
set. It follows that n, and therefore also m, must be divisible by r.

Suppose now that by is any symbol which is not contained in either of
the above systems. A substitution that changes a; into b1 must change the
two systems into two others, which have r symbols

b1, b, ..., by

in common; and since no two systems of either set have a common symbol,
these r symbols must be distinct from

ai, az, ..., Qp.

Further, from the mode in which the set by, b, ..., b, has been obtained,
any operation, which changes one of the symbols ay, as, ..., a, into one
of the symbols by, b2, ..., b., must change all the symbols of the first set
into those of the second. Hence the symbols operated on by the group can
be divided into systems of r each, by taking together the sets of r symbols
which are common to the various pairs of the two given sets of imprimitive
systems; and the group is imprimitive in regard to this new set of systems
of r symbols each. Hence:—

THEOREM V.  If the symbols permuted by a transitive group can be
divided into imprimitive systems in two distinct ways, m being the number
of symbols in each system of one set and n in each system of the other;
and if some system of the first set has r symbols in common with some
system of the second set; then (i) r is a factor of both m and n, and (ii) the
symbols can be divided into a set of systems of r each, in respect of which
the group is imprimitive.

This result may also be regarded as an immediate consequence of The-
orem III, § 124. For if H; and Hs are two sub-groups of GG each of which
contains the sub-group R, and if K is the greatest common sub-group of H;
and Hy, then K contains R. Now if R contains no self-conjugate sub-group
of GG, then G can be represented as a transitive group whose degree is the
order of G divided by the order of R. If the respective orders of H; and
Hs are m times and n times the order of R, the symbols can be divided in
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two distinct ways into sets of imprimitive systems, the systems containing
m and n symbols respectively. Also, if the order of K is r times the order
of R, then r is a factor of m and of n; by considering the sub-group K,
the symbols may be divided into a set of systems which contain r symbols
each.

It might be expected that, just as we can form a new set of imprimitive
systems by taking together the symbols which are common to pairs of systems
of two given sets, so we might form another new set of systems by combining all
the systems of one set which have any symbols in common with a single system
of the other set. A very cursory consideration will shew however that this is not
in general the case. In fact, it is sufficient to point out that, with the notation

mn
already used, the number of symbols in such a new system would be —; and

this number is not necessarily a factor of the degree of the group. Also, even if
this number is a factor of the degree of the group, it will not in general be the
case that the symbols so grouped together form an imprimitive system.

130. We may now discuss, more fully than was possible in § 106, the
form of a self-conjugate sub-group of a given transitive group. Such a sub-
group must clearly contain one or more operations displacing every symbol
operated on by the group. For if every operation of the sub-group keeps
the symbol a; unchanged, then since it is self-conjugate, every operation
will keep as, as, ..., unchanged: and the sub-group must reduce to the
identical operation only.

Suppose now, if possible, that H is an intransitive self-conjugate sub-
group of a transitive group G; and that H permutes the n symbols of G in
the separate transitive sets a1, ag, ..., an,; b1, b2, ..., by,; ... If Sis any
operation of G which changes a; into by, then, since

SY'Hs =mH,
it must change all the a’s into b’s; and since
SHS ' =H,

S~! must change all the b’s into a’s. Hence the number of symbols in the
two sets, and therefore the number of symbols in each of the sets, must be
the same.



[131] THEORY OF FINITE GROUPS. 210

Moreover every operation of GG, since it transforms H into itself, must
either permute the symbols of any set among themselves, or it must change
them all into the symbols of some other set. Hence G must be imprimitive,
and H must consist of those operations of G which permute the symbols
of each imprimitive system among themselves.

Conversely, when G is imprimitive, it is immediately obvious that those
operations of G, if any such exist, which permute the symbols of each of
a set of imprimitive systems among themselves, form a self-conjugate sub-
group. Hence:—

THEOREM VI. A self-conjugate sub-group of a primitive group must
be transitive; and if an imprimitive group has an intransitive self-conjugate
sub-group, it must consist of the operations which permute among them-
selves the symbols of each of a set of imprimitive systems.

If G is an imprimitive group of degree mn, and if there are n imprim-
itive systems of m symbols each, then we have seen in § 123 that G is
isomorphic with a group G’ of degree n. In particular instances, it may
at once be evident, from the order of G, that this isomorphism cannot
be simple. For example, if the order of G has a factor which does not
divide n!, this is certainly the case: and more generally, if it is known in-
dependently that G' cannot be expressed as a transitive group of degree n,
then G must certainly be multiply isomorphic with G’. In such instances
the self-conjugate sub-group of G, which corresponds to the identical opera-
tion of G’, is that intransitive self-conjugate sub-group, which interchanges
among themselves the symbols of each imprimitive system.

If G is soluble, a minimum self-conjugate sub-group of G' must have for
its order a power of a prime. Also, if G has an intransitive self-conjugate
sub-group, it must have an intransitive minimum self-conjugate sub-group.
Hence if G is soluble and has intransitive self-conjugate sub-groups, the
symbols permuted by GG must be capable of division into imprimitive sys-
tems, such that the number in each system is the power of a prime.

131. Let G be a k-ply transitive group of degree n (k > 2), and let
G, be that sub-group of G which keeps r (< k) given symbols unchanged,
so that Gy is (k—r)-ply transitive in the remaining n —r symbols. Also, let
H be a self-conjugate sub-group of GG, and let H, be that sub-group of H



[131] CHAPTER IX. 211

which keeps the same r symbols unchanged; so that H, is the common sub-
group of H and G,.. Since every operation of GG, transforms both H and G,
into themselves, every operation of (G, must be permutable with H,; i.e.
H, is a self-conjugate sub-group of G,. Now, if r = k — 2, Gj_o is doubly
transitive in the n — k 4+ 2 symbols on which it operates; it is therefore
primitive. Hence, unless Hj_o consists of the identical operation only, it
must be transitive in the n — k + 2 symbols.

If H;_o is the identical operation, H contains no operation, except
identity, which displaces less than n — k 4 3 symbols. Suppose, first, that
H contains operations, other than identity, which leave one or more sym-
bols unchanged. Then, since H is a self-conjugate sub-group and G is k-ply
transitive, it may be shewn, exactly as in § 110, that H must contain op-
erations displacing not more than 2k — 2 symbols. Hence Hj_o can consist
of the identical operation alone, only if

n—k+3%2%k—2,

or

When this inequality holds, we have seen (p. 171) that G contains the
alternating group. Hence in this case, if G does not contain the alternating
group, it follows that Hj_o is transitive in the n — k + 2 symbols on which
it operates.

Since H is self-conjugate and G is k-ply transitive, H must contain a
sub-group conjugate to Hj_9 which keeps any other £ — 2 symbols un-
changed. Hence Hj_3 must be doubly transitive in the n — k + 3 symbols
on which it operates; and so on. Finally, if G is not the symmetric group
(the alternating group, being simple, contains no self-conjugate sub-group)
H must be (k — 1)-ply transitive.

Suppose, next, that H contains no operation, except identity, which
leaves any symbol unchanged. Then if, with the notation of § 110, j = k—1
for every operation of H, the argument there used does not apply. For it
is impossible to choose the operation T' so that ¢ is a symbol which does
not occur in S.
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The self-conjugate sub-group H contains a single operation changing
a given symbol aj into any other symbol a,. Also G contains opera-
tions which leave a; unchanged and change a, into any other symbol as.
Hence the operations of H, other than identity, form a single conjugate
set in GG; and therefore H must be an Abelian group of order p" and type
(1,1,...,to m units); p being a prime. Further, since G is by supposition
at least triply transitive, it must contain operations which transform any
two operations of H, other than identity, into any other two. If p were an
odd prime, and P; and P, were two of the generating operations of H, it
follows that G would have an operation S such that

STIPS =P, S'PS =P

and this is impossible. Hence p must be 2. Further if G were more than
triply transitive, and if A, B, C were three independent generating opera-
tions of H, then G would have an operation ¥ such that

Y7AY =A, ¥'BE =B, Y lCx=A4B.

This again is impossible, and therefore k£ must be 3. Hence:—

THEOREM VII. A self-conjugate sub-group of a k-ply transitive group
of degree n (2 < k < n), is in general at least (k — 1)-ply transitive*. The
only exception is that a triply transitive group of degree 2™ may have a
self-conjugate sub-group of order 2.

132. For the further discussion of the self-conjugate sub-groups of a
primitive group, it is necessary to consider in what forms the direct product
of two groups can be represented as a transitive group.

Let G be the direct product of two groups H; and Hs, and suppose that
G can be represented as a transitive group of degree n. When G is thus
represented, we will suppose that H; is transitive in the n symbols that
G permutes. We have seen in § 107 that every substitution of n symbols,
which is permutable with each of the substitutions of a group transitive
in the n symbols, must displace all the n symbols. It follows that every

*Jordan, Traité des Substitutions, p. 65; where, however, the exceptional case is
overlooked.
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substitution of Hs must displace all the n symbols on which G operates;
and that the order of Hs is equal to or is a factor of n.

If the order of Hy is equal to n, then Hs is transitive in the n symbols,
so that the order of Hy cannot be greater than n. In this case, H; and Hy
must (§ 107) be two simply isomorphic groups of order n, which have no
self-conjugate operations except identity. Further, if H; and Hs in this case
are not simple groups, let K be a self-conjugate sub-group of H;. Since
every operation of Hs is permutable with every operation of Hy, K is a
self-conjugate sub-group of G. Now the order of K is less than n, the
degree of (G; therefore K is intransitive and G is imprimitive. On the other
hand, we have seen (loc. cit.) that, if H; and Hy are simple, the sub-group
of G that keeps one symbol fixed is a maximum sub-group: and therefore
G is primitive. Hence:—

THEOREM VIII.  If the direct product I of Hy and Ha can be repre-
sented as a transitive group of degree n, in such a way that Hy and H»
are transitive sub-groups of I, then Hy and Ha must be simply isomorphic
groups of order n, which have no self-conjugate operations except identity.
When this condition is satisfied, I" will be primitive if, and only if, Hy and
Hy are simple.

133. Suppose now that a primitive group G, of degree n, has two
distinct minimum self-conjugate sub-groups H; and Hy. Then every op-
eration of Hy (or Hs) is permutable with Hy (or Hy), and Hy, Ho have
no common operation except identity. Hence (§ 34) the group {H1, Ha},
which we will call T', is the direct product of H; and Hs. Now I is a
self-conjugate sub-group of G: it is therefore transitive in the n symbols
which G permutes. Also H; and Ha, being self-conjugate sub-groups of G,
are transitive. Hence, by Theorem VIII (§ 132), H; and Hjy are simply
isomorphic, and n is equal to the order of H;. Moreover, since Hj is a
minimum self-conjugate sub-group of G which contains no self-conjugate
operations except identity, it must (Theorem IV, § 94) be either a simple
group of composite order, or the direct product of several simply isomor-
phic simple groups of composite order. It follows that G' cannot have two
distinct minimum self-conjugate sub-groups unless the degree of GG is equal
to or is a power of the order of some simple group of composite order.
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134. Let now ' be a minimum self-conjugate sub-group of a doubly
transitive group G, and suppose that I' is the direct product of the o simply
isomorphic simple groups

Hy, Hy, ..., H,.

Since G is primitive, I' is transitive. If H; is a cyclical group of prime
order p, the order of I' is p®; therefore the degree of I, or what is the same
thing, the degree of G, is p®.

If H; is a simple group of composite order, and if o > 2, then (§ 132)
Hi cannot be transitive. The intransitive systems of Hy, since they form a
set of imprimitive systems for I', must each contain the same number m of
symbols. If m is less than the order of Hy, a sub-group of H; which leaves
unchanged one symbol of one intransitive system will leave unchanged one
symbol of each intransitive system. Now we shall see, in § 136, that the
operations of an imprimitive self-conjugate sub-group of a doubly transitive
group must displace all or all but one of the symbols. Hence m cannot be
less than the order of Hi. We may similarly shew that, if m is equal to
the order of Hp, some of the operations of I' must keep more than one
symbol fixed; and therefore, if o > 2, the group assumed cannot exist. If
a = 2, Hy may be transitive. But in this case {Hj, Ha} certainly contains
operations which leave more than one symbol unchanged; and again the
group assumed cannot exist. Hence finally no doubly transitive group can
contain a minimum self-conjugate sub-group of the type assumed.

No general law can be stated regarding self-conjugate sub-groups of
simply transitive primitive groups; but for groups which are at least doubly
transitive the preceding results may be summed up as follows:—

THEOREM IX. A group G which is at least doubly transitive either
must be simple or must contain a simple group H as a self-conjugate sub-
group. In the latter case no operation of G, except identity, is permutable
with every operation of H. The only exceptions to this statement are that
a triply transitive group of degree 2™ may have a self-conjugate sub-group
of order 2™ ; and that a doubly transitive group of degree p", where p is a
prime, may have a self-conjugate sub-group of order p™.
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Corollary. If a primitive group is soluble, its degree must be the
power of a prime*.

In fact, if a group is soluble, so also is its minimum self-conjugate sub-
group. The latter must be therefore an Abelian group of order p®: and
since this group must be transitive, its order is equal to the degree of the
primitive group.

135. As illustrating the occurrence of an imprimitive self-conjugate sub-
group in a primitive group, we will construct a primitive group of degree 36
which has an imprimitive self-conjugate sub-group. For this purpose, let!

S =(1,2,3)(4,5,6)(7,8,9)(10,11, 12)(13, 14, 15)
(16,17, 18)(19, 20, 21)(22, 23, 24)(25, 26, 27)
(28,29,30)(31, 32, 33)(34, 35, 36),

and

A= (3,4)(5,6)(9,10)(11,12)(15,16)(17,18)
(21,22)(23,24)(27,28)(29, 30)(33,34)(35, 36);
so that {S, A} is an intransitive group of degree 36, the symbols being inter-
changed in 6 transitive systems containing 6 symbols each. This group is simply

isomorphic with

{(123)(456), (34)(56)};

and it may be easily verified that this group is simply isomorphic with the alter-
nating group of 5 symbols, the order of which is 60.
Also let

J = (2,7)(3,13)(4,19)(5,25)(6,31)(9, 14)(10, 20)(11, 26)
(12,32)(16,21)(17,27)(18, 33)(23, 28)(24, 34)(30, 35).

*This result, stated in a somewhat different form, is given, among many others, in
the letter written by Galois to his friend Chevalier on the evening of May 29th, 1832,
the day before the duel in which he was killed. The letter was first printed in the Revue
Encyclopédique (1832), p. 568; it was reprinted in the collection of Galois’s mathematical
writings in Liouville’s Journal, t. X1 (1846), pp. 381-444

fThe commas in the symbols for the substitutions are here used to prevent confusion
among the one-digit and two-digit numbers.
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Then

JSJ = (1,7,13)(19, 25,31)(2, 8, 14)(20, 26, 32)
(3,9,15)(21,27,33)(4, 10, 16)(22, 28, 34)
(5,11,17)(23,29, 35)(6, 12, 18)(24, 30, 36),

and

JAJ = (13,19)(25, 31)(14, 20)(26, 32)(15, 21)(27, 33)
(16,22)(28,34)(17,23)(29, 35)(18, 24)(30, 36);

and {JSJ, JAJ} is similar to and simply isomorphic with {S, A}.

Now it may be directly verified that S and A are, each of them, permutable
with JSJ and JAJ; and therefore every operation of the group {S, A} is per-
mutable with every operation of the group {JSJ, JAJ}. Also these two groups
can have no common operation, since the symbols into which {S, A} changes any
given symbol are all distinct from those into which {JSJ, JAJ} change it. Hence
{S, A, JSJ, JAJ} is the direct product of {S, A} and {JSJ, JAJ}; it is therefore
a group of order 3600. It is also, from its mode of formation, a transitive group
of degree 36; and it interchanges the symbols in two and only two distinct sets
of imprimitive systems, of which

1,2, 3 4,5 6 and 1,7, 13, 19, 25, 31

may be taken as representatives.

Now J does not interchange the 36 symbols in either of these systems, and
therefore it cannot occur in {S, A, JSJ, JAJ}. Further

J{S, A, JSJ, JAJ}J = {S, A, JSJ, JAJ};

and therefore {J, S, A} is a transitive group of degree 36 and order 7200. Also,
since J does not interchange the symbols in either of the two sets of imprimitive
systems of {S, A, JSJ, JAJ}, it follows that {J, S, A} is primitive.

136. We have seen that, with a single exception, a k-ply transitive group
(k > 2) cannot have an imprimitive self-conjugate sub-group; while the example
in the preceding section illustrates the occurrence of an imprimitive self-conjugate
sub-group in a simply transitive primitive group. We will now consider, from a
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rather different point of view, the possibility of an imprimitive self-conjugate
sub-group in a doubly transitive group. Let G be a doubly transitive group of
degree mn, and let H be an imprimitive self-conjugate sub-group of G. Suppose
that m is the smallest number, other than unity, of symbols which occur in an
imprimitive system; and let

ai, ag, ..., Qm

form an imprimitive system. Since G is doubly transitive, it must contain a
substitution .S, which leaves a; unchanged and changes as into a,,+1, a symbol
not contained in the given set. If S changes the given set into

ai, Gm+1, ---y A2m—1,

then, since

S~'HS = H,

this new set must form an imprimitive system for H. Also, since m is the smallest
number of symbols that can occur in an imprimitive system, the two sets have
no symbol in common except aj.

Now a,,+1 may be any symbol not contained in the original system. Hence it
must be possible to distribute the mn symbols into sets of imprimitive systems
of m each, such that every pair of symbols occurs in one system and no pair in
more than one system. This implies that mn — 1 is divisible by m — 1, or that
n — 1 is divisible by m — 1.

Consider now a substitution of H which leaves a; unchanged. It must perl—
m—1
systems in which a; occurs. If a, is any other symbol, a similar statement ap-
plies to it. Now no two systems have more than one symbol in common. Hence
every substitution, which leaves both a; and a, unchanged, must leave all the
symbols unchanged. The sub-group H is therefore such that each of its substi-
tutions displaces all or all but one of the symbols. Moreover the substitutions,
which leave a; unchanged, permute among themselves the remaining symbols of
each system in which a; occurs; therefore the order of H must be mnu, where
u is a factor of m — 1.

It has been seen in § 112 that, for certain values of mn, groups satisfying
these conditions actually exist. The doubly transitive groups, of degree p™ and
order p"™(p™ — 1) there obtained, have imprimitive self-conjugate sub-groups of
orders p'(p — 1) and p™.

mute among themselves the remaining m — 1 symbols of each of the
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137. Ex. 1. Shew that a transitive group of order N and degree 2n,
which is imprimitive in respect of two systems of n symbols each, must have a
self-conjugate sub-group of order %N .

Ex. 2. Shew that an imprimitive group of order Np? and degree np, where
p is an odd prime, which has p imprimitive systems of n symbols each, must
contain a self-conjugate sub-group whose order is a multiple of p.

Ex. 3. Shew that, if n is the smallest number of symbols in which a
group G can be represented as a transitive group, then n® is the smallest number
of symbols in which the direct product of a groups, simply isomorphic with G,
can be represented as a transitive group.

Ex. 4. Prove that if a group G, of order N, represented as a transitive
substitution group, is imprimitive only when its degree is NN; then either G is
Abelian, or N is the product of two distinct primes. (Dyck.)

Ex. 5. Shew that if, in the tableau of p. 196, the sub-group
1, Sa, S3, ..., Su

is a self-conjugate sub-group H of the given group G, then, in each square com-

partment of the tableau, every horizontal line contains the same p symbols.
Shew also that, if each square compartment of the tableau is regarded as a

single symbol, the permutations of these symbols given by the tableau represents

the group T in regular form. (Dyck.)



CHAPTER X.

ON SUBSTITUTION GROUPS: TRANSITIVITY AND PRIMITIVITY:
(CONCLUDING PROPERTIES.)

138. THE determination of all distinct transitive sub-groups of the
symmetric group of n symbols has been carried out for values of n up
to 12*. This investigation, if carried out for sufficiently great values of n,
would involve the expression of all types of group in all possible transitive
forms.

From the point of view of one of the chief problems of pure group-
theory, namely, the determination of all distinct types of group of a given
order, this analysis of the symmetric group of n symbols is not a succinct
process, as it continually involves the redetermination of groups which have
been already obtained. Thus a simple group of degree mn, in which the
symbols are permuted in m imprimitive systems of n each, would in this
analysis have been already obtained as a group of degree m. With reference
then to the more restricted problem of determining all types of simple
groups, it would certainly be sufficient to find all primitive sub-groups of
the symmetric group.

139. We shall proceed to determine a superior limit to the order of
a primitive group of degree n, other than the alternating or the symmetric
group.

Let G be a primitive group of degree n, and suppose that G contains
a sub-group H which leaves n — m symbols unchanged and is transitive in
the remaining m. Since G is primitive, H and the sub-groups conjugate to
it must generate a transitive self-conjugate sub-group of GG; and therefore

*Jordan, Comptes Rendus, t. LXXIII (1871), pp. 853-857; ib. t. Lxxv (1872),
pp. 1754-1757.

And see the Bulletin of the New York Mathematical Society, Cole, 1st series, Vol. 11,
pp. 184-190; 250-258: Miller, 1st series, Vol. 111, pp. 168, 169; 242-245: 2nd series,
Vol. 1, pp. 67-72; 255-258: Vol. 11, pp. 138-145. Quarterly Journal of Mathematics,
Cole, Vol. xxv1, pp. 372-388: Vol. xxvii, pp. 35-50: Miller, Vol. Xxvi1, pp. 99-118;
Vol. xxviil1, pp. 193-231. These memoirs were all published between 1892 and 1896; in
them further references will be found.

219
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there must be some sub-group H’, conjugate to H, such that the m symbols
operated on by H and the m operated on by H’ are not all distinct. Suppose
H' is chosen so that these two sets of m symbols have as great a number
in common as possible, say s; and represent by

ar, a2, ..., Qp, Y1, 72, -5 Vs
and 617 627“'7/87"7 717 ’727"‘)757

where r 4+ s = m, the symbols operated on by H and H' respectively. Then
{H,H'} is a transitive group in the 2r + s symbols «, 3, and 7, which
leaves unaltered all the remaining symbols of G.

If S is an operation of H which changes o into oy, ST'H'S does not
affect ;. Hence, unless S interchanges the a’s among themselves, the
m symbols operated on by H’ and the m operated on by S™'H’S will have
more than s in common. Every operation of H which changes one a into
another must therefore interchange all the a’s among themselves; hence
H must be imprimitive.

If then H is primitive, s must be equal to m — 1. In any case, if
s=m—1,{H, H'} is a doubly transitive and therefore primitive group of
degree m—+1, which leaves the remaining n—m—1 symbols of G unchanged.
We may reason about this sub-group as we have done about H. Among
the sub-groups conjugate to {H, H'}, there must be one at least which
operates on m of the symbols displaced by {H, H'}. This, with {H, H'},
generates a triply transitive group of degree m + 2, which leaves n —m — 2
symbols unchanged. Proceeding thus, we find finally that G itself must be
(n —m 4+ 1)-ply transitive.

140. If s is less than m — 1, we may again deal with the sub-group
{H, H'}, or Hy, exactly as we have dealt with H. It is a transitive group of
degree m; (> m), which leaves n — m; symbols unchanged. If, among the
sub-groups conjugate to Hy, none operates on more than s; of the symbols
affected by Hi, and if Hj is a suitably chosen conjugate sub-group, then
{H,, H{} is a transitive group of degree 2m; — s1, which leaves n—2mj +s;
symbols unchanged. Continuing this process, we must, before arriving at a
group of degree n, reach a stage at which the number s, is equal to m, — 1.

For suppose, if possible, that among the groups conjugate to K, of



[141] CHAPTER X. 221

degree p + o, none displaces more than o of the symbols acted on by K,
while at the same time 2p+ o0 =n. If

ar, a2, ..., Oép771, Y2, ---y Yo
and ﬁl, ﬁg, cey ﬁp, Y1, V2, -y Vo

are the symbols affected by K and K’ respectively, then since G is primi-
tive, it must contain an operation S which changes 7 into as without at
the same time changing all the o’s into a’s. If then we transform K’ by S,
the two groups K’ and S™'K’S must operate on more than o common
symbols, contrary to supposition.

Hence G must in this case certainly contain a transitive sub-group of
degree n — 1, and therefore is itself at least doubly transitive*.

141. Returning to the case in which H is primitive and G therefore
(n—m+1)-ply transitive, we at once obtain an inferior limit for m. We have
seen, in fact, in Theorem IV, § 110, that a group of degree n, other than
the alternating or the symmetric group, cannot be more than (%n + 1)-ply
transitive. Hence

n—m+1% %n +1,
or
m & 2n.
We may sum up these results as follows:—

THEOREM 1. A primitive group G of degree n, which has a sub-
group H that keeps n — m symbols unchanged and s transitive in the re-
maining m symbols, is at least doubly transitive. If H is primitive and
G does not contain the alternating group, m cannot be less than %n, and
G is (n —m + 1)-ply transitive.

*The results contained in §§ 139, 140 are due to Jordan (Liouville’s Journal,
Vol. xv1, 1871) and Netto (Crelle’s Journal, Vol. c111, 1889). They have been extended
by Marggraff: “Ueber primitiven Gruppen mit transitiven Untergruppen geringeren
Grades,” (Inaugural Dissertation, Giessen, 1892). With the notation used in the text,
Marggraff shews that, unless the symbols affected by H can be divided into imprimitive
systems of r symbols each, in at least r + 1 distinct ways, G will be (n — m + 1)-ply
transitive. In particular, if H is a cyclical group of degree m, G is (n — m + 1)-ply
transitive. He also shews that in any case m > %n
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Corollary. The order of a primitive group of degree n cannot exceed
n!

33 where 2, 3, ... p are the distinct primes which are less than %n
23...p

If ¢® is the highest power of a prime ¢ that divides n!, the sub-groups
of order ¢ of the symmetric group form a single conjugate set, and each
of them must contain circular substitutions of order ¢q. Hence if ¢ < %n, it
follows by the theorem that no primitive group of degree n, other than the
alternating or the symmetric group, can contain a sub-group of order ¢%;
and therefore ¢®~! is the highest power of ¢ that can divide the order of
the group.

142. Theratio of 2-3...p to n increases rapidly as n increases, and it
is at once obvious that, when n > 7, this ratio is greater than unity; hence
for values of n greater than 7, the symmetric group can have no primitive
sub-group of order (n — 1)

The orger of the greatest imprimitive sub-group of the symmetric group
is a! <ﬁ!> , where a is the smallest factor of n. When n > 4, this is less
than (?L — 1)l

The order of the greatest intransitive sub-group of the symmetric group,
other than the sub-groups that keep one symbol fixed, is 2!(n — 2)!. This
is always less than (n — 1)

Hence when n > 7, the only sub-groups of order (n — 1)! of the sym-
metric group are the sub-groups which each keep one symbol fixed; and
these form a conjugate set of n sub-groups.

When n = 7, a sub-group of order (n — 1)! must be intransitive, and
therefore the same result holds in this case; this also is true when n is 3, 4,
or .

Lastly, when n = 6, there may, by the foregoing theorem, be primi-
tive sub-groups of order 5!. That such sub-groups actually exist may be
verified at once by considering the symmetric group of 5 symbols. This
group contains 6 cyclical sub-groups of order 5, and each of them is self-
conjugate in a sub-group of order 20. Hence, since the only self-conjugate
sub-group contained in the symmetric group of degree 5 is the correspond-
ing alternating group, the symmetric group of degree 5 can be expressed
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as a doubly transitive group of degree 6. The symmetric group of degree 6
therefore contains a set of 6 conjugate doubly transitive sub-groups of or-
der 5!, which are simply isomorphic with the intransitive sub-groups that
each keep one symbol fixed. Finally, if the 12 sub-groups of order 5!, which
are thus accounted for, do not exhaust all the sub-groups of this order, any
other would have in common with each of the 12 a sub-group of order 20;
and therefore the operations of order 3 contained in it would be distinct
from those in the previous 12. But these clearly contain all the operations
of order 3 of the symmetric group, and therefore there can be no other
sub-groups of order 5!. Hence:—

THEOREM II.  The symmetric group of degree n (n+6) contains n and
only n sub-groups of order (n—1)!, which form a single conjugate set. The
symmetric group of degree 6 contains 12 sub-groups of order 5!, which are
simply isomorphic with one another and form two conjugate sets of 6 each.

143. We shall now discuss certain further limitations on the order of
a primitive group of given degree. Though it will be seen that these do not
lead to general results, similar to that given by Theorem I, § 141, yet in
many special cases they are of considerable assistance in determining the
possible existence of groups of given orders and degrees.

We consider first a group G of order N and of prime degree p. If G is
not cyclical, it must contain substitutions which keep only one symbol un-
changed. For let P be a substitution of G of order p. The only substitutions
permutable with P are its own powers (§ 107); and the only substitutions
permutable with {P} are substitutions which keep one symbol unchanged
and are regular in the remaining p — 1 symbols (§ 112)*. Now if the only

substitutions permutable with { P} are its own, then { P} is one of — con-
p

*It is shewn in § 112 that {P} is permutable with a circular substitution of p — 1
symbols, which leaves one symbol a; unchanged. If there are other substitutions which
leave a1 unchanged and are permutable with { P}, some such substitution will leave two
symbols unchanged. This is clearly impossible. Hence the group of order p(p — 1) is the
greatest group of the p symbols in which {P} is self-conjugate.
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p

In this case, G would contain exactly exactly — substitutions whose orders

1
jugate sub-groups; and these contain N (1 - —) substitutions of order p.

N
are not divisible by p. But this is clearly impossible, since — is the order of

a sub-group which keeps one symbol unchanged, and therep are p such sub-
groups. Hence there must be substitutions in G, other than those of { P},
which are permutable with {P}; and each of these substitutions keeps one
symbol unchanged.

It follows from § 134 that G, if soluble, must contain a self-conjugate
sub-group of order p: therefore no group of prime degree p, which contains
more than one sub-group of order p, can be soluble.

If 1 + kp is the number of sub-groups of order p contained in GG, then

p—1
N =pP =1+ k)

where d is a factor of p — 1; and a sub-group of order p is transformed into
. When

d is odd, a substitution which generates this cyclical sub-group is an odd
substitution; and G then contains a self-conjugate sub-group of order %N .

If both p and %(p— 1) are primes, the order of a group of degree p, which
contains more than one sub-group of order p, must be divisible by %(p —1).
For if the order is not divisible by %(p — 1), the order of the sub-group,
within which a sub-group of order p is self-conjugate, must be 2p. Now the
substitutions of order 2 in this sub-group consist of %(p — 1) transpositions,
so that they are odd substitutions. The group must therefore contain a
self-conjugate sub-group in which these operations of order 2 do not occur.
In such a sub-group, the only operations permutable with those of a sub-
group of order p are its own; and we have seen that no such group can
exist. The order of the group must therefore, as stated above, be divisible

by 5(p—1).
144. Let G be a primitive group of degree n and order V; and let p
be a prime, which is a factor of N but not of either n or n — 1. Moreover,

itself by every substitution of a cyclical sub-group of order p
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suppose that n is congruent to v, (mod. p); v being less than p. If n < p?,
and if p® is the highest power of p which divides N, the sub-groups of
order p® must be Abelian groups of type (1,1,... to « units). In fact,
such a sub-group must be intransitive, and, since n < p?, the number of
symbols in each transitive system of the sub-group must be p. In any case
the number of symbols left unchanged by a sub-group of order p® is of the
form kp + v.

N
Suppose now that, in a sub-group of order — which leaves one symbol
n

unchanged, a sub-group H of order p® is one of conjugate sub-

“mn
groups. Then each of the n sub-groups that keep one symbol unchanged

contains sub-groups of order p®; and each sub-group of order p“

“mn
belongs tg kp 4+ v sub-groups that keep one symbol unchanged. Hence
G contains N sub-groups of order p®, and any one of them,
pm(kp + v)
say H, is contained self-conjugately in a sub-group I of order p®*m(kp+v).
This sub-group I must interchange transitively among themselves the kp+v
symbols left unchanged by H. For let a and b be any two of these symbols;
and let S be an operation which changes a into b and transforms H into H'.
There must be an operation 7" which keeps b unchanged and transforms
H' into H, since in the sub-group that keeps b unchanged there is only
one conjugate set of sub-groups of order p®. Then ST changes a into b
and transforms H into itself; and therefore I contains substitutions which
change a into b. Now it may happen that the existence of a sub-group such
as I requires that G is either the alternating or the symmetric group. When
this is the case, we infer that the order of a primitive group of degree n,
other than the alternating or the symmetric group, cannot be divisible

by p.

145. As a simple example, we will shew that the order of a group of
degree 19 cannot be divisible by 7, unless it contains the alternating group. It
follows from Theorem I, Corollary, § 141, that the order of a group of degree 19,
which does not contain the alternating group, cannot be divisible by a power of 7
higher than the first, and that if the group contains a substitution of order 7,
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the substitution must consist of two cycles of 7 symbols each. The sub-group
of order 7 must therefore leave 5 symbols unchanged; hence, by § 144, it must
be contained self-conjugately in a sub-group whose order is divisible by 5. Now
(§ 83) a group of order 35 is necessarily Abelian; so that the group of degree 19
must contain a substitution of order 5 which is permutable with a substitution
of order 7. Such a substitution of order 5 must clearly consist of a single cycle,
and its presence in a group of degree 19 requires that the latter should contain
the alternating group. It follows that, if a group of degree 19 does not contain
the alternating group, its order is not divisible by 7.

As a second example, we will determine the possible forms for the order of
a group of degree 13, which does not contain the alternating group. It follows,
from Theorem I, Corollary, § 141, that the order of such a group must be of the
form 2% - 3% .57 .11°% - 13; where «, 3, v, § do not exceed 9, 4, 1, 1 respectively.

Suppose, first, that « is unity, if possible. A substitution of order 5 must
consist of two cycles of 5 symbols each; and a sub-group of order 5 must therefore
be self-conjugate in a sub-group of order 15. There is then a substitution of
order 3 which is permutable with a substitution of order 5. Such a substitution
must, as in the last example, consist of a single cycle; and its existence would
imply that the group contains the alternating group. It follows that, for the
group as specified, v must be zero.

Suppose, next, that § is unity, if possible. The group is then (Theorem I,
§ 141) triply transitive; and the order of the sub-group, that keeps two symbols
fixed and is transitive in the remaining 11, is 2¢-3%-11; and this sub-group must
contain more than one sub-group of order 11. We have seen in § 143 that no
such group can exist. Therefore § must be zero.

The two smallest numbers of the form 2™3™ which are congruent to unity,
(mod. 13), are 3% and 2%32; and every number of this form, which is congruent
to unity, (mod. 13), can be written (2432)%3%%. Hence the order of every group
of order 13, which contains no odd substitution, must be of the form (2432)% .
3%. 213, where z is 2, 3 or 6. Since 3% is the highest power of 3 that can divide
the order of the group, the only admissible values of x and y are (i) x =0, y = 1:
i)z =2,y=0: (iii) x =1, y = 0.

Suppose, first, that = 0, y = 1. The order of the group is 2-33-13, 3% 13,
or 2-3*.13. There must be 13 sub-groups of order 3* (or 33), and since 13 is
not congruent to unity, (mod. 9), there must be sub-groups of order 3% (or 32)
common to some two sub-groups of order 3* (or 3%). Such a sub-group must be
self-conjugate (Theorem III, § 80). This case therefore cannot occur.
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Next, suppose that x = 2, y = 0. Then z must be 2, and the order of the
group is 22 - 3% . 13. Now it is easy to verify that 2° - 3% is not a possible order
either for an intransitive or for an imprimitive group of degree 12. The order of
a sub-group of the group of degree 12 which keeps one symbol fixed is 27 - 33.
This sub-group can have no substitution consisting of a single cycle of 3 symbols,
since no such substitution can occur in the original group. Hence it must permute
the 11 symbols in two transitive sets of 9 and 2 symbols respectively. It must
therefore contain a self-conjugate sub-group of order 26 - 3% which keeps 3 of the
12 symbols unchanged; and this sub-group must occur self-conjugately in 3 of
the 12 sub-groups which keep one symbol unchanged. This however makes the
group of degree 12 imprimitive, contrary to supposition. Hence this case cannot
occur.

Finally, then, the only possible values of x and y are x = 1, y = 0. The
order of a group of degree 13, which has more than one sub-group of order 13
and no odd substitutions, is 2°-3%-13, 24-3% .13, or 2° - 3% - 13. The order of a
group of order 13 with odd substitutions will be twice one of the preceding three
numbers.

A further and much more detailed examination would be necessary to deter-
mine whether groups of degree 13 correspond to any or all of these orders. We
shall see in Chapter XIV that there is a group of degree 13 and order 2*-33-13;
and M. Jordan™ states that this is the only group of degree 13 which contains
more than one sub-group of order 13.

Ex. Ifn (> 3) and 2n+1 are primes, shew that there is no triply transitive
group of degree 2n + 3 which does not contain the alternating group.

146. As a further illustration, and for the actual value of the re-
sults themselves, we proceed to determine all types of primitive groups for
degrees not exceeding 8.

(1) n=3.
The symmetric group of 3 symbols has a single sub-group, viz. the
alternating group. Both these groups are necessarily primitive.

(ii) n = 4.
Since a group whose order is the power of a prime cannot (§ 124) be
represented in primitive form, a primitive group of degree 4 must contain

*Comptes Rendus, t. LXXV (1872), p. 1757.
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3 as a factor of its order. Hence the only primitive groups of degree 4 are
the symmetric and the alternating groups.

(iii) n =>5.

Since 5 is a prime, every group of degree 5 is a primitive group. The
symmetric group of degree 5 contains 6 cyclical sub-groups of order 5;
therefore, by Sylow’s theorem, every group of degree 5 must contain either
1 or 6 sub-groups of order 5. Since the alternating group is simple, every
sub-group that contains 6 sub-groups of order 5 must contain the alternat-
ing group. Hence, besides the alternating and the symmetric groups, we
have only sub-groups which contain a sub-group of order 5 self-conjugately.
In such a group, an operation of order 5 can be permutable with its own
powers only. Hence (§ 112) the only sub-groups of the type in question
other than cyclical sub-groups, are groups of orders 20 and 10. These are
defined by

{(12345), (2354)},
and  {(12345), (25)(34)}.

(iv) n = 6.

If the order of a primitive group of degree 6 is not divisible by 5, the
order must (§ 141) be equal to or be a factor of 23 - 3. The order of a
sub-group that keeps one symbol fixed is equal to or is a factor of 22.
Hence the sub-group must keep two symbols fixed, and therefore (§ 128)
the group cannot be primitive. Hence the order of every primitive group of
degree 6 is divisible by 5, and every such group is at least doubly transitive.
The symmetric group contains 36 sub-groups of order 5; and hence, since
no transitive group of degree 6 can contain a self-conjugate sub-group of
order 5, every primitive group of degree 6, which does not contain the
alternating group, must have 6 sub-groups of order 5.

If G is such a group, the sub-group of GG that keeps one symbol fixed
is a transitive group of degree 5 which has a self-conjugate sub-group of
order 5. If this transitive group of degree 5 were cyclical, every operation
of the doubly transitive group G of order 30 would displace all or all but
one of the symbols. Since 6 is not the power of a prime, this is impossible
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(§ 105). Hence the sub-group of G which keeps one symbol fixed must be
of one of the two types given above; and the order of G must be 120 or 60.
Now we have seen, in § 142, that the symmetric group of degree 6 has a
single conjugate set of primitive sub-groups of order 120 and a single set
of order 60. Hence there is a single type of primitive group of degree 6,
corresponding to each of the orders 120 and 60. These are defined by

{(126)(354), (12345), (2354)},
and  {(126)(354), (12345), (25)(34)} :

where the last two substitutions in each case generate a sub-group that
keeps one symbol unchanged.

(v) n=".

Every transitive group of degree 7 is primitive; and if it does not contain
the alternating group, its order must (§ 141) be equal to or be a factor of
7-6-5-4. A cyclical sub-group of order 7 must (footnote, p. 223), in a group
of degree 7 that contains more than one such sub-group, be self-conjugate
in a group of order 21 or 42. Now neither 20 nor 40 is congruent to unity,
(mod. 7); and therefore 5 cannot be a factor of the order of such a group.
Hence the order of a transitive group of degree 7, that does not contain
the alternating group, is equal to or is a factor of 7-6-4. But 8 is the only
factor of 7 -6 -4 which is congruent to unity, (mod. 7); and therefore, if
the group contains more than one sub-group of order 7, its order must be
equal to 7-6 -4 and it must contain 8 sub-groups of order 7.

Such a group must be doubly transitive; for if a sub-group of order 24
interchanges the symbols in two intransitive systems, it is easily shewn
that the group would contain substitutions displacing three symbols only,
and therefore that it would contain the alternating group. A sub-group of
degree 24, transitive in 6 symbols, must contain 4 sub-groups of order 3.
For if it contained only one, it would necessarily have circular substitutions
of 6 symbols, and the group of order 7 - 6 - 4 would have a self-conjugate
sub-group of order 7 -6 - 2; which is not the case. Hence the sub-groups of
order 24 must be simply isomorphic with the symmetric group of 4 symbols.

The actual construction of the group is now reduced to a limited number
of trials. A group of degree 6, simply isomorphic with the symmetric
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group of 4 symbols, and containing no odd substitutions, may always be
represented in the form

{(234)(567), (2763)(45)};

and we have to find a circular substitution of the seven symbols 1, 2, 3, 4, 5,
6, 7 such that the group generated by it shall be permutable with this group.
Moreover since, in the required group, every operation of order 3 transforms
some operation of order 7 into its square, we may assume without loss of
generality that the circular substitution of order 7 contains the sequence

..12... and is transformed into its own square by (234)(567). There are
only three circular substitutions satisfying these conditions, viz.

(1235476),
(1236457),
and (1237465).

It appears on trial that the group generated by the first of these is not
permutable with the sub-group of order 24, while the groups generated by
the other two are. There are therefore just two groups of order 7.6 -4
which contain the given group of order 24. Now in the symmetric group of
7 symbols, a sub-group of order 7-6-4 must, from the foregoing discussion,
be one of a set of 30 conjugate sub-groups. These all enter in the alternating
group; and therefore, in that group, they must form two sets of 15 conjugate
sub-groups each. Each of these contains 7 sub-groups of the type

{(234)(567), (2763)(45)};

and the alternating group contains a conjugate set of 105 such such sub-
groups. Hence each sub-group of this set will enter in two, and only in two,
sub-groups of the alternating group of order 7-6 - 4; and in the symmetric
group these two sub-groups are conjugate. Finally then, the sub-groups of
order 7-6 -4 form a single conjugate set in the symmetric group. They are
defined by

{(1236457), (234)(567), (2763)(45)},

the two latter substitutions giving a sub-group that keeps one symbol fixed.
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These groups are simple; for since they are expressed as transitive
groups of degree 7, there can be no self-conjugate sub-group whose order
divides 24, while it is evident that a self-conjugate sub-group that contains
an operation of order 7 must coincide with the group itself. Also since
there are 8 sub-groups of order 7, these groups can be expressed as doubly
transitive groups of eight symbols.

A group of degree 7, which has only one sub-group of order 7, must
either be cyclical or be contained in the group of order 7-6 given by § 112.
Such groups are defined by

{(1234567), (243756)},
or {(1234567), (235)(476)},
or {(1234567), (27)(45)(36)}.

The simple group of order 168, which here occurs as a transitive group
of degree 7, is the only simple group of that order. For, if possible, let there
be a simple group G of order 168 and of a distinct type from the above. It
certainly cannot be expressed as a group of degree 7; and therefore it must
have 21 sub-groups of order 8. If two of these sub-groups have a common
sub-group of order 4, it must be contained self-conjugately (§ 80) in a sub-
group of order 24 or 56; and this is inconsistent with the suppositions made.
If on the other hand, 2 is the order of the greatest sub-group common to
two sub-groups of order 8, such a common sub-group of order 2 must,
on the suppositions made, be self-conjugate in a sub-group of order 12.
But a group of order 12, which has a self-conjugate operation of order 2,
must have a self-conjugate sub-group of order 3; and therefore G would
only contain 7 sub-groups of order 3, and could be expressed as a group
of degree 7; contrary to supposition. No other supposition is possible with
regard to the sub-groups of order 8, since 21 is not congruent to unity,
(mod. 8). Hence, finally, there is no simple group of order 168 distinct
from the group of degree 7.

(vi) n=S8§.
The order of a primitive group of degree 8, which does not contain the

alternating group, cannot (§ 141) be divisible by 5. Suppose, if possible,
that the order of such a group is 2°+3 -3 (o = 0,1,2,3). A substitution
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of order 3 must consist of two cycles; and therefore the sub-group of or-
der 2%-3, which keeps one symbol fixed, must interchange the others in two
intransitive systems of 3 and 4 respectively. In this sub-group, a sub-group
of order 3 must be one of four conjugate sub-groups, and therefore « is ei-
ther 2 or 3. Now a group of order 2°-3 or 263 is soluble, as is seen at once
by considering the sub-groups of order 2° or 25. Hence a primitive group
of order 2° - 3 or 20 - 3 must contain a transitive self-conjugate sub-group
of order 8, whose operations are all of order 2.

If 7 is a factor of the order of the group, the group must be doubly
transitive; and from the case of n = 7, it follows that the possible orders
are 8-7,8-7-2,8-7-3,8-7-6,and 8-7-6-4. Moreover, for the orders
8-7-2and 8-7-6, the group contains odd substitutions and therefore it
contains self-conjugate sub-groups of order 8 - 7 and 8 - 7 - 3 respectively.

A simple group of order 8- 7 -3 is necessarily identical in type with the
group of this order determined on p. 231; and a group of order 8-7-3, which
is not simple, is certainly soluble. Hence a composite group of order 8-7-3,
and a group of order 8 - 7 - 6 which does not contain a simple sub-group
of order 8 - 7 - 3, must both, if expressible as primitive groups of degree 8,
contain transitive self-conjugate sub-groups of order 8 whose operations
are all of order 2. With the possible exception then of groups of order
8-7-6-4, the only primitive groups of degree 8, which do not contain a
self-conjugate sub-group of order 8, are the simple group of order 8 -7 -3
and any group of 8-7-6 which contains this self-conjugately. We have seen
that the simple group of order 8 - 7 - 3 contains a single set of 8 conjugate
sub-groups of order 21, and therefore it can be expressed in one form only
as a group of degree 8. A group of degree 8 and order 8 - 7 - 6, which
contains this self-conjugately, can occur only in one form, if at all; for, if
it exists, it must be triply transitive, and it must be given by combining
the simple group with any operation of order 2 which transforms one of its
operations of order 7 into its own inverse. That such a group does exist
has been shewn in § 113. These two groups are actually given by

{(15642378), (1234567), (243756)},
and {(1627)(5438), (1234567), (235)(476)};

where in each case the last two substitutions give a sub-group that keeps
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one symbol fixed.

To avoid unnecessary prolixity we shall, in dealing with the primitive
groups of degree 8, which contain a transitive self-conjugate sub-group of
order 8 whose operations are all of order 2, anticipate some of the results of
the next Chapter. It will there be shewn that, if G is an Abelian group of
order N, and L a group of isomorphisms (§ 156) of G, a group of degree N
may be formed which has a transitive self-conjugate sub-group simply iso-
morphic with G, while at the same time the sub-group that keeps one
symbol fixed is isomorphic with L (§ 158). The group of isomorphisms of
a group of order 8, whose operations are all of order 2, will be shewn in
Chapter XIV to be identical with the simple group of order 168. This group
has a single set of conjugate sub-groups of each of the orders 7 and 21, but
no sub-group of order 14 or 42. When expressed as a group of degree 7,
it has a single set of conjugate sub-groups of order 12 (or 24) which leave
no symbols unchanged. There are therefore primitive groups of degree 8
containing transitive self-conjugate sub-groups of order 8 corresponding to
each of the orders 8-7,8-7-3,2°-3,20.3 and 8-7-6-4; and in each
case there is a single type of such group.

It remains to determine whether there can be any type of group, of
degree 8 and order 8 - 7 -6 - 4, other than that just obtained. Such a
group must be one of 15 conjugate sub-groups in the alternating group of
degree 8, and can therefore itself be expressed as a group of degree 14.
Since it certainly cannot be expressed as a group of degree 7, the group of
degree 14 must be transitive. The order of the sub-group, in this form, that
keeps one symbol fixed is 2°-3. If this keeps only one symbol unchanged, it
must interchange the remaining symbols in four intransitive systems of 3, 3,
3 and 4 respectively, since a substitution of order 3 must clearly consist
of 4 cycles. A group of order 2° - 3 cannot however be so expressed; and
therefore the sub-group that keeps one symbol fixed must keep two fixed.
The group of degree 14 is therefore imprimitive, and the group must contain
a sub-group of order 26 - 3. Moreover, since the group cannot be expressed
as a transitive group of degree 7, this sub-group of order 2.3 must contain
(§ 123) a sub-group which is self-conjugate in the group itself. The order of
this sub-group must be a power of 2; since the group is primitive, it cannot
be less than 23. On the other hand, the order cannot be greater than 23
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since the group contains a simple sub-group of order 7-6-4. Hence finally,
there is no type of primitive group of degree 8 and order 8 -7 -6 - 4 other
than that already obtained.

There is no difficulty now in actually constructing the primitive groups
of degree 8 which have a self-conjugate sub-group of order 8. They are all
contained in the group of order 8 -7 -6 - 4; and this may be constructed
from a sub-group keeping one symbol fixed, which is given on p. 231, by
the method of § 109. It will thus be found that the group in question is
given by

{(81)(26)(37)(45), (1236457), (234)(567), (2763)(45)};

while the groups of orders 8-7-3 and 8-7 are given by omitting respectively
the last and the two last of the four generating operations.

The construction of the two remaining groups, of order 2°-3 and 263,
is left as an exercise for the reader.

It may be noticed that it has been shewn incidentally, in discussing
above the possibility of a second type of group of degree 8 and order 8- 7 -
6 - 4, that the alternating group of degree 8 can be expressed as a doubly
transitive group of degree 15.

It may similarly be shewn that the alternating group of degree 7 can
be expressed as a doubly transitive group of degree 15, and the alternating
group of degree 6 as a simply transitive and primitive group of degree 15.

147. We have seen in § 105 that a doubly transitive group, of degree n
and order n(n — 1), can exist only when n is the power of a prime. For
such a group, the identical operation is the only one which keeps more than
one symbol unchanged. We shall now go on to consider the sub-groups of
a doubly transitive group, of degree n and order n(n — 1)m, which keep
two symbols fixed. The order of any such sub-group is m; since the group
contains operations changing any two symbols into any other two, the sub-
groups which keep two symbols fixed must form a single conjugate set.

Suppose first that the sub-group, which keeps two symbols unchanged,
displaces all the other symbols. The sub-group that keeps a and b un-
changed cannot then be identical with that which keeps ¢ and d unchanged,
unless the symbols ¢ and d are the same pair as a and b. Since there are
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%n(n — 1) pairs of n symbols, the conjugate set contains %n(n — 1) sub-

groups; and each sub-group of order m keeping two symbols fixed must be
self-conjugate in a sub-group of order 2m, which consists of the operations
of the sub-group of order m and of those operations interchanging the two
symbols that the sub-group of order m keeps fixed.

Suppose next that all the operations of a sub-group H, which keeps
two symbols fixed, keep x symbols fixed, while none of the remaining n —
x symbols are unchanged by all the operations of H. From z symbols
%x(:c — 1) pairs can be formed, and therefore the sub-group that keeps one
pair unchanged must keep %x(az — 1) pairs unchanged. In this case, the
n(n —1)
z(r —1)
therefore self-conjugate in a group K of order z(z — 1)m. The operations
of this sub-group which do not belong to H interchange among themselves
the x symbols that are left unchanged by H. Now since the group itself is
doubly transitive, there must be operations which change any two of these
x symbols into any other two; and any such operation being permutable
with H must belong to K. Hence if we consider the effect of K on the
x symbols only which are left unchanged by H, K reduces to a doubly
transitive group of degree = and order z(x — 1). It follows that z must be
a prime or the power of a prime.

conjugate set contains distinct sub-groups of order m, and H is

148. The preceding paragraph suggests the combinatorial problem of form-

ing from n distinct symbols sets of & symbols, such that every pair of

x(x —
symbols occurs in one set of x(and n)o pair occurs in more than one.

There is one class of cases in which a solution of this problem is given imme-
diately by the theory of Abelian groups. Let G be an Abelian group of order p™,
where p is a prime, and type (1,1,...,to m units). We have seen, in § 49, that G

pm* pmil.pm—li
has sub-groups of order p, and

p—1 p—1-p2—1
Now any pair of sub-groups of order p generates a sub-group of order p?, and
therefore every pair of sub-groups of order p occurs in one and only one sub-group
of order p?. Moreover, every sub-group of order p? contains p + 1 sub-groups of
order p. When p is a prime and m any integer, it is therefore always possible to

sub-groups of order p?.
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symbols
p—1 p—1-p2—1
that every pair of the symbols occurs in one set of p + 1 and no pair occurs in

more than one set.

m—1 _
form from

sets of p + 1 symbols each, such

Supposing that, for given values of n and x, such a distribution is possible,
it is still of course an open question as to whether there is a doubly transitive
substitution group of the n symbols, such that every substitution which keeps any
two symbols unchanged keeps also unchanged the whole set of x in which they
occur. When x is greater than 3, the question as to the existence of such groups
is one which still remains to be investigated. There is however an important
class of groups, to be considered later (Chapter XIV), that possess a closely
analogous property. These groups are doubly transitive; and from the n symbols
n(n —1)
rz(r—1
transitively by the substitutions of the group: the sets being such that every pair
occurs in one set and no pair in more than one set.

upon which they operate, we can form sets of x, that are interchanged

If n(n — 1)m is the order of such a group, and if H is a sub-group of order m
which keeps a given pair fixed, then H must interchange among themselves the
remaining x — 2 symbols of that set of z which contains the pair kept unchanged
by H. H contains, as a self-conjugate sub-group, the group h which leaves every
symbol of the set of x unchanged; and if m” is the order of this sub-group,
while m = m/m”, then m/ is the order of the group to which H reduces when
we consider its effect only on the z — 2 symbols. Now A is self-conjugate in the
group K that interchanges all the symbols of the set of x among themselves. But
since the original group is doubly transitive, it must contain substitutions which
change any two of the set of x into any other two, and every such substitution
must belong to K. Hence K must be doubly transitive in the x symbols, and
therefore finally the order of the group, to which K reduces when we consider
its effect on the 2 symbols only, is z(x — 1)m/. Since the order of h, which keeps
unchanged each of the x symbols is m”, the order of K is z(x — 1)m.

149. When x = 3, n must be of the form 6k + 1 or 6k + 3, since otherwise
n(n —1)
x(x —1)
of degree n, which possesses a complete set of %n(n — 1) triplets, must be such
that every substitution which leaves two given symbols unchanged also leaves a
third definite symbol unchanged.

would not be an integer. The substitutions of a doubly transitive group

The smallest possible value of n is 7; and the group of Ex. 2, § 35, which is
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one of the groups obtained in § 146, satisfies all the conditions. In fact, the group
is clearly a doubly transitive group of degree 7; and since its order is 7-6 - 4, the
order of the sub-group which keeps two symbols fixed is 4. Now in the sub-group

{(267)(345), (23)(47)},

which keeps one symbol fixed, the only operations that keep 1 and 2 unchanged
are

(35)(67), (36)(57), (37)(56).

These with identity form a sub-group of order 4, which must therefore be the
sub-group that keeps three symbols fixed. The complete set of triplets in this
case is

124, 137, 156, 235, 267, 346, 457.

The next smallest value of n is 9, and in this case again, a group with the
required properties exists.

Ex. Shew that the group

{(26973854), (456)(798)}

is an imprimitive group of order 48, each imprimitive system containing two
symbols; and that the sub-group, which keeps the symbols of one imprimitive
system unchanged, is isomorphic with the symmetric group of three symbols.
Prove that this group is permutable with

{(123)(456)(789), (147)(258)(369)},
and thence that

{(123)(456)(789), (26973854), (456)(798)},

is a doubly transitive group of degree 9, which possesses a complete set of
12 triplets.

The reader is not to infer from the examples given that, when n is of the
form 6k 41 or 6k + 3, there is always a doubly transitive group of degree n which
possesses a complete set of triplets. It is a good exercise to verify that there is
no such group when n is 13.

The case n = 13, x = 4 is the simplest case that can occur of the division of
n symbols into sets of x in the manner of § 148 when z is greater than 3. We
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shall see in Chapter XIV that there is a doubly transitive group of degree 13 such
that from the 13 symbols permuted by the group a complete set of 13 quartets
can be formed, which are themselves permuted by the operations of the group.
Of the operations forming a sub-group that keeps two given symbols fixed, half
will keep fixed the two other symbols, which form a quartet with the two given
symbols, and half will permute them.

On the question of the independent formation of a complete set of triplets of
n symbols, and in certain cases of the group of degree n which interchanges the
triplets among themselves, reference may be made to the memoirs mentioned in
the subjoined footnote*.

150. We shall conclude the present Chapter with some applications
of substitution groups, which enable us to complete and extend certain
earlier results.

We have seen in § 107 that the substitutions of n symbols, which are
permutable with each of the substitutions of a regular substitution group G
of order n of the same n symbols, form another regular substitution group
of order n; and that, if G is Abelian, the latter group coincides with G.
Hence the only substitutions of n symbols, which are permutable with
a circular substitution of the n symbols, are the powers of the circular
substitution.

Let now S be a regular substitution of order m, in mn symbols. It must
permute the symbols in n cycles of m symbols each; and so we may take

S = (a11a12...a1m)(a21a22 - . . a2m) - . . (Ap1an2 - . . Apm)-

If T is permutable with S, and if it changes a;, into a,4, it clearly must
permute the m symbols

Arl, Ar2, ..., Arm

among themselves; and therefore, so far as regards its effect on these
m symbols, T must be a power of

(ar1ar2 - . . Qrm)-

*Netto: “Substitutionentheorie,” pp. 220-235; “Zur Theorie der Tripelsysteme,”
Math. Ann. Vol. XL11, (1892), pp. 143-152. Moore: “Concerning triple systems,” Math.
Ann. Vol. xuir, (1893), pp. 271-285. Heffter: “Ueber Tripelaysteme,” Math. Ann.,
Vol. xL1X, (1897), pp. 101-112.
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Again, if T' changes a,p, into asg, it must change the set

Qr1, Ar2, ..., Qrm,

into the set

As1, Gs2, .., Asm;

as otherwise it would not be permutable with S.

Now the totality of the substitutions of the mn symbols, which are
permutable with S, form a group Gg. This group must, from the properties
of T just stated, be imprimitive, interchanging the symbols in n imprimitive
systems of m symbols each; and the symbols in any cycle of S will form
an imprimitive system. Moreover, the self-conjugate sub-group Hg of this
group, which permutes the symbols of each system among themselves, is
the group of order m" generated by

(a11a12 .. .alm), (a21a22 Ce agm), ey (anlang .. .anm).

In fact, every substitution of this group is clearly permutable with S;
and conversely, every substitution of the mn symbols, which does not per-
mute the systems, must belong to this group.

Now H—S is capable of representation as a group of degree n, for none
of its operations changes every one of the n systems into itself. Hence n! is
the greatest possible order of H_S On the other hand, every operation of

S
the group, generated by

(a11a91 ... an1)(a12a92 . .. an2) . .. (A1ma2m - - - Gum)

and
(a11a21)(a12a22) - . . (a1mazm),

is clearly permutable with S; and this group, being simply isomorphic with
the group

{(araz...ay), (ar1a2)},

i.e. with the symmetric group of n symbols, is of order n!.
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Hence, finally, the order of Gg is m™ - n!; and Gg is generated by

(a11a12 .. .anl)(algagz o .ang) Ce (almagm .. .anm),
(ar1a21)(a12a22) . . . (a1mazm),

and
(a11a12 - - - aim)-

151. Let h, be a regular substitution group of order m in the m sym-
bols

Qr1, Ar2, ..., Qrm,

and let S,; be one of its substitutions. Then if for » we write in turn 1,
2, ..., n, and if for each value of ¢ from 1 to m we form the substitution

S1459 - .. Snt,

the set of m substitutions so formed constitute an intransitive group H in
the mn symbols, simply isomorphic with h,..

The method of § 150 can be applied directly to determine the group G
of degree mn, each of whose substitutions are permutable with every sub-
stitution of H. The order of this group is m” - n!; and it can be generated
by

(a11a91 ... an1)(a12a22 . .. ap2) . .. (A1mG2m - - - Anm),
(a11a21)(a12a22) - . . (a1mazm),
and
.

1

where A} is the regular group in the symbols

aii, a2, ..., Aim,

each of whose substitutions is permutable with every substitution of h;.
This group will contain H if, and only if, H is an Abelian group. More-

over, the only self-conjugate substitutions of Gy are the substitutions of H

contained in it. For if Gy contained other self-conjugate substitutions 57,
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So, ..., every operation of Gy would be permutable with every operation of
the group {H, Sy, Sa2, ...}. Now G is transitive, so that Sy, Sa, ... must
displace all the symbols; and therefore { H, Sy, Sa, ...} has all its substi-
tutions regular in the mn symbols. If its order is mn; where n = nins, the
order of the group formed of all the substitutions of mn symbols, which
are permutable with each of its operations, is (mn1)"2 - ny!; and this num-
ber is less than m' - n!. Thus the supposition, that Gz has self-conjugate
operations other than the operations of H which it contains, leads to an
impossibility.

By means of this and the preceding section, the reader will have no
difficulty in forming the group of n symbols, which is permutable with
every operation of any given group in the n symbols.

152. If a group, whose order is a power of a prime p, be expressed
as a transitive substitution group, its degree must also be a power of p
(§ 123). Moreover such a group, since it has self-conjugate operations,
must necessarily be imprimitive.

The greatest value of m, for which a group of order p™ can be ex-
pressed as a transitive group of degree p”, where n is regarded as given, is
determined at once by considering the symmetric group of degree p™. The
highest power of p that divides p"! is p¥, where

v=p" 4 p" 2k Fp+ L

Hence the symmetric group of degree p” contains a set of conjugate sub-
groups of order p” and it contains no groups whose order is a higher power
of p. Also, these groups are transitive in the p™ symbols; for any one of
them must contain a circular substitution of order p™. There are therefore
groups of order p” which can be expressed as transitive groups of degree p";
but no group of order p¥ (v > v) can be so expressed. Moreover, in order
that a group of order p™ may be capable of representation as a transitive
group of degree p™, it must be simply isomorphic with a transitive sub-
group of the above substitution group of order p”.

This group may be constructed synthetically as follows. Since the sub-
group of order p¥~", that leaves one symbol unchanged, is contained in a
sub-group of order p*~"*! (§ 55), there must be imprimitive systems con-
taining p symbols each. If then we distribute the p” symbols into p™~! sets
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of p each, and with each set of p form a circular substitution, the p”~!

permutable and independent circular substitutions will generate an intran-
sitive group of order ppnil. It will be the self-conjugate sub-group of the
group of order p”, which permutes the symbols of each system among
themselves.

Again, the systems of p symbols each may be taken in sets of p to form
systems of p? symbols each, since the previously considered sub-group of
order p"~¥*! must be contained in a sub-group of order p"**2. Hence we
may form systems of p? symbols by combining the previous systems in sets
of p; and then with each p? symbols we can form a circular substitution,
whose pth power is the product of the p circular substitutions of order p,
which have been previously formed from the p? symbols. The symbols of
any set of p? will then be interchanged by a transitive group of order pP*!;
and since there are p"~2 such sets, we obtain in this way an intransi-
tive group of ppnilﬂ’nﬂ. The group thus formed is that self-conjugate
sub-group of the original group, which interchanges among themselves the
symbols of each system of p?. This process may be continued, taking
greater and greater systems, till at the last step we combine the p systems
of p"~! symbols each into a single system by means of a circular substitu-
tion of order p™. The order of the resulting group is clearly p”, as it should
be.

The self-conjugate operations of this group form a sub-group of order p.

For suppose, if possible, they form a sub-group of order p". Every
operation of this sub-group displaces all the symbols; and therefore, when
expressed as a substitution group in the p™ symbols, it must interchange
them transitively in p"~" sets of p” each.

Now (§ 151) those substitutions of the p™ symbols, which are per-
mutable with every operation of this sub-group, form a group of or-
der prp”_r - p"~"l; this number is only divisible by p¥, as it must be, when
r=1.

Ex. Shew that, for the group of degree p? and order pP*!, the factor groups

H,
}TIH (of § 53) are all of type (1) except the last, which is of type (1,1).

The fact that v is a function of p when n is given, explains why, in
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classifying all groups of order p™, some of the lower primes may behave
in an exceptional manner. Thus we saw, in § 73, that for certain groups
of order p* it was necessary to consider separately the case p = 3. The
present article makes it clear that, while there may be more than one type
of group of order p* (p > 3), which can be expressed as a transitive group
of degree p?, there is only a single type of group of order 3* which can be
expressed transitively in 9 symbols.

153. In the memoirs referred to in the footnote on p. 175, M. Mathieu has
demonstrated the existence of a remarkable group, of degree 12 and order 12 -
11-10-9 -8, which is quintuply transitive. The generating operations of this
group have been given in the note to § 108, at the end of Chapter VIII. The
verification of some of the more important properties of this group, as stated in
the succeeding example, forms a good exercise on the results of this and the two
preceding Chapters.

Ex. Shew that the substitutions

(1254)(3867), (1758)(2643),
(12)(48)(57)(69),  (a2)(58)(46)(79),
(ab)(57)(68)(49),  (be)(47)(58)(69),

generate a quintuply transitive group of degree 12 and order
12-11-10-9-8.

Prove that this group is simple; that a sub-group of degree 11 and order
11-10-9 -8, which leaves one symbol unchanged, is a simple group; and that a
sub-group of degree 10 and order 10 -9 -8, which leaves two symbols unchanged,
contains a self-conjugate sub-group simply isomorphic with the alternating group
of degree 6.

Shew also that the group of degree 12 contains (i) 1728 sub-groups of order 11
each of which is self-conjugate in a group of order 55: (ii) 2376 sub-groups of
order 5, each of which is self-conjugate in a group of order 40: (iii) 880 sub-groups
of order 27, each of which is self-conjugate in a group of order 108: (iv) 1485
sub-groups of order 64.

Prove further that the group is a maximum sub-group of the alternating
group of degree 12.



CHAPTER XL
ON THE ISOMORPHISM OF A GROUP WITH ITSELF.

154. IT is shewn in § 24 that, if all the operations of a group are
transformed by one of themselves, which is not self-conjugate, a corre-
spondence is thereby established among the operations of the group which
exhibits the group as simply isomorphic with itself.

In an Abelian group every operation is self-conjugate, and the only
correspondence established in the manner indicated is that in which every
operation corresponds to itself. If however in an Abelian group we take, as
the operation which corresponds to any given operation 9, its inverse S~1,
then to ST will correspond S™'T~! or (ST)~!; and the correspondence
exhibits the group as simply isomorphic with itself. For this particular
correspondence, a group of order 2 is the only one in which each operation
corresponds to itself.

It is therefore possible for every group, except a group of order 2, to
establish a correspondence between the operations of the group, which shall
exhibit the group as simply isomorphic with itself. Moreover, we shall see
that in general there are such correspondences which cannot be established
by either of the processes above given. We devote the present Chapter to
a discussion of the isomorphism of a group with itself. It will be seen that,
for many problems of group-theory, and in particular for the determination
of the various types of group which are possible when the factor-groups of
the composition-series are given, this discussion is most important.

155. Definition. A correspondence between the operations of a
group, such that to every operation S there corresponds a single opera-
tion S’, while to the product ST of two operations there corresponds the
product S"T” of the corresponding operations, is said to define an isomor-
phism of the group with itself.

That isomorphism in which each operation corresponds to itself is called
the identical isomorphism. In every isomorphism of a group with itself, the
identical operation corresponds to itself; and the orders of two correspond-
ing operations are the same. For if 1 and S were corresponding operations,
so also would be 1-1 and S?; and therefore more than one operation would

244
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correspond to 1. Again, if S and S’ of orders n and n’, are corresponding
operations, so also are S™ and S™; and therefore n must be a multiple
of n’. Similarly n’ must be a multiple of n; and therefore n and n’ are
equal.

If the operations of a group of order N are represented by

17 Sla 827 ceey SN—la

and if, for a given isomorphism of the group with itself, S is the operation
that corresponds to S, (r = 1,2,...,N — 1), the isomorphism will be
completely represented by the symbol

1a317527"'7SN—1
-

In this symbol, two operations in the same vertical line are correspond-
ing operations. When no risk of confusion is thereby introduced, the sim-

pler symbol
S
S/

156. An isomorphism of a group with itself, thus defined, is not an
operation. The symbol of an isomorphism however defines an operation.
It may, in fact, be regarded as a substitution performed upon the N let-
ters which represent the operations of the group. Corresponding to every
isomorphism there is thus a definite operation; and it is obvious that the
operations, which correspond to two distinct isomorphisms, are themselves
distinct. The totality of these operations form a group. For let

S S’
5] = (o)
be any two isomorphisms of the group with itself. Then if, as hitherto, we
use curved brackets to denote a substitution, we have

(+)(s) - (o)

is used.
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: Sl : : :
But since { S’} is an isomorphism, the relation

requires that
1ol ol

SpSq = Sy

/

And since {5/ ,

] is an isomorphism, the relation

sl =8

requires that
natt __ atl
SpSq =5y

Hence if

Sy = Sy,

then
SISl = S

S. . .
and therefore is an isomorphism.

S/I
The product of the substitutions which correspond to two isomorphisms
is therefore the substitution which corresponds to some other isomorphism.
The set of substitutions which correspond to the isomorphisms of a
given group with itself, therefore form a group.

Definition. A group, which is simply isomorphic with the group
thus derived from a given group, is called the group of isomorphisms of the
given group.

It is not, of course, necessary always to regard this group as a group
of substitutions performed on the symbols of the operations of the given
group. But however the group of isomorphisms may be represented, each
one of its operations corresponds to a definite isomorphism of the given
group. To avoid an unnecessarily cumbrous phrase, we may briefly apply
the term “isomorphism” to the operations of the group of isomorphisms.
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So long, at all events, as we are dealing with the properties of a group of
isomorphisms, no risk of confusion is thereby introduced. Thus we shall

S
use the phrase “the isomorphism ( S’)” as equivalent to “the operation of

7

the group of isomorphisms which corresponds to the isomorphism { S’} .

157. If ¥ is some operation of a group G, while for S each operation
of the group is put in turn, the symbol

()

defines an isomorphism of the group. For if
Squ = Or,
then
2lsy v ls Y =n718,8,8 = 2SN

and >_15,> is an operation of the group. An isomorphism of a group,
which is thus formed on transforming the operations of the group by one
of themselves, is called a cogredient isomorphism. All others are called

contragredient isomorphisms*. If is any contragredient isomorphism,

S/

(2) (s ss)

when for ¥ each operation of the group is taken successively, are said to
form a class of contragredient isomorphisms.

the isomorphisms

THEOREM I.  The totality of the cogredient isomorphisms of a group G
form a group isomorphic with G; this group is a self-conjugate sub-group
of the group of isomorphisms of GT.

*Klein, “Vorlesungen iiber das Ikosaeder und die Auflésung der Gleichungen vom
fiinften Grade” (1884), p. 232. Holder, Math. Ann., Vol. XL111 (1893), p. 314.

THolder, “Bildung zusammengesetzter Gruppen,” Math. Ann., Vol. Xivi (1895),
p- 326.
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The product of the isomorphisms

S and S
¥-158% Y18y
is given by

S S (S RNy
(2—152) (zf—152f> B (2—152) (zf—lz—lszz')
S
(2/121522/>

S
= 1 Sy )

22/ — Z//
The product of two cogredient isomorphisms is therefore another

cogredient isomorphism; hence the cogredient isomorphisms form a group.
Moreover, if we take the isomorphism

()

as corresponding to the operation X of the group G, then to every operation
of G there will correspond a definite cogredient isomorphism, so that to
the product of any two operations of G there corresponds the product
of the two corresponding isomorphisms. The group G and its group of
cogredient isomorphisms are therefore isomorphic. If G contains no self-
conjugate operation, identity excepted, no two isomorphisms corresponding
to different operations of G' can be identical; and therefore, in this case, G is
simply isomorphic with its group of cogredient isomorphisms. If however
G contains self-conjugate operations, forming a self-conjugate sub-group H,
then to every operation of H there corresponds the identical isomorphism;

where

and the group of cogredient isomorphisms is simply isomorphic with I

(5)

Let now
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be any isomorphism. Then

(5) () ()= () ) ()
j Ez%x) )(22/11;?3)

: : S o
The isomorphism ( S’) therefore transforms every cogredient isomor-

phism into another cogredient isomorphism. It follows that the group
of cogredient isomorphisms is self-conjugate within the group of isomor-
phisms.

158. Let G be a group of order N, whose operations are
1, S1, S9, ..., Sn—1;

and let L be the group of isomorphisms of G. We have seen in § 20 that
G may be represented as a transitive group of substitutions performed on
the N symbols

1, S1, So, ..., Sn_1;

and that, when it is so represented, the substitution which corresponds to

the operation S, is
1, S1, Sy ,..., Sn_1
Sx,Sle,S2Sm,,SN715m ’

(si*x) |

When G is thus represented, we will denote it by G’. We have already
seen that L can be represented as an intransitive substitution group of the
same N symbols; a typical substitution of L, when it is so represented, is

17817327"'aSN—1
1,81,8,....8v )

or more shortly
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()

When L is thus represented, we will denote it by L. It is clear that the
two substitution groups G’ and L’ have no substitution in common except
identity. For every substitution of L’ leaves the symbol 1 unchanged; and
no substitution of G’, except identity, leaves 1 unchanged.

w (5) (2)() - () (63)
- (Sﬁé&)
= (Sié)‘

Every operation of L' is therefore permutable with G’. Hence if M is
the order of L, the group {G’, L'}, which we will call K', is a transitive
group of degree N and order N M, containing G’ self-conjugately. Further

S S S
(S’) transforms (SSQC) into (555); and these two substitutions of G’
correspond to the operations S, and S, of G. Hence the isomorphism,

established on transforming the substitutions of G’ by any substitution

S S
( S’) of L', is the isomorphism denoted by the symbol ( S’)'

or more shortly

Since is a substitution of L', the substitution

S, 58t

<S ;S_l) (S? ), or (SSS), belongs to K’. Hence K’ contains the set

of substitutions

S
=0,1,2,...,N —1).
(S:CS>’ (x 07 ) ) 3 )

These form (§ 107) a transitive group G”, simply isomorphic with G’
and such that every substitution of G” is permutable with every substitu-
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tion of G'. Moreover (I.c.), the substitutions of G” are the only substitu-
tions of the N symbols which are permutable with each of the substitutions
of G'.

Suppose now that > is any substitution of the N symbols which is
permutable with G’. When the substitutions of G’ are transformed by X,
the resulting isomorphism is identical with that given by some substitution,

S S\
say (S’) ,of L'. Hence & (S’) is a substitution of the N symbols which

is permutable with every substitution of G’. It therefore belongs to G”;
and hence X belongs to K’. It follows that K’ contains every substitution
of the N symbols which is permutable with G.
The only substitutions common to G’ and G” are the self-conjugate
K/
{G/’ G//}

L
with —, where ¢ is the group of cogredient isomorphisms of G contained
g

substitutions of either. The factor group is simply isomorphic

in L. The groups G’ and G” are identical only when G’ is Abelian; in this
case, g consists of the identical operation alone.

Definition. A group K, simply isomorphic with the substitution
group K’ which has just been constructed, we shall call the holomorph
of G.

159. An isomorphism must change any set of operations, which are
conjugate to each other, into another set which are conjugate. For if

()

S;18.8. = Sy,

be the isomorphism, and if

then
S.lslsl =5,

so that S! and S:’y are conjugate operations when S, and Sy are conju-
gate. A cogredient isomorphism changes every set of conjugate operations
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into itself; and all the members of a class of contragredient isomorphisms
permute the conjugate sets in the same way. If

()

is an isomorphism which changes every conjugate set of operations of G

into itself, and if
S
S//

is any isomorphism of GG, then the isomorphism

() ()

changes every conjugate set into itself. It follows that those isomorphisms,
which change every conjugate set of operations into itself, form a self-
conjugate sub-group of the complete group of isomorphisms. This sub-
group clearly contains the group of cogredient isomorphisms and may be
identical with it.

If now o is any isomorphism of GG of order n, the substitutions

S S
(S’) and (SSx)’ (x=0,1,...,N—1),

generate a group of order N,,. When J is used to represent the isomor-
phism, this group may be denoted by {J, G}; as shewn above, it contains
G self-conjugately. Suppose that n is prime and not a factor of N. The
operation J is not permutable with every operation of G; and therefore
there must be operations S of G which are permutable with no operation
of the conjugate set to which J belongs. The number of operations which
in {J, G} are conjugate to such an operation S must be a multiple of n; and
since n is not a factor of IV, this conjugate set of operations must be made
up of n distinct conjugate sets of operations in G. The isomorphism .J
must therefore interchange some of the conjugate sets of G.
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The same result is clearly true if the order n of J has any prime factor
not contained in N. Hence:—

THEOREM II.  An isomorphism of a group G, whose order contains
a prime factor which does not occur in the order of G, must interchange
some of the conjugate sets of G.

. . S . .
160. If the isomorphism ( or J leaves no operation except iden-

S/
tity unchanged, it must in {J, G} be one of N conjugate operations. For
if

Sy 1Sy = 8,178,

J would be permutable with SyS, 1 which is not the case.
These N conjugate operations are

J, JS1, JSo, ..., JSN_1,

and since the first transforms every operation of G, except identity, into a
different one, the same must be true of all the set. If now J transformed any
operation S into a conjugate operation £719%, JX~! would transform S
into itself; hence J must transform every conjugate set of GG into a different
conjugate set.

The special case in which the order of J is two may here be considered.
Representing the N operations conjugate to J by

Y Y P
the N operations of G are
J2 TN, Ty o, JJIN_1.

Now
J VT Ty J = Jpd = (JJ)7 Y,

so that J transforms every operation of G into its own inverse. But if
Sl — S_l

and
T=T1"
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then
ST =81t = (185)"L.

Now as S’'T” is the operation into which the isomorphism transforms ST, it
must be (ST)~!, and therefore

ST =TS.

The group G is therefore an Abelian group of odd order.

161. Any sub-group H of G is transformed by an isomorphism into
a simply isomorphic sub-group H'; but H and H' are not necessarily con-
jugate within . If however the set of conjugate sub-groups

H17 H27 R Hm7

are the only sub-groups of G of a given type, every isomorphism must
interchange them among themselves; and if no isomorphism transforms
each one of the set into itself, the group of isomorphisms can be represented
as a transitive group of degree m.
Suppose now that no operation of GG is permutable with each of the
conjugate sub-groups
Hi, Ho, ..., Hp,

so that GG, or what in this case is the same thing (since G can have no self-
conjugate operation except identity) the group of cogredient isomorphisms
of G, can be expressed as the transitive group of m symbols that arises on
transforming the set of m sub-groups by each operation of G. Let J be
any operation, of order u, that transforms G and each of the set of m
conjugate sub-groups, into itself. Then J# is the lowest power of J that
can occur in G, since no operation of GG transforms each of the m sub-
groups into itself. Now in {J, G}, the greatest sub-group that contains
H, self-conjugately is {J, I}, I, being the greatest sub-group of G that
contains H, self-conjugately. Also, in {J, G} the set of sub-groups {J, I,.},
(r=1,2,...,m), is a complete conjugate set. Now the set of groups

Iy, Is, ..., I
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have by supposition no common operation except identity; and therefore
the greatest common sub-group of

{J, i}, {J, L2}, ..., {J. I}

is {J}. Hence {J} is a self-conjugate sub-group of {.J, G}; and since G is
also a self-conjugate sub-group of {.J, G}, while {J} and G have no common
operation except identity, J must be permutable with every operation of G.
Every operation therefore which is permutable with G, and with each of
the sub-groups

Hy, Hy, ..., Hyp,

is permutable with every operation of G. Thus finally, no contragredient
isomorphism can transform each of the sub-groups H, (r = 1,2,...,m)
into itself. Hence:—

THEOREM III.  If the conjugate set of m sub-groups
Hy, Ho, ..., Hp

contains all the sub-groups of G of a given type, and if no operation of G is
permutable with each sub-group of the set, the group of isomorphisms of G
can be represented as a transitive group of degree m.

Corollary I. If G contains kp + 1 sub-groups of order p®, where
p® is the highest power of a prime p that divides the order of GG; and if the
greatest sub-group I, that contains a sub-group of order p® self-conjugately,
contains no self-conjugate sub-group of G; then the group of isomorphisms
of GG can be represented as a transitive group of degree kp + 1.

For it has been seen that the groups of order p® contained in G form a
single conjugate set.

Corollary II.  If the conjugate set of m sub-groups of G
Hy, Hy, ..., Hp,

is changed into itself by every isomorphism of G, and if no operation of G
is permutable with every one of these sub-groups; then the group of iso-
morphisms of GG can be expressed as a transitive group of degree m.
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In fact, under the conditions stated, the reasoning applied to prove the
theorem may be used to shew that no isomorphism of G can transform
each of the m sub-groups into itself.

162. Definition.  Any sub-group of a group G which is trans-
formed into itself by every isomorphism of G, is called® a characteristic
sub-group of G.

A characteristic sub-group of a group G is necessarily a self-conjugate
sub-group of GG; but a self-conjugate sub-group is not necessarily charac-
teristic. A simple group, having no self-conjugate sub-groups, can have
no characteristic sub-groups. Let now G be any group, and let K be the
holomorph of G. A characteristic sub-group of G is then a self-conjugate
sub-group of K; and conversely, every self-conjugate sub-group of K which
is contained in G is a characteristic sub-group of G.

Suppose now a chief-series of K formed which contains G. If G has no
characteristic sub-group, it must be the last term but one of this series,
the last term being identity. It follows by § 94 that G must be the direct
product of a number of simply isomorphic simple groups. Hence:—

THEOREM IV. A group, which has no characteristic sub-group, must
be either a simple group or the direct product of simply isomorphic simple
groups.

The converse of this theorem is clearly true.

163. Suppose now that G is a group which has characteristic sub-
groups; and let

G, Gl, ey Gr, Gr+1, ey ].

be a series of such sub-groups, each containing all that follow it and chosen
so that, for each consecutive pair G, and G411, there is no characteristic
sub-group of G contained in G, and containing G,1, except G, itself.
Such a series is called! a characteristic series of G.
It may clearly be possible to choose such a series in more than one way.
If
G, G, ..., G, G, ..., 1

*Frobenius, “Ueber endliche Gruppen,” Berliner Sitzungsberichte, 1895, p. 183.
tFrobenius, “Ueber auflésbare Gruppen, IL” Berliner Sitzungsberichte, 1895, p. 1027.
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be a second characteristic series of GG, then

K, J ..., H G, Gy, ..., Gp, Gpyq, ..., 1
and K, J, ..., H G, G, ..., G}, ;'+1’ |

are two chief-series of K. In fact, if K had a self-conjugate sub-group
contained in G, and containing G,41, then G would have a characteristic
sub-group contained in GG, and containing G,41. The two chief-series of K
coincide in the terms from K to G inclusive. Hence the two sets of factor-
groups

QGG

GGy G
and

¢ o a

Gll, G’2"”’ ;H,...

must be equal in number and, except possibly as regards the sequence in
which they occur, identical in type. Moreover, each factor-group must be
either a simple group or the direct product of simply isomorphic simple
groups.

164. We will now shew how to determine a characteristic series for
a group whose order is the power of a prime*.

First, let the group G be Abelian; and suppose that it is generated
by a set of independent operations, of which ns are of the order p,
(s=1,2,...,7), while

mi1>ma > ... > M.

The sub-group G}, (§ 42), formed of the operations of G’ which satisfy

the relation
w

SP=1,

is clearly a characteristic sub-group. As a first step towards forming the
characteristic series, we may take the set of groups

Gml(: G)’ Gml—l, Gm1—27 ) GZ, Gl, ].,

*Frobenius, [.c., pp. 1028, 1029.
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for this is a set of characteristic sub-groups such that each contains the one
that follows it.

Now the sub-group H, (§ 45), formed of the distinct operations that
remain when every operation of (G is raised to the power p”, is also a charac-
teristic sub-group; and since the operations common to two characteristic
sub-groups also form a characteristic sub-group, the sub-group K, (com-
mon to G, and H,) is characteristic. It follows from this that G will be
a characteristic sub-group only when » = 1. If » > 1, G; is not contained
in Hp,, ,—1, and the common sub-group K7 ,,, ,—1 of these two is charac-
teristic. If r > 2, this sub-group again is not contained in H,, ,_1; and
the common sub-group K1, ,—1 of Gy and Hy,, ,—1 is a characteristic
sub-group contained in K1 4, ,—1. Continuing thus, we form between G
and 1 the series

G17 Kl,mrfl—lu Kl,mT,2—17 Tty Kl,m1—17 1
In a similar way, between G, and G,_1 we introduce such of the series

{Ga—la Ka,m,._l—a}a {Ga—la Ka,m,._g—a}a sy {Ga—la Komm—a}

as are distinct, the symbol mgs — a being replaced by zero where it is
negative.

From the original series we thus form a new one, in which again each
group is characteristic and contains the following. This series may be shewn
to be a characteristic series.

Let

Pms,la Pms,27 ) Pmsms

be the ng generating operations of G, whose orders are p™s. Then if
{Ga=1, Kams—a} and {Ga—1, Kom, ,—a} are distinct, the generating op-
erations of the latter differ only from those of the former in containing the
set

ms—a—+1

PP (r=1,2,...,ng),

ms,T ?

in the place of
7%5793 ’ (93

=1,2,...,ns).
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Now any permutation of the ns generating operations
Poyz, (x=1,2,...,n),

among themselves, the remaining generating operations being unal-
tered, must clearly give an isomorphism of G with itself; and there-
fore no sub-group of G, contained in {Gq—1, Ko ms—a} and containing
{Ga-1,Kam, ,—a}, can be a characteristic sub-group. This result being
true for every pair of distinct groups which succeed each other in the series
that has been formed, it follows that the series is a characteristic series.
It may be noticed that, if I' and I are any two consecutive sub-groups in

r
a characteristic series of GG, the order of T must be p”, where v is one of
the » numbers ng.
Secondly, suppose that G is not Abelian. We may first consider the

series of sub-groups
G7 Hna Hn—la ) H17 1

of § 53. Each of these is clearly a characteristic sub-group, and each con-

HT—|—1

tains the succeeding. Moreover, is an Abelian group; and, by the pro-

cess that we have just investigated:ﬂ a characteristic series may be formed
for it. To each group in this series will correspond a characteristic sub-
group of H, 1 containing H,; and the set of groups so obtained forms part
of a complete characteristic series of G. When between each consecutive
pair of groups in the above series the groups thus formed are interpolated,
the resulting series of groups is a characteristic series for G.

165. The isomorphisms of a given group with itself are closely con-
nected with the composition of every composite group in which the given
group enters as a self-conjugate sub-group. Let G be any composite group
and H a self-conjugate sub-group of G. Then since every operation of GG
transforms H into itself, to every such operation will correspond an iso-
morphism of H with itself. If S is an operation of G not contained in H,
and if the isomorphism of H arising on transforming its operations by S
is contragredient, so also is the isomorphism arising from each of the set
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of operations SH. In this case, no one of this set of operations is per-
mutable with every operation of H. If however the isomorphism arising
from S is cogredient, there must be some operation h of H which gives the
same isomorphism as S; and then Sh~! is permutable with every operation
of H. In this case, the set of operations SH will give all the cogredient
isomorphisms of H.

Suppose now that Hjp is that sub-group of G which is formed of all
the operations of GG that are permutable with every operation of H. Then
to every operation of GG, not contained in {H, H;}, must correspond a
contragredient isomorphism of H; and to every operation of the factor

group ———— corresponds a class of contragredient isomorphisms. If
{H  H 1}

then L is the group of isomorphisms of H, and if L; is that self-conjugate

sub-group of L which gives the cogredient isomorphisms of H, ————
{H JH 1}

L
must be simply isomorphic with a sub-group of 7
1
If now H contains no self-conjugate operation except identity, H and H;

can contain no common operation except identity; and since each of them
is a self-conjugate sub-group of G, every operation of H is permutable with
every operation of Hj. In this case, {H, H1} is the direct product of H
and H 1.

If, further, L coincides with H, so that H admits of no contragredient

isomorphisms, must reduce to identity. In this case, G is the

{Hv Hl}
direct product of H and Hj.

Definition. A group, which contains no self-conjugate operation
except identity and which admits of no contragredient isomorphism, is
called® a complete group.

The result of the present paragraph may be expressed in the form:—

THEOREM V. A group, which contains a complete group as a self-
congugate sub-group, must be the direct product of the complete group and

*Holder, “Bildung zusammengesetzter Gruppen,” Math. Ann., Vol. Xivi (1895),
p. 325.
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some other group*.

166. THEOREM VI. If G is a group with no self-conjugate opera-
tions except identity; and if the group of cogredient isomorphisms of G is
a characteristic sub-group of L, the group of isomorphisms of G; then L 1is
a complete group’.

With the notation of § 158, the operations of L may be represented by
the substitutions
S
S

The group of cogredient isomorphisms, which we will call G', is given by
the substitutions

S

it is simply isomorphic with G.

Now
S\7'( S S\ ([ &
S/ S;18S, )\s")  \sSytsst )
S
—\silss )

and therefore no operation of L is permutable with every operation of G’.
Hence every isomorphism of G’ is given on transforming its operations
by those of L. Suppose now that J is an operation which transforms L
into itself. Since G’ is by supposition a characteristic sub-group of L, the
operation J transforms G’ into itself. If J does not belong to L, we may
assume that .J is permutable with every operation of G’. For if it is not, it
must give the same isomorphism of G’ as some operation S of L; and then
JS~1is permutable with every operation of G’, and is not contained in L.
Now J being permutable with every operation of G’, we have

J s lgs T = s71gs,

*Ibid. p. 325.
THolder (loc. cit. p. 331) gives a theorem which is similar but not quite equivalent
to Theorem VI.
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where s is any operation of L, and g any operation of G’.
Moreover

JgJ ' =g,

and therefore
J s g s T = s71gs.

Hence s and J~!sJ give the same isomorphism of G’. Now no two
distinct operations of L give the same isomorphism of G’, so that s and
J~1sJ must be identical; in other words, J is permutable with every oper-
ation of L. Hence L admits of no contragredient isomorphisms. Moreover,
G’ has no self-conjugate operations, and no operation of L is permutable
with every operation of G’; hence L has no self-conjugate operations. It is
therefore a complete group.

Corollary. If G is a simple group of composite order, or if it is the
direct product of a number of isomorphic simple groups of composite order,
the group of isomorphisms L of GG is a complete group.

For suppose, if possible, in this case that G’ is not a characteristic
sub-group of L; and that, by a contragredient isomorphism of L, G is
transformed into G”. Then G” is a self-conjugate sub-group of L, and each
of the groups G’ and G” transforms the other into itself. Hence (§ 34)
either every operation of G’ is permutable with every operation of G”,
or G’ and G must have a common sub-group. The former supposition
is impossible since no operation of L is permutable with every operation
of G. On the other hand, if G’ and G” have a common sub-group, it is a
self-conjugate sub-group of L and it therefore is a characteristic sub-group
of G'. Now (§ 162) G has no characteristic sub-groups, and therefore the
second supposition is also impossible. It follows that, in this case, G’ is a
characteristic sub-group of L, and that L is a complete group.

167. THEOREM VII. If G is an Abelian group of odd order, and if
K is the holomorph of G, then when G is a characteristic sub-group of K,
the latter group is a complete group.

If N is the order of G, then K can be expressed (§ 158) as a transitive
group of degree N. When K is so expressed, those operations of K which
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leave one symbol unchanged form a sub-group H, which is simply isomor-
phic with the group of isomorphisms of G. Now (§ 160) an Abelian group
of odd order admits of a single isomorphism of order two, which changes
every operation into its own inverse. The corresponding substitution of H
is a self-conjugate substitution in H, and is one of N conjugate substitu-
tions in K. These are the only substitutions of K which transform every
substitution of GG into its inverse. If G is a characteristic sub-group of K,
every isomorphism of A must transform G, and therefore also the set of
N conjugate substitutions of order two, into itself. Also, no substitution
of K can be permutable with each one of these N substitutions, since each
of them keeps just one symbol unchanged. Hence (Theorem III, Cor. II,
§ 161) the group of isomorphisms of K can be expressed as a transitive
group of degree N, which contains G as a transitive self-conjugate sub-
group. But when the group of isomorphisms of K is so expressed, K itself
consists of all the substitutions of the N symbols which are permutable
with G; and at the same time, every isomorphism of K transforms G into
itself. Hence the group of isomorphisms of K must coincide with K it-
self; i.e. K admits of no contragredient isomorphisms. Also K obviously
contains no self-conjugate operation except identity; hence it is a complete

group.

Corollary. The holomorph of an Abelian group of order p™, where
p is an odd prime, and type (1, 1,...,to m units), is a complete group.

For if, in this case, G is not a characteristic sub-group of K, let G’ be
a sub-group of K which, in the group of isomorphisms of K, is conjugate
to G. Then G and G’ being both self-conjugate in K must have a common
sub-group, since K cannot contain their direct product. But the common
sub-group of G and G’, being self-conjugate in K, is a characteristic sub-
group of GG. This is impossible (§ 162); hence G is a characteristic sub-group
of K.

Ex. Shew that the holomorph of an Abelian group of degree 2 and type
(1,1,...,to m units) is a complete group.

168. We shall now discuss the groups of isomorphisms of certain special
groups; and we shall begin with the case of a cyclical group G, of prime or-
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der p, generated by an operation P. Every isomorphism of such a group must
interchange among themselves the p — 1 operations

p p% ..., prl
and if any isomorphism replaces P by P, it must replace P? by P?®, and so on.
Moreover, the symbol
p,p?, ..., prl
po p2a  p-la
does actually represent an isomorphism whatever number a may be from 1 to
p—1; for each operation occurs once in the second line, and the change indicated

leaves the multiplication-table of the group unaltered. If o = p, the symbol does
not represent an isomorphism: if @ = p + o/, the symbol represents the same

isomorphism as
p,p?, ..., prl
po p2f o pl-la)”
The group of isomorphisms of a group of prime order p is therefore a group
of order p — 1. Now the nth power of the isomorphism

(r)
()

Hence if « is a primitive root of the congruence

is

o1 —1=0, (mod. p),
the group of isomorphisms is a cyclical group generated by the isomorphism
()
pa )
Finally, if S is an operation satisfying the relations
sr-l—1, §71ps=pe,

where « is a primitive root of p, {S, P} is the holomorph of G.
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The reader will at once observe that this group of order p(p — 1) is identical
with the doubly transitive group of § 112. It is a complete group.

169. We shall consider next the case of any cyclical group.

Suppose, first, that G is a cyclical group of order p", where p is an odd
prime; and let it be generated by an operation S. The group contains p"~*(p—1)
operations of order p™; if S’ is any one of these,

()

defines a distinct isomorphism. The group of isomorphisms is therefore a group
of order p"~!(p — 1). Moreover, since the congruence

oP" ) = 0, (mod. p"),

has primitive roots, the group of isomorphisms is a cyclical group. The holo-
morph of G is defined by

=1, gD =1 glsg =59,
where « is a primitive root of the congruence
o =) g =, (mod. p").

If G is a cyclical group of order 2", it follows, in the same way, that the group
of isomorphisms is an Abelian group of order 2"~ !. In this case, however, the
congruence

¥ —1=0, (mod. 2"), n>2,

has no primitive root, and therefore the group of isomorphisms is not cyclical.
The congruence )
o —1=0, (mod. 2"

however has primitive roots, and a primitive root « of this congruence can always
be found to satisfy the condition

o =142 (mod. 2").

The powers of the isomorphism
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then form a cyclical group of order 2"~2; and the only isomorphism of order 2

contained in it is
S
Sl4+2n=t J°

(ssa> and (Ssl>’

the latter not being contained in the sub-group generated by the former, are two
permutable and independent isomorphisms of orders 272 and 2. They generate
an Abelian group of order 2"~ ! which is the group of isomorphisms of G. The
corresponding holomorph is given by

Hence

2n2

S =1, JFT =1, J2=1, JiJo=JoJy,
J7IST = 8% JpSJy =S,

where « satisfies the conditions given above.
If G is a cyclical group of order 4, its group of isomorphisms is clearly a group
of order 2.

170. It is now easy to construct the group of isomorphisms of any cyclical
group G, and the corresponding holomorph. If the order of G is 2"p"'py™ ...,
where pi1, po, ... are odd primes, G is the direct product of cyclical groups of
orders 2", pi"*, p5'?, ...; and every isomorphism of G transforms each of these
groups into itself. Hence if the groups of isomorphisms of these cyclical groups
be formed, and their direct product be then constructed, every operation of the
group so formed will give a distinct isomorphism of the group G. Moreover, the

order
2n 1 mi— 1

P — Py (p2 = 1)
of this group is equal to the number of operations of G whose order is
2"p"py'? ..., or in other words to the number of isomorphisms of which G is
Capable. The group thus formed is therefore the group of isomorphisms of G.
The corresponding holomorph is clearly the direct product of the holomorphs of
the cyclical groups of orders 2", pi"!, etc.

When the order of G is odd, the holomorph K is easily shewn to be a complete
group. Suppose it to be expressed transitively, as in § 158, in N symbols, where
N is the order of G; if G is not a characteristic sub-group of K, let G’ be a group
into which G is transformed by a contragredient isomorphism of K. Then G’ is a
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self-conjugate sub-group of K; and since G’ is cyclical, every sub-group of G’ is
a self-conjugate sub-group of K. Hence a generating operation of G’ must be a
circular substitution of N symbols. The N operations of order 2 which transform
each operation of G’ into its own inverse therefore each keep one symbol fixed;
hence each of them must transform every operation of G into its inverse. But
there is only one such set of operations of order 2, and therefore G’ cannot differ
from G. It follows by Theorem VII, § 167 that, as GG is a characteristic sub-group
of K, the group K itself is complete.

If the order of G is even, K must contain a self-conjugate operation other than
identity, namely the operation of order 2 contained in G. Moreover, K admits
of a contragredient isomorphism whose square is cogredient. From the mode of
formation of K, it is clearly sufficient to verify this when the order of G is a
power of 2. The holomorph K is given by

277,—2

S =1, J¥T =1, J2=1, JiJo=JoJy,
IS = 8%, JaSJy =871

where « is a primitive root of
¥ —1=0 (mod. 2"),

such that ,
® " +1%£0 (mod. 2M).

In this group, .Jo is one of 2"~! conjugate operations
Jo, JoS%, IS4, ...

Now it may be directly verified that K admits the isomorphism represented

by
57 Jl 3 JQ
P
S, 7;520-9 1,9

Moreover, since this isomorphism changes Jo into J25, it cannot be a cogredient
isomorphism. Finally, the square of this isomorphism is

S7 Jl ) J2
S, JlSl—a, J252 ’

S? Jl ’ J2
S, S*1J15, SilJQS ’

or
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which is a cogredient isomorphism.

171. We shall next consider the group of isomorphisms of an Abelian
group of order p™ and type (1,1,...,to n units). Such a group is generated by
n independent permutable operations of order p, say

P, Py, ..., P,

Since every operation of the group is self-conjugate and of order p, while the
group contains no characteristic sub-group, there must be isomorphisms trans-
forming any one operation of the group into any other. We may therefore begin
by determining under what conditions the symbol

P,
=1,2,...
<P1alr PQ(ZQT . Pg‘nr> (r » = ’n)7

defines an isomorphism. This symbol replaces the operation P{"' Py*... P*" by
P{'Py?* ... Py, where

Y1 = a1121 + a1222 + ... + A1pTy,

Yo = a2171 + a22%2 + ... + A2p Ty, (mod. p)

Unless the p" operations PJ' PY? ... PY" thus formed are all distinct, when
for P/*Py? ... P is put successively each of the p™ operations of the group,
the symbol does not represent an isomorphism. On the other hand, when this
condition is satisfied, the symbol represents a permutation of the operations
among themselves which leaves the multiplication table of the group unchanged;
it is therefore an isomorphism.

If this condition is satisfied, x1, x2, ..., =, must be definite numbers
(mod. p), when yi1, y2, ..., yn are given; and therefore the above set of n
simultaneous congruences must be capable of definite solution with respect to
the z’s. The necessary and sufficient condition for this is that the determinant

aiy, 12, ..., Qin
az1, a22, ..., Qa2q
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should not be congruent to zero (mod. p).

Every distinct set of congruences of the above form, for which this condition is
satisfied, represents a distinct isomorphism of the group, two sets being regarded
as distinct if the congruence

ars = a,., (mod. p)

does not hold for each corresponding pair of coefficients. Moreover, to the prod-
uct of two isomorphisms will correspond the set of congruences which results
from carrying out successively the operations indicated by the two sets that
correspond to the two isomorphisms.

The group of isomorphisms is therefore simply isomorphic with the group of
operations defined by all sets of congruences

Y1 = a1171 + @122 + ... + A1pn,

Y2 = G211 + A22%2 + ... + A2y,

(mod. p)
Yn = Ap1Z1 + Gn222 + ... + Appln,
for which the relation
ail, 12, , Qlp
a1, a22, ,  Q2n E’E 0 (
mod. p)
anl, 0n2, ,  Onn

is satisfied.

172. The group thus defined is of great importance in many branches of
analysis. It is known as the linear homogeneous group. In a subsequent Chapter
we shall consider some of its more important properties; we may here conve-
niently determine its order. Let this be represented by N,,, so that N, represents
the number of distinct solutions of the congruences

ary, a1z, ..., Qair
a1, @22, ..., Q2p E.E
0 (



[172] THEORY OF FINITE GROUPS. 270

Since the group of isomorphisms of the Abelian group of order p™ transforms
every one of its operations (identity excepted) into every other, it can be rep-
resented as a transitive substitution group of p™ — 1 symbols, and therefore, if
M is the order of the sub-group that keeps P; unchanged,

N, = (" —1)M.

Now, in the congruences corresponding to an operation that keeps P; un-
changed, we have

a1 =1, app=ai3=... = a, =0, (mod. p).

Hence M is equal to the number of solutions of the congruences

1, 0, ..., O
a1, a2, ..., a2p i
0 (mod. p)
anl, ap2, ;  Qnn

The value of the determinant does not depend on the values of as1, as1, ...,

an1, and therefore
M =p"'N,_;.

Hence
Nn = (pn - 1)pn_1Nn717

and therefore immediately

Ny=@"—=1)@"—p)...0" —p" ).

The reader will notice that an independent proof of this result has already
been obtained in § 48. The discussion there given of the number of distinct
ways, in which independent generating operations of an Abelian group of type
(1,1,...,1) may be chosen, is clearly equivalent to a determination of the order
of the corresponding group of isomorphisms.

The holomorph of an Abelian group, of order p™ and type (1,1, ..., to n units),
can similarly be represented as a group of linear transformations to the prime
modulus p. Consider, in fact, the set of transformations

Y1 = a11x1 + a12x2 + ... + apxy + by,
Yo = 211 + G22%2 + . . . + a2 Ty + ba,
(mod. p);

Yn = Ap1T1 + ap2T2 + ... + AppTy + bna
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where the coefficients take all integral values (mod. p) consistent with

ary, ai2, ..., Qin

azi, a2, ..., Q2n E‘E
0.

anl, Qn2, y Qnn

The set of transformations clearly forms a group whose order is N,p™. The
sub-group formed by all the transformations

y1 =x1+ b1, yo =2+ ba, ..., Yo = Ty + by, (mod. p),

is an Abelian group of order p" and type (1,1,...,to n units), and it is a self-
conjugate sub-group. Moreover, the only operations of the group, which are
permutable with every operation of this self-conjugate sub-group, are the oper-
ations of the sub-group itself; and, since the order of the group is equal to the
order of the holomorph of the Abelian group, it follows that the group of trans-
formations must be simply isomorphic with the holomorph of the Abelian group.
In the simplest instance, where p” is 22, the holomorph is simply isomorphic
with the alternating group of four symbols. In any case the holomorph, when
expressed as in § 158, is a doubly transitive group of degree p”.

173. It has been seen in § 142 that, except when n = 6, the symmetric
group of degree n has n and only n sub-groups of order n — 1!, which form
a conjugate set. Hence by Theorem III, § 161, the group of isomorphisms
of the symmetric group of degree n can be expressed, except when n = 6,
as a transitive group of degree n. The symmetric group of n symbols
however consists of all possible substitutions that can be performed on the
n symbols, and therefore it must coincide with its group of isomorphisms.
Hence*:—

THEOREM VIII.  The symmetric group of n symbols is a complete
group, except when n = 6.

Corollary. Except when n = 6, the alternating group of n symbols
admits of one and only one class of contragredient isomorphisms.

For with this exception, the alternating group of degree n has just n
sub-groups of order 3(n — 1)l.

*Holder, Math. Ann. Vol. Xwv1, (1895), p. 345.



[174] THEORY OF FINITE GROUPS. 272

174. The alternating group of degree 6 occurs as a special case of another
class of groups of which we will determine the groups of isomorphisms. These are
the doubly and the triply transitive groups that have been defined in §§ 112, 113.

The doubly transitive group of degree p™ and order p™(p™ — 1) there con-
sidered has a single set of p™ conjugate cyclical sub-groups of order p™ — 1.
Its group of isomorphisms can therefore be expressed as a transitive group of
degree p™. Let p™(p™ — 1)u be the order of the group of isomorphisms. The
order of a sub-group that keeps two symbols fixed is u; and every operation of
this sub-group must transform a cyclical sub-group of order p™ — 1 into itself.
With the notation of § 112, we will consider the sub-group which keeps 0 and 4
fixed. Every operation of this sub-group must transform the cyclical sub-group

generated by the congruence®

o =ix

into itself; and no operation of the sub-group can be permutable with the given
operation. If S is an operation of the sub-group which transforms

into

then S, when represented as a substitution, is given by
< 2, 3, it >
Z’aJrl’ Z‘2a+1’ ,L'3a+1’ .

Now S must transform the sub-group of order p™ into itself; it must therefore
be permutable with that operation of this sub-group which changes 0 into i.
This operation is given by

=x+1,
and if we denote it by T, then S™'T'S changes ¥*! into i®*T!, where

¥ .
za+1 +i= ’LZ+1.

*This and all subsequent congruences in the present section are to be taken,
(mod. p).
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Now T changes i¥*! into #¥! + i. Hence, since S and T' are permutable, we
must for all values of y have the simultaneous congruences

Y L
ZO<+1 +i= ZZ+1,

and
R e

Eliminating z, the congruence

Y
1+ =(1+ia)”

must hold for all values of y from 0 to p”™ — 1. If « is not a power of p, this
congruence involves an identity of the form

a1t® +agi™ 4+ ... =0,

where all the indices are less than p” — 1; and this is impossible. Hence the only
possible values of a are p, p?, p?, ...; and the greatest possible value of y is m.
Now the congruence
2 =P

defines a substitution performed on the p” symbols permuted by the group, and
this substitution is permutable with the group. For if we denote this operation
by J, and any operation

¥ =ax+ B

of the group by ¥, then J~'%.J is
¥ = oPx + [P,

another operation of the group. Moreover, J clearly transforms

=iz
into its pth power.
The group of isomorphisms of the doubly transitive group of order p™ is
therefore the group defined by

/! - [ - [
¥ =ir, r=x+i, x =P
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where 7 is a primitive root of the congruence

am—1
i 1.

From this it immediately follows that the group of isomorphisms of the triply
transitive group, of degree p”* + 1 and order

(™ + p" (@™ — 1),

defined by the congruences
, _ax+ S

yr 46

where «, (3, v, d satisfy the conditions of § 113, is the group of order (p™ +
1)p™(p™ — 1)m obtained by combining the previous congruences with

x

x = aP.

In fact, it may be immediately verified that the operation given by this
congruence is permutable with the group, and does not give a cogredient isomor-
phism of the group. Moreover, by Theorem III, § 161, the group of isomorphisms
of the given group can be expressed as a transitive group of degree p™ + 1; and
therefore, among a class of contragredient isomorphisms, there must be some
transforming into itself a sub-group which keeps one symbol fixed. Hence the
order of the group of isomorphisms cannot exceed

(@™ + 1p™ (™ - )m.

When p is an odd prime, the triply transitive group of degree p™ + 1, which
may be defined by
/ 1 / . / .
r=-——, T =, T =x-+1,
T
contains as a self-conjugate sub-group a doubly transitive group defined by

! A -
, I :1293, r =x+1.

It will be shewn in Chapter XIV that this is a simple group. When p™ is
equal to 3%, it is easy to verify that this group is simply isomorphic with the
alternating group of degree 6.
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The group of isomorphisms of this simple group can be expressed as a transi-
tive group of degree p”* + 1, and must clearly contain the triply transitive group
of order (p"+1)p™(p™ —1) self-conjugately. It therefore coincides with the group
of order (p™+1)p™(p"™ —1)m, which has just been determined. The latter group
is therefore (Theorem VI, Cor. § 166) a complete group. Further, if the simple

L
group be denoted by G and the group of isomorphisms by L, the factor group e
will be determined by

¥ =iz, 2 =aP,
when all operations of G are treated as the identical operation. Denoting these
operations by I and J, then J~'I.J is IP, which is the same as I multiplied by

an operation of G. Hence L is an Abelian group generated by two independent
operations of orders 2 and m.

The group of isomorphisms of the alternating group of degree 6 is therefore
a group of order 1440; and the symmetric group of degree 6 admits a single class
of contragredient isomorphisms*.

175. Let P be any group whose order is the power of a prime, and
let
P? P17 P27"'7PTL71
of orders
pa7 pa17 pa27 ctt Pan? 1
be a characteristic series (§ 163) of P. FEvery isomorphism of P must

P,
" into itself.

transform P, and P, into themselves, and therefore also
r+1
Suppose now that an isomorphism [ of P transforms every operation of

P,

P, into itself and every operation of into itself. If S is any operation

r+1
of P, not contained in P,;1, I must transform S into SA, where A is

some operation of P,i1; so that, if p# is the order of A, I transforms
the operations of the set SP,;1 cyclically among themselves in sets of p*.
Similarly, if S” is an operation of P, not contained in the set SP, 1, I will
transform the operations of the set S'P,..1 cyclically among themselves in
sets of p“/. Hence the order of the isomorphism [ is a multiple of p; and

*Holder, loc. cit. p. 343.
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any isomorphism, that transforms every operation of P41 into itself and

T

every operation of into itself and is of order prime to p, will transform

r+
every operation of P, into itself. Therefore, the only isomorphism of P,
that transforms every operation of each of the groups
P P P,
- L., 2l op
PP by,

into itself and is of order prime to p, is the identical isomorphism. Now each
of these groups is an Abelian group, whose operations are all of order p;
and it has been shewn that, if p is the order of such a group, the order
of its group of isomorphisms is

P =" —p)... (" =" ).

Every isomorphism of P, whose order is relatively prime to p, must
therefore be such that its order is a factor of one of the expressions of the
above form, obtained by writing

a— a1, 01 —Q, ..., On,

in succession for m. If then k is the greatest of these numbers, the order of
any isomorphism of P, whose order is relatively prime to p, is a factor of

p-1E*=1)...(" —1).

Herr Frobenius* has introduced the symbol ¥( P) to denote this product.

If G is a group of order p"'p3?...p%", where p1, p2, ..., pp are distinct
primes, and if P, P, ..., P, are groups of orders p{!, p5?, ..., po»

contained in G, we shall use the symbol J(G) to denote the least common
multiple of

I(P), IR, ..., I(P).

176. If P’ is a sub-group of a group P of order p®, J(P’) is not
necessarily a factor of (P). For instance, the group of order p*, generated

*“Ueber auflosbare Gruppen, 11,” Berliner Sitzungsberichte, 1895, p. 1028.
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by the four operations A, B, C', D of order p, of which A and B are

self-conjugate while
D7CD = CA,

has a characteristic sub-group {A, B} of order p?, and it has no character-
istic sub-group of order p3. Hence

I(P)=(p— 1" —1).

The sub-group P’ however, which is generated by A, B and C, is an
Abelian group whose operations are all of order p; and therefore

IP)=(p-1)p*-1)p*-1).

So again, for the Abelian group P of order p?, generated by A and B,
where

AP =1, BP—=1, AB= BA,

we have

J(P)=p—1;

while its sub-group P’, generated by AP and B, is an Abelian group whose
operations are all of order p, so that

I(P) = (p—1)(p* - 1).

Suppose now that P is an Abelian group of order p®, generated by
p independent and permutable operations. For such a group, we define* a
new symbol 6(P) by the equation

0(P)=(p—1)(p*—1)...(p" — 1).

In forming the characteristic series of P in § 164, we commenced with
the series of groups G, (r = 1,2,...), such that G, consists of all the
operations of P satisfying the relation

sPh— 1.

*Frobenius, loc. cit. p. 1030.
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Since P is generated by p independent operations, the order of G}

r+1

is p”, and the order of cannot be greater than p”. If the generating

,
operations of P are all of the same order (3, the series

P7 Gﬂflv Gﬁ*Qa sy G17 1

1.
is of

is a complete characteristic series of P, and each factor-group
,
order p”. In this case, therefore,

If however the generating operations are not all of the same order,
G'1 will not be the last term of the complete characteristic series; nor will
Gr—i—l

Gr+1 and G, be consecutive terms in the series, if the order of is pP.
Hence, in this case, J(P) will be a factor of (P).

If now P’ is any sub-group of P, then it has been seen (§ 46) that
the number of independent generating operations of P’ is equal to or less

than p. Hence 6(P') is equal to or is a factor of 6(P).

r

177. THEOREM IX. If a group G, of order N, is transformed into
itself by an operation S, whose order is relatively prime to NO(G), every
operation of G is permutable with S*.

Let pi* be the highest power of a prime p; which divides N. The
number of sub-groups of G, and therefore also of {S,G}, whose order
is p|"! is a factor of N; and since the order of S is relatively prime to N,
one at least of them, say P, must be transformed into itself by S. Now
the order of S is relatively prime both to p; and to ¥(P;); and therefore
the isomorphism of P given on transforming its operations by S must be
the identical isomorphism. In other words, S is permutable with every
operation of Pi. In the same way it follows that, if p3?, p5®, ... are the
highest powers of pa, p3, ... that divide N, there must be sub-groups of
orders py?, pg®, ... with every operation of each of which S is permutable.

*Frobenius, loc. cit. p. 1030.
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But these groups of orders pi*, p3?, ps®, ... generate G; therefore S is
permutable with every operation of G.

Corollary. If the order of an isomorphism of G is relatively prime
to N, it must be a factor of ¥(G).

It follows immediately, from the theorem, that there is no isomorphism
of G whose order contains a prime factor not occurring in NJ(G). Suppose,
if possible, that the group of isomorphisms of G contains an operation S
of order ¢, where ¢ is a prime which does not divide N, and that the
highest power of ¢ that divides ¥(G) is qml, where m’ < m. If p?" is the
highest power of any prime p, which divides N, S must transform some
sub-group P, of order p&" into itself. Since ¢'" is not a factor of ¥(P,),
some power of S must be permutable with every operation of P.. Hence,
as in the theorem, it follows that some power of S, certainly Sqmil, must
be permutable with every operation of G. But no operation of the group
of isomorphisms of G, except identity, is permutable with every operation
of G. Hence the group of isomorphisms cannot contain an operation of
order ¢, if m > m/; and therefore there is no isomorphism of G' whose

order contains a higher power of ¢ than qm/. If then qrq”'/ ..., a number

relatively prime to IV, is the order of an isomorphism of GG, all the numbers
/

q", ¢, ... are factors of ¥(G), and so also is their product.

178. The method, by which it has been shewn in § 175 that the order
of any isomorphism of P, which transforms every operation of each of the

groups and P,y into itself is a power of p, may be used to obtain

r+1
the following more general result.

THEOREM X. If H is a self-conjugate sub-group of G, the order of an
isomorphism of G, which transforms every operation of each of the groups

G
I and H into itself, is a factor of the order of H.

If S is any operation of G not contained in H, the isomorphism will
change S into Sh, where h is some operation of H. If then m is the order
of h, the isomorphism transforms

S, Sh, Sh®, ..., SK™ 1
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cyclically; and therefore it transforms all the operations of the set SH in
cycles of m each. If S’ is any operation of G not contained in SH, the
isomorphism will interchange the operations of the set S’H among them-
selves in cycles of m’ each, where m’ again is the order of some operation
of H. The isomorphism, when expressed as a substitution performed on
the operations of G, will consist of a number of cycles of m, m’, ... sym-
bols; and its order is therefore the least common multiple of m, m/, ....
Now if ¢ is any prime that divides the order of H, and ¢" the highest power
of ¢ that occurs as the order of a cyclical operation of H, no power of g
higher than ¢" can occur in any of the numbers m, m/, ...; and ¢" is there-
fore the highest power of ¢ that can occur in their least common multiple.
This least common multiple, which is the order of the isomorphism, must
therefore divide the order of H.

179. Ex. 1. Shew that, for the group of order p? defined by

PP=1, Q°=1, RP=1, Q 'PQ=PR,
RP = PR, RQ =QR,

the symbol
P, Q R
P*QYR?, P*QPRY, R"
gives an isomorphism if
Br —ay =n, (mod. p).
Hence determine the order of the group of isomorphisms.
Ex. 2.  Shew that, for the group of order p? defined by

PP’ =1, Q°=1, Q 'PQ = P!*?,

P, Q
(0 o)

gives an isomorphism if z is not a multiple of p; and determine the order of the
group of isomorphisms.

the symbol
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Ex. 3. Shew that the group of isomorphisms of the group of order 2",
defined by (§ 63)

2n—1 2n—2

P =1, Q*=pP" ", Q'PQ=pr",

is of order 22773 when n > 3. If n = 3, its order is 24 and it is simply isomorphic
with the last type but one of § 84.

Ex. 4. If G is a complete group of order N, shew that the order of K, the
holomorph of G, is No; and that the order of the holomorph of K is 2N4.



CHAPTER XII
ON THE GRAPHICAL REPRESENTATION OF GROUP*.

180. OUR discussions hitherto have been confined exclusively to
groups of finite order. When however, as we now propose to do, we con-
sider a group in relation to the operations that generate it, it becomes
almost necessary to deal, incidentally at least, with groups whose order is
not finite; for it is not possible to say a priori what must be the number
and the nature of the relations between the given generating operations,
which will ensure that the order of the resulting group is finite.

Many of the definitions given in respect of finite groups may obviously
be extended at once to groups containing an infinite number of operations.
Among these may be specially mentioned the definitions of a sub-group,
of conjugate operations and sub-groups, of self-conjugate sub-groups, of
the relation of isomorphism between two groups and of the factor-group
given by this relation. In regard to the last of them, the isomorphism
between two groups, one at least of which is not of finite order, may be
such that to one operation of the one group there correspond an infinitely
great number of operations of the other. On the other hand, all the results
obtained for finite groups, which depend directly or indirectly on the order
of the group, necessarily become meaningless when the group is not a group
of finite order.

181. Suppose that
S1, S2, ..., Sp

represent any n distinct operations which can be performed, directly or
inversely, on a common object, and that between these operations no rela-
tions exist. Then the totality of the operations represented by

L.SoSPSY .

*The investigations of this Chapter are due to Dyck, “Gruppentheoretische Studien,”
Math. Ann., Vol. XX, (1882), pp. 1-44. We have followed Dyck’s memoir closely except
in two respects. Firstly, we have used a rather more definite geometrical operation
than that of the memoir; and secondly, we have not specially considered a regular and
symmetric division of a closed surface, apart from a merely regular division.

282
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where the number of factors is any whatever and the indices are any positive
or negative integers, form a group G of infinite order, which is generated
by the n operations. If, moreover, whenever such a succession of factors as
Sy Sg occurs in the above expression, it is replaced by Sy 0 , each operation
of the group can be expressed in one way and in one way only by an
expression of the above form, which is then called reduced.

It will sometimes be convenient to avoid the use of negative indices in
the expression of any operation of the group. To this end we may write

S159...5,50+1 = 1,
so that Sy,11 is a definite operation of the group; then
St =8,01842...5504151...Sr—1, (r=1,2,...,n).

By using these relations to replace all negative powers of operations wher-
ever they occur, we may represent every operation of the group in a single
definite way by means of the n + 1 operations

S1, S2, ...y Sny Snt1,

with positive indices only.

The group, thus defined and represented, is the most general group con-
ceivable that is generated by n distinct operations. Any two such groups,
for which n is the same, are simply isomorphic with each other.

Suppose now that

gl? §27 SRR Sn

represent n distinct operations, but that, instead of being entirely inde-
pendent, they are connected by a relation of the form

which will be represented by
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If G is the group generated by these operations, an isomorphism may
be established between G and G by taking S; (i = 1,2,...,n) as the
operation of G that corresponds to the operation .S; of G.

Then to every operation of G

B
...SESQSQ...
will correspond a single definite operation
SaTET
L SYSST

of G; for the supposition that two distinct operations of G correspond to
the same operation of GG leads to the result that between the generating
operations of G there is a relation, which is not the case. On the other hand,
to the identical operation of G there will correspond an infinite number
of distinct operations of G, namely those which are formed by combining
together in every possible way all operations of G of the form

RMf(S)R,

where R is any operation of (G. These operations of G form a self-
conjugate sub-group H; the corresponding factor-group T is simply
isomorphic with G. o

If between the generating operations of G there are several independent
relations

(S =1, f(S)=1, ..., fulS)=1,

it may be shewn exactly as before that the groups G and G are isomor-
phic in such a way that to the identical operation of G' there corresponds
that self-conjugate sub-group of GG, which is formed by combining in every
possible way all the operations of G of the form

R_lfj(Si)R, (j=1,2,...,m).

182. We may at once extend the result of the preceding paragraph
in the following way:—
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THEOREM 1. If G is the group generated by the n operations
St1, S2, ..., Shn,
between which the m relations

fi(Si) =1, fo(Si) =1, ..., [f(S) =1,

exist; and if G is the group generated by the n operations

gla §27 SRR STU
which are connected by the same m relations

AS) =1, fS)=1, ..., fulS)=1,

as hold between the generating operations of G, and by the further m’ re-
lations

91(52‘) =1, QQ(Si) =1, ... gm’(§i> =1

— G
then G 1s simply isomorphic with the factor-group T where H 1s that self-

conjugate sub-group of G, which results from combining in every possible
way all operations of the form

R™'gi(S)R, (j=1,2,...,m"),

R being any operation of G.

In proving this theorem, it is sufficient to notice that, if we take
S; (i=1,2,...,n) as the operation of G which corresponds to the
operation S; of GG, then to each operation of G a single definite operation
of G will correspond, while to the identical operation of G there
corresponds the self-conjugate sub-group H of G.

The theorem just stated is of such a general nature that it is perhaps desirable
to illustrate it by considering shortly some simple examples.

Let us take first the case of a group G, generated by two independent op-
erations S7 and Sy, subject to no relations; and let us suppose that the single
relation



[182] THEORY OF FINITE GROUPS. 286

holds between the generating operations of G. The self-conjugate sub-group H
of G then consists of all the operations

gl

of G which reduce to identity if we regard S7 and S as permutable; or, in other
words, of those operations of G for which the relations

simultaneously hold.
In respect of this sub-group, the operations of G can be divided into an
infinite number of classes of the form

SPSIH.

For the operations of the class STSJH, multiplied by those of the class
Sf/Sg/H , give always operations of the class

SPsIsy 9 H,
since H is a self-conjugate sub-group; and, because
poagp o _ optp' | ¢—P cacp ¢—a . gatd
515251 55 =517 - 517551 5,7 -5,

while Sfp/SgSflS;q belongs to H, the class SngSfISSIH is the same as
Sprp , SéHqIH . Hence the operations of any two given classes, multiplied in either

G
order, give the same third class; and therefore the group T is an Abelian group

generated by two permutable, but otherwise unrestricted, operations.
As a second illustration, we will choose a case in which G is of finite order.
Let G be generated by the operations S and T', which satisfy the relations

S3=1, T3=1, (ST)?®=1,;
and for E, suppose that the generating operations satisfy the additional relation
(ST%)3 = 1.
Then H is formed by combining in all possible ways the operations

RY(ST?)3R.
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Now it may be easily verified that in G, the operation ST? belongs to a set
of three conjugate operations

ST?, TST, T2S;

and that these three operations are permutable among themselves, while their
product is identity. Hence H consists of the Abelian group

(ST?)>*(TST)*;
and in respect of H, G may be divided into 27 classes of the form
ST(ST*Y(TST)*H, (x,y,2=0,1,2).

The group G will be defined by the laws according to which these 27 classes
combine among themselves; and the reader will have no difficulty in verifying
that it is isomorphic with the non-Abelian group of order 27, whose operations
are all of order 3 (§ 73).

Ex. If Si(=1), S, ..., Sy are the operations of a group G of finite order,
prove that the totality of the operations of the form S, 1Sq_ lSqu generate a

G
self-conjugate sub-group H; and that the group T is an Abelian group. Shew

G
also that, if H' is a self-conjugate sub-group of G' and if i is Abelian, then

H' contains H.
(Miller, Quarterly Journ. of Math., Vol. XxXvIil1, (1896), p. 266.)

183. For the further discussion of a group, as defined by its generating
operations and the relations between them, a suitable graphical mode of
representation becomes of the greatest assistance. To this we shall now
proceed.

In the simple case in which the group is generated by a single unre-
stricted operation, such a representation may be constructed as follows.
Let C7 and C_1 be two circles which touch each other; Cy and C_9 the
inverses of C'_1 in C'1 and C in C_1; ('3 and C_3 the inverses of C_5 in C}
and Cy in C_1, and so on. These circles (fig. 1) divide the plane in which
they are drawn into an infinite number of crescent-shaped spaces. Suppose
now that the space between | and C_; is left white, and the spaces be-
tween C7 and Cy and between C_; and C_9 (on either side of this white
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space) are coloured black; the next pair on either side left white, the next
coloured black, and so on. Then any white space may be transformed into
any other (and any black into any other) by an even number of inver-
sions at the circles C_; and C7; and if S denote the operation consisting
of an inversion at C'_; followed by an inversion at C7, the space between
C_1 and (' will be transformed into another perfectly definite white space
by the operation 5", while conversely the operation necessary to transform
the space between C'_; and C into any other given white space will be a
definite power of S. Hence if one of the white spaces, say that between
C_1 and (1, is taken to correspond to the identical operation, there is then
a unique correspondence between the white spaces and the operations of
the group generated by the unrestricted operation S; and the figure that
has been constructed gives a graphical representation of the group. It
should be noticed that the actual geometrical process of inversion, which
has been here used to construct the spaces corresponding to the operations
of the group, is in no way essential to the graphical representation. It is
however convenient as giving definiteness to the construction; and later,
when we deal with the case of a general group, such definiteness becomes
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almost a necessity.
In a precisely similar manner, the group generated by a single relation S,
satisfying the relation
St =1,
may be treated. In this case, we take two circles C_; and ] intersecting
at an angle %, and from these form, as before, the circles obtained by

successive inversions. This gives a finite series of n circles, each of which

T
intersects the two next to it on either side at angles —, while the n circles

divide the plane into 2n spaces. If these are left white and coloured black
in alternate succession, and if one of the white is taken to correspond to
the identical operation, there is a unique correspondence between the white
spaces and the operations of the group generated by S, where S represents
the result of successive inversions first at C'_; and then at C.

This operation obviously satisfies the relation

St=1
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and no simpler relation; so that the figure gives a graphical representation
of a cyclical group of order n.

The systems of circles in figures 1 and 2 have a common geometrical
property which may be noticed here as it will be of use in the sequel.
Successive inversions at any one of the pairs C_; and C7, C7 and Cj,
Cy and (3 are equivalent to the operation S; and therefore successive
inversions at C'_; and C, are equivalent to the operation S”. Hence the
result of an even number of inversions at any of the circles in either figure
is equivalent to some operation of the group that the figure represents.

184. We may now proceed to construct a graphical representation of
the group which is generated by n operations subject to no relations. To
this end, suppose n + 1 circles drawn, each of which is external to all the
others while each touches two and only two of the rest. Such a system can
be drawn in an infinite variety of ways: we will suppose, to give definiteness
and simplicity to the resulting figure, that the n + 1 points of contact lie
on a circle, which cuts the n 4 1 circles orthogonally. If these n + 1 points
taken in order are Ay, Ao, ..., Ant1, the successive circles are A,41A41,
A1As, ..., ApAny1. We will suppose that only so much of these circles
is drawn as lies within the common orthogonal circle A1As ... Ap41. The
n+1 circular arcs A, +1A1, A1 Ao, ... then bound a finite simply connected
plane figure which we will denote provisionally by P. Suppose now that
P is inverted in each of its sides, that the resulting figures are inverted in
each of their new sides, and so on continually. Then from their mode of
formation no two of the figures thus arising can overlap either wholly or in
part; and when the process is continued without limit, every point in the
interior of the orthogonal circle AjAs ... A, will lie in one and only one
of the figures thus formed from P by successive inversions.

If P’ is any one of the figures or polygons so formed, the set of inversions
by which it is derived from P is perfectly definite. For suppose, if possible,
that P’ is derived from P by two distinct sets of inversions represented by
¥ and ¥'. Then ¥~ ! is a set of inversions in the sides of P which trans-
forms P into itself. But every set of inversions necessarily transforms P
into some polygon lying outside it, and therefore

wy =1,
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or the set of inversions composing > is identical term for term with the

As

e—

set composing /. It immediately follows that the polygons can be divided
into two sets, according as they are derived from P by an even or an odd
number of inversions. The latter we shall suppose coloured black, and the
former (including P) left white. Every white polygon will be surrounded
by black polygons and vice versa. Since there is only one definite set of
inversions that will transform P into any other white polygon P’, the n+1
corners of P’ will correspond one by one to the n+1 corners of P; and when
the perimeters of the two polygons are described in the same direction of
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rotation with regard to their interiors, the angular points that correspond
will occur in the same cyclical order. On the other hand, in order that the
corresponding angular points of a white and a black polygon may occur
in the same cyclical order, their perimeters must be described in opposite
directions. In consequence of these results, we may complete our figure
(fig. 3) by lettering every angular point of every polygon with the same
letter that occurs at the corresponding angular point of the polygon P.

185. Ifnow 17,15, ..., T),+1 represent inversions at A; As, AsAs, ...,
Ap+1A1, the operation T, 17T, leaves the corner A, of P unchanged and
it transforms P into the next white polygon which has the corner A, in
common with P, the direction of turning round A, coinciding with the
direction Ap41A, ... Aq of describing the perimeter of P. For brevity, we
shall describe this transformation of P as a positive rotation round A,.
If then we denote the operation 7,._17} by the single symbol S, we may
say that S, produces a positive rotation of P round A,. Let P; be the
new polygon so obtained; and let P be the polygon into which any other
white polygon P’ is changed by a positive rotation round the corner of P’
that corresponds to A,. Then if ¥ is the set of inversions that changes P
into P’, it also changes P into P/: so that %7153 changes P’ into P, i.e.
produces a positive rotation round the corner A, of P’; and S,Y changes
P into PJ.

Let us now represent the operations

Ty, Thls, ..., TyTh41,

by
Sl, 52, ey Sn+1,

so that
S159...9,50+1 = L.

Then every operation, consisting of a pair of inversions in the sides of P,
can be represented in terms of

817 527 SSa BRI Sn
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For an inversion at A,A,1, followed by an inversion at AgAsi1, is given
by T, Ts; and
TTs = TTTT+1 : Tr+1Tr+2 s Ts 1Ty

= r+1sr+2 c.e Ss

If s > r, this is of the form required. If s < r, the term 5,11 that then
occurs may be replaced by

Sytst syts

Hence finally, every operation consisting of an even number of inversions
in the sides of P can be expressed in terms of

517 527 537 ) STL7

and with a restriction to positive indices, every such operation can be
expressed in terms of

517 SQ? ceey Sn7 S’IH—I-

Now it has been seen that no two operations, each consisting of a set
of inversions in the sides of P, can be identical unless the component in-
versions are identical term for term. Hence no two reduced operations of
the form

f(Si)

are identical; in other words, the n generating operations
Slu SQ? BRI Sn

are subject to no relations.
If then we take the polygon P to correspond to the identical operation
of the group G generated by

S1, S2, ..., Sh,

each white polygon may be taken as associated with the operation which
will transform P into it. The foregoing discussion makes it clear that in this
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way a unique correspondence is established between the operations of G
and the system of white polygons; or in other words, that the geometrical
figure gives a complete graphical representation of the group.

Moreover, since the operation ¥~15,¥ is a positive rotation round the
corner A, of the polygon ¥ (calling now P the polygon 1), a simple rule
may be formulated for determining by a mere inspection of the figure what
operation of the group any given white polygon corresponds to.

This rule may be stated as follows. Let a continuous line be drawn
inside the orthogonal circle from a point in the white polygon 1 to a point
in any other white polygon, so that every consecutive pair of white polygons
through which the line passes have a common corner, a positive rotation
round which leads from the first to the second of the pair. This is always
possible. Then if the common corners of each consecutive pair of white
polygons through which the line passes, starting from 1, are A,, Ay, ...,
Ay, Ag, the final white polygon corresponds to the operation

SSy ... SySy*.

186. The graphical representation of a general group we have thus arrived
at is only one of an infinite number that could be constructed; and we choose this
in preference to others mainly because the form of the figure and the relative
positions of the successive polygons are readily apprehended by the eye. As
regards the mere establishment of such a representation we might, still using
the process of inversion for the purpose of forming a definite figure, have started
with n 4+ 1 circles each exterior to and having no point in common with any
of the others. Taking as the figure P the space external to all the circles and
inverting it continually in the circles, we should form a series of black and white
spaces of which the latter would again give a complete picture of the group. It
is however only necessary to begin the construction of such a figure in order to
convince ourselves that it would not appeal to the eye in the same way as the
figure actually chosen.

*The reader who refers to Prof. Dyck’s memoir should notice that the definition
of the operation S, above given is not exactly equivalent to that used by Prof. Dyck.
With his notation, the white polygon here considered would correspond to the operation
SpSq ... SpSs.
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Moreover, as in the representation of a cyclical group, the process of inversion
is in no way essential to the representation at which we arrive. Any arbitrary
construction, which would give us the series of white and black polygons having,
in the sense of the geometry of position, the same relative configuration as our
actual figure, would serve our purpose equally well.

187. If ¥ is the operation which transforms P into P/, and if Q is
the black polygon which has the side A,A,;1 in common with P, then
¥ transforms @ into the black polygon which has in common with P’
the side corresponding to A, A,y1. If then we take @) to correspond to
the identical operation, any black polygon will correspond to the same
operation as that white polygon with which it has the side A,A,41 in
common. In this way we may regard our figure as divided in a definite
way into double-polygons, each of which represents a single operation of
the group.

188. We have next to consider how, from the representation of a
general group whose n generating operations are subject to no relations, we
may obtain the representation of a special group generated by n operations
connected by a series of relations

Fj(Si):l, (j:1,2,...,m).

It has been seen (§ 181) that to the identical operation of the special
group there corresponds a self-conjugate sub-group H of the general group;
or in other words, that the set of operations ¥ H of the general group give
one and only one operation in the special group.

Hence, to obtain from our figure for the general group one that will
apply to the special group, we must regard all the double-polygons of the
set X H as equivalent to each other; and if from each such set of double-
polygons we choose one as a representative of the set, the totality of these
representative polygons will have a unique correspondence with the oper-
ations of the special group.

We shall first shew that a set of representative double-polygons can
always be chosen so as to form a single simply connected figure. Starting
with the double-polygon, P, that corresponds to the identical operation
of the general group as the one which shall correspond to the identical
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operation of the special group, we take as a representative of some other
operation of the special group a double-polygon, P», which has a side in
common with Pj. Next we take as a representative of some third operation
of the special group a double-polygon which has a side in common with
either P, or P»; and we continue the choice of double-polygons in this way
until it can be carried no further. The set of double-polygons thus arrived at
of necessity forms a single simply connected figure C', bounded by circular
arcs; and no two of the double-polygons belonging to it correspond to the
same operation of the special group. Moreover, in C' there is one double-
polygon corresponding to each operation of the special group. To shew
this, let C’ be the figure formed by combining with C' every double-polygon
which has a side in common with C; and form C” from C’, C" from C”, and
so on, as C’ has been formed from C. From the construction of C' it follows
that every polygon in C’ is equivalent, in respect of the special group, to
some polygon in C. Similarly, every polygon in C” is equivalent to some
polygon in C” and therefore to some polygon in C'; and so on. Hence finally,
every polygon in the complete figure of the general group is equivalent to
some polygon in C', in respect of the special group; and therefore, since
no two polygons of C' are equivalent in respect of the special group, the
figure C' is formed of a complete set of representative double-polygons for
the special group.

Suppose now that S is a double-polygon outside C', with a side A7.A]
belonging to the boundary of C'. Within C' there must be just one polygon,
say ST, of the set SH. If this polygon lay entirely inside C', so as to have
no side on the boundary of C', every polygon having a side in common with
it would belong to C. Now since S and ST are equivalent, every polygon
having a side in common with S is equivalent to some polygon having a side
in common with ST. Hence since C' contains no two equivalent polygons,
ST must have a side on the boundary of C; and if this side is A A” 1
the operation T of H transforms Aj.A]_ ; into AJA" ;. Moreover, no op-
eration of A can transform A} A]_; into another side of C; for if this were
possible, C' would contain two polygons equivalent to S. It is also clear
that, regarded as sides of polygons within C, AjA]_ | and A7A!_ | belong
to polygons of different colours. Hence a correspondence in pairs of the
sides of C' is established: to each portion Aj.A!. of the boundary of C,

r
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which forms a side of a white (or black) polygon of C, there corresponds
another definite portion A7A”_ |, forming a side of a black (or white) poly-
gon of C, such that a certain operation of H and its inverse will change
one into the other, while no other operation of H will change either into
any other portion of the boundary of C'.

The system of double-polygons forming the figure C, and the corre-
spondence of the sides of C' in pairs, will now give a complete graphical
representation of the group. For the figure has been formed so that there is
a unique correspondence between the white polygons of C' and the opera-
tions of the group, such that until we arrive at the boundary the previously
obtained rule will apply; and when we arrive at a polygon on the boundary,
the correspondence of the sides in pairs enables the process to be continued.

189. From the mode in which the figure C' has been formed, no two of
the figures C'H can have a polygon in common, when for H is taken in turn
each operation of the self-conjugate sub-group H of the general group G,
also the complete set contains every double-polygon of our original figure.
This set of figures, or rather the division of the original figure into this
set, will then represent in a graphical form the self-conjugate sub-group H
of G. Moreover, the operations which transform corresponding pairs of
sides of C' into each other will, when combined and repeated, clearly suffice
to transform C' into any one of the figures C'H and will therefore form a
set of generating operations of H.

190. A simple example, in which the process described in the preceding
paragraphs is actually carried out, will help to familiarize the reader with the
nature of the process and will also serve to introduce a further modification of
our figure. The example we propose to consider is the special group with two
generating operations which are connected by the relations

S3=1, S3=1, 5.9 =555
As a first step, we will take account only of the relation
5189 = 5251,
and form for this special group the figure C'. All operations
LSl
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for which Xa,, and X5, have given values, are in the special group identical. We
may thus select from the figure for the general group the set of polygons

SSSlﬁ (o, = —00 to + 00)

as a set of representative polygons; and a reference to the diagram* (fig. 4) makes
it clear that this set of polygons forms a figure with a single bounding curve. The
black polygon which corresponds to the operation X has here been chosen as that
which has the side A1 A5 in common with the white polygon X.

Each double-polygon, except those of the set S7*, contributes two sides to
the boundary of C', one belonging to a white polygon and one to a black. The

m +]

polygons, which border C' and have sides in common with SgSlﬁ , are S1.5% Sl’B and
ST 1S§‘S{3 ; and these, regarded as operations of the special group, are equivalent
to Sg‘Sf 1 and SQO‘Sf ~!. Hence the correspondence between the sides of C' is
such that

(i) to the side A; Az of the white polygon SQQSlB corresponds the side A; As
of the black polygon S?Sffl;

(ii) to the side A;As of the black polygon Sg‘Sf corresponds the side A; A3

of the white polygon 5550,

*In fig. 4 the orthogonal circle, which is not shewn, is taken to be a straight line.
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When we now take account of the additional relations
S3=1, S5=1,

the figure C is found to reduce to a set of nine double-polygons, which is com-
pletely represented by fig. 5.

In addition to the correspondences between the sides of C' to which those just
written simplify when the indices of S; and Ss are reduced (mod. 3), we have
now also the correspondences, indicated in the figure by curved lines with arrow-
heads, which result from the new relations. Our figure may be further modified in
such a way that its form takes direct account of these four new correspondences.
Thus without in any way altering the configuration of the double-polygons, from
the point of view of geometry of position, we may continuously deform the figure
so that the pairs of corresponding sides indicated by the curved arrow-heads
are brought to actual coincidence. When this is done, the resulting figure will
have the form shewn in fig. 6. The correspondence in pairs of the sides of the
boundary is indicated in the figure by full and dotted lines. The two unmarked
portions A1 A3A; correspond, as also do the two similar portions marked with a
full line, and the two marked with a dotted line.

It will be noticed that, in this final form of the figure for the special group,
direct account is taken of the finite order of the generating operations S7 and S
and also of the operation S7.52. The simplification of the figure that results by
thus taking account directly of the finite order of the generating operations, and
the greater ease with which the eye follows this simplified representation, are
immediately obvious on a comparison of figs. 5 and 6.

191. In the applications of this graphical representation of a group
that we have specially in view, namely to groups of finite order, the gener-
ating operations themselves are necessarily of finite order. The generating
operations

S1, S92, ..., S,

of such a group may be taken as of orders
mi, M2, ..., Mnp;

and if
S159...9.50+1 =1,
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then S),4+1 will be of finite order m,, 1. We shall therefore next consider a
group generated by n operations which satisfy the relations

S{m:l, Sgw:l, ey SZL”:L (5152...Sn)m”+1:1.

The simple example we have given makes it clear that, at least in some
particular cases, relations of this form may be directly taken into account in
constructing our figure; in such a way that in the complete figure, consisting
of a finite or an infinite number of double-polygons, the correspondence in
pairs of the sides of the boundary, if any, will depend upon further relations
between the generating operations.
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We may, in fact, always take account of relations of the form in question
in the construction of our figure as follows.
Let us take as before n + 1 arcs of circles

Ap1Ar, A1Ag, oo Ap1An, AnAnia,
bounding a polygonal figure P of n + 1 corners; but now, instead of sup-

posing the circles A,_1A, and A,A,11 to touch at A,, let them cut at an
angle (measured inside P) of

—, (r=1,2,...,n),

while A, Ap+1 and A, 4147 cut at an angle . Such a figure can again

Mp+1
be chosen in an infinite variety of ways: we will suppose that it is drawn

so that the n 4 1 circles have a common orthogonal circle. This clearly is
always possible; but it is not now necessarily the case that this orthogonal
circle is real. Let the figure P be now inverted in each of its sides; let the
new figures so formed be inverted in each of their new sides; and so on con-
tinually. Then since the angles of P are sub-multiples of two right angles,
no two of the figures thus formed can overlap in part without coinciding
entirely. Moreover, when the process is completely carried out, every point
within the orthogonal circle when it is real, and every point in the plane
of the figure when the orthogonal circle is evanescent or imaginary, will lie
in one and in only one of the polygons thus formed from P by successive
inversions.

192. Exactly as with the general group, these polygons are coloured
white or black according as they are derivable from P by an even or an odd
number of inversions. The corners of any white polygon correspond one by
one to the corners of P; so that, when the perimeters of the polygons are
described in the same direction, corresponding corners occur in the same
cyclical order.

If now the operation of successive inversions at A,11A4; and AjAs is
represented by S1, and that of successive inversions at A,_1 A, and A, A, 41
by S, (r = 2,3,...,n); all operations, consisting of an even number of
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inversions in the sides of P, can be represented in terms of
S1, So, ..., Sp.

Moreover, from the construction of the polygon P, these operations
satisfy the relations

Sfh=1, Sy?=1, ..., Sm=1, St =1,

where

$1S5. .. SuSni1 = L.

Again, if P’ is any white polygon of the figure, which can be derived
from P by the operation X, a positive rotation (§ 185) of P’ round its
corner A’ is effected by the operation ¥~15,%; and, if P" is the polygon
so obtained, P” is derived from P by the operation S,.X. It is to be observed
that a positive rotation of a polygon round its A, corner is now an operation
of finite order m,.

Suppose now that two operations ¥ and ¥’ transform P into the same
polygon P’, so that ©%/~! leaves P unchanged. If this operation, written
at length, is

Se...SPSyse,

and if P is transformed into P; by a positive rotation round Ay repeated
0 times, P; into P, by a rotation round its corner A, repeated 7y times,
and so on; then the operation may be indicated by a broken line drawn
from P to Pp, from P; to P>, and so on, the line returning at last to P.
But the operation indicated by such a line is clearly equivalent to complete
rotations, (i.e. rotations each of which lead to identity), round each of the
corners which the broken line includes. In other words, ¥3/~! reduces to
identity when account is taken of the relations which the generating op-
erations satisfy. Hence finally, to every white polygon P’ will correspond
one and only one of the operations of the group, namely that operation
which transforms P into P’. The same is clearly true of the black polygons;
and by taking P and a chosen black polygon which has a side in common
with P as corresponding to the identical operation, the required unique
correspondence is established between the complete set of double-polygons
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in the figure and the operations of the group, the relations which the gen-
erating operations satisfy being directly indicated by the configuration of
the figure. Moreover, as with the general group (§ 185), a simple rule may
be stated for determining, from an inspection of the figure, the polygon
that corresponds to any given operation of the group.

193. The number of polygons in the figure and therefore the order
of the group will still, in general, be infinite. We may now proceed, just
as in the previous case of a quite general group, to derive from the figure
representing the group G, generated by n operations satisfying the relations

SM—1  SM2=1 ... STm=1 (85...5,)" " =1,

a suitable representation of the more special group G, generated by n op-
erations which satisfy the above relations and in addition the further m re-
lations

As has been seen in § 182, if H is the self-conjugate sub-group of GG
which is formed by combining all possible operations of the form

R7f(Si)R,

and if ¥ is any operation of GG, then the set of operations X H, regarded
as operations of G, are all equivalent to each other. From each set of
polygons Y H in the figure of G, we may therefore choose one to represent
the corresponding operation of GG; and, as was shewn with the general
group, a complete set of such representative polygons may be selected
to form a connected figure, i.e. a figure which does not consist of two
or more portions which are either isolated or connected only by corners.
Moreover, as in the former case, the sides of this figure C' will be connected
in pairs A.Al, and AA” |, which are transformed into each other by
some operation 7" of H and its inverse, while no other operation of H will
transform either Aj.A]_ , or ATA’ ;| into any other side of C.

It is not now however necessarily the case that the figure (', as thus
constructed, is simply connected. Let us suppose then that C' has one
or more inner boundaries as well as an outer boundary, and denote one of
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these inner boundaries by L. If the sides of L do not all correspond in pairs,
and if A7 A]. . is a side of L such that the other side A7 A!_ | corresponding
to it does not belong to L, we may replace the double-polygon P” in C of
which AJ'A, is a side by the double-polygon, not previously belonging
to C, of which Al A, is a side. If P” has a side on the boundary L,
the new figure C’ thus obtained will have one inner boundary less than C'
and if P” has no side on the boundary L, the new inner boundary L’ that
is thus formed from L will contain one double-polygon less than L, while
the number of inner boundaries is not increased. This process may be
continued till the new inner boundary L; which replaces L is such that all
of its sides correspond in pairs.

Let now AsAg1 and AL Al 41 be a pair of corresponding sides of Ly,
such that AgAsy1 is transformed into AJA ; by an operation h of the
self-conjugate sub-group H. A side A;A¢41 of another boundary of C' may
be chosen such that AgAs+1 and A;Ay4q are sides of a simply connected
portion, say B, of C; while no side of Lj except AsAs11 forms part of the
boundary of B. The polygons of B are equivalent, in respect of the special
group, to those of Bh. Moreover, since the sides of L1 correspond in pairs,
no side of Bh, except A{A} ;| can coincide with a side of L;. Hence when
B is replaced by Bh, the inner boundary L; will be got rid of and no new
inner boundary will be formed. Finally then, C' may always be chosen so
as to form a single simply connected figure.

The simply connected plane figure C', which has thus been constructed,
with the correspondence of the sides of its boundary in pairs, will now give
a complete graphical representation of the special group. The rule already
formulated will determine the operation of the group to which each white
polygon corresponds; and when, in carrying out this rule, we come to a
polygon on the boundary, the correspondence of the sides of the boundary
in pairs will enable the process to be continued.

The correspondence of the sides of C' in pairs involves a correspondence
of the corners in sets of two or more. Thus if A, is a corner of C' and
if, of the m, white polygons which in the complete figure have a corner
at A,, ny lie within C, there must within C' be m,, — n; white polygons
equivalent to the remainder, and each of these must have an A, corner
on the boundary. If A/ is a corner of C' such that there are ng white
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polygons, lying within C' and having a corner at Al and if one of the sides
of the boundary with a corner at A/ corresponds to one of the sides of the
boundary with a corner at A,, these ng white polygons must be equivalent
to ng of the white polygons, lying outside C' and having a corner at A,. If

niy +ng < My,

there must be a third corner A’ contributing ng more white polygons
towards the set. With this we proceed as before; and the process may
be continued till the whole of the m, white polygons surrounding A, are
accounted for. The set of corners A,, A, A’ ... will then form a set of
corresponding corners, which are equivalent to each other in respect of the
special group; and the whole of the corners of C' may be divided into such
sets. At each set of corresponding corners A, of C' there must clearly be
also m, black polygons belonging to C'; and the sum of the angles of C' at
a set of corresponding corners must be equal to four right angles.

194. When the order of the group is finite, we may still further so
modify our figure as to take account of the correspondence of the sides
of the boundary in pairs. We may, in fact, by a suitable bending and
stretching of the figure, bring corresponding sides of the boundary to actual
coincidence. When this is done, the figure will no longer be a piece of a
plane with a single boundary, but will form a continuous surface, which
is unbounded and in general is multiply connected. Every point A, on
the surface, which in the plane figure did not lie on the boundary, will be
a corner common to 2m, polygons alternately black and white; and, in
consequence of what has just been seen in regard to the correspondence of
corners of the boundary, the same is true for every point A, on the surface
which in the plane figure consisted of a set of corresponding corners of the
boundary. If N is the order of the group, the continuous unbounded surface
will be divided into 2N polygons, black and white. The configuration of
the set of white polygons with respect to any one of them will, from the
point of view of geometry of position, be the same as that with respect to
any other; and the like is true for the black polygons. Such a division of
a continuous unbounded surface is described as a regular division; and we
have finally, as a graphical representation of any group of finite order IV, a
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division of a continuous surface into 2NV polygons, half black and half white,
which is regular with respect to each set. The correspondence between the

Fig. 7.

operations of the group and the white polygons on the surface is given by
the rule that a single positive rotation of the white polygon ¥ round its
corner A, leads to the white polygon S,3.

195. We may again here illustrate this final modification of the graphical
representation of a finite group by a simple example. For this purpose, we choose
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the group defined by

St=1, S;y=1, S§=1,
515983 =1, S;1919:8; = 1.

This group (§ 74) is a non-Abelian group of order 8, containing a single
operation of order 2. The reader will have no difficulty in verifying that the
plane figure for this group is given by fig. 7; and that opposite sides of the
octagonal boundary correspond. The single operation of order 2 is

St(= S5 = S3);

this corresponds to a displacement of the triangles among themselves in which
all the six corners remain fixed. If now corresponding sides of the boundary
are brought to coincidence, the continuous surface formed will be a double-holed
anchor-ring, or sphere with two holes through it. A view of one half of the surface
divided into black and white triangles, is given in fig. 8. The half of the surface,
not shewn, is divided up in a similar manner; and the operation of order 2
replaces each triangle of one half by the corresponding triangle of the other, an
operation which clearly leaves the six corners of the polygons undisplaced.

196. The form of the plane figure C', which with the correspondence
of its bounding sides in pairs represents the group, is capable of indefinite
modification by replacing individual polygons on the boundary by equiv-
alent polygons. If however we reckon a pair of corresponding sides of the
boundary as a single side and a set of corresponding corners of the bound-
ary as a single corner, it is clear that, however the figure may be modified,
the numbers of its corners, sides and polygons remain each constant. This
may be immediately verified on replacing any single boundary polygon by
its equivalent.

If now A be the number of corners, and E the number of sides in the
figure C' when reckoned as above, 2N being the number of polygons, then
the connectivity™ 2p 4+ 1 of the closed surface is given by the equation

2p=2+F —2N — A.

*Forsyth, Theory of Functions, p. 325.
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When the group and its generating operations are given, the integer p
is independent of the form of the plane figure C', which as has been seen is
capable of considerable modification. The plane figure C' however depends
directly on the set of generating operations that is chosen for the group.
For a given group of finite order, such a set is not in general unique; and
the number of generating operations as well as their order will in general
vary from one set to another. It does not necessarily follow, and in fact
it is not generally the case, that the connectivity of the surface by whose
regular division the group is represented, is independent of the choice of
generating operations. There must however obviously be a lower limit
to the number p for any given group of finite order, whatever generating
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operations are chosen; this we shall call the genus of the group*.

197. We shall now shew that there is a limit to the order of a group
which can be represented by the regular division of a surface of given
connectivity 2p 4+ 1. If N is the order of such a group, generated by the
n operations

S1, So, ..., Sy,
which satisfy the relations
Sit=1, Si?=1, ..., Sm=1,
S159...5,=1;

the surface will be divided in 2N polygons of n sides each. Let Ay, Ag, ...,
A, be the angular points of one of these polygons; and suppose that on
the surface there are C7 corners in the set to which A; belongs, C5 in
the set to which As belongs, and so on. Round each corner A, there are
2m, polygons; and each polygon has one and only one corner of the set to
which A, belongs. Hence
Crm, = N,
and so
1

my

Ci+Co+...+Cp=N>
1

Again, each side belongs to two and only to two polygons, so that the
number of sides is

Nn.

Using these values for A and E in the formula of § 196, we obtain the
equation

2(p—1):N(n—2—ii>.

1 My

A complete discussion of this equation for the cases p = 0 and p = 1
will be given in the next chapter.

*Hurwitz, “Algebraische Gebilde mit eindeutigen Transformationen in sich,” Math.
Ann. XL1, (1893), p. 426.
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When p is a given integer greater than unity, we can determine the
greatest value that is possible for N by finding the least possible positive
value of the expression

i 1
n—2—> —.
1 My
If n > 4, this quantity is not less than %, since m, cannot be less than 2.
If n = 4, the simultaneous values
mi=mgo=m3=my=2

are not admissible, since they make the expression zero. Its least value in

this case will therefore be given by
m1:m2:m3:2, m4:3;

and the expression is then equal to %.
If n = 3, we require the least positive value of

K=1- L 1 1
mi m2 m3
Now the three sets of values
m1:3, m2—3, m3:3,
m1 =2, mg=4, m3=4,
and mp =2, mo =3, m3=06,

each make K zero; and therefore no positive value of K can be less than

the least of those given by

mp =3, mg=3, m3=4,
mp = 27 m2 =4, M3 = 57
and m; =2, me=3, mg3=".

These sets of values give for K the values %, 2—10 and ﬁ. Hence finally,
the absolutely least positive value of the expression is ﬁ, and therefore the

greatest admissible value of N is

84(p —1).
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Hence*:—

THEOREM II.  The order of a group, that can be represented by the
reqular division of a surface of connectivity 2p+ 1, cannot exceed 84(p—1),
p being greater than unity.

198. If, when a group is represented by the regular division of an
unbounded surface, we draw a line from any point inside the white poly-
gon 1 (or any other polygon) returning after any path on the surface to
the point from which it started, it will represent a relation between the
generating operations of the group. For in following out along the line so
drawn the rule that determines the operation of the group corresponding
to each white polygon, some operation

F(S;)

will be found to correspond to the final polygon; and this being the white
polygon 1, it follows that
F(S;) = 1.

If the surface is simply connected, any such line can be continuously
altered till it shrinks to a point; and therefore the n + 1 relations between
the n generating operations completely define the group, since all other
relations can be deduced from them.

If however the surface is of connectivity 2p + 1, there are 2p indepen-
dent closed paths that can be drawn on the surface, no one of which can
by continuous displacement either be shrunk up to a point or brought to
coincidence with another; and every closed path on the surface can by con-
tinuous displacement either be brought to a point or to coincidence with
a path constructed by combination and repetition of the 2p independent
paths’. Any one of these 2p independent paths will give a relation between
the n generating operations of the group, which cannot be deduced from
the n + 1 relations on which the angles of the polygons depend. Moreover,
every relation between the generating operations can be represented by a
closed path on the surface; and therefore there can be no further relation

*Hurwitz, loc. cit. p. 424.
tForsyth, Theory of Functions, p. 330.
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independent of the original relations and those obtained from the 2p in-
dependent paths. There cannot therefore be more than 2p independent
relations between the n generating operations of a group, in addition to
the n + 1 relations that give the order of the generating operations and of
their product; 2p+ 1 being the connectivity of the surface by whose regular
division into n-sided polygons the group is represented.

The 2p relations given by 2p independent paths on the surface are not,
however, necessarily independent. In fact we have already had an example
to the contrary in § 195. On the closed surface, by the regular division of
which the group there considered is represented, four independent closed
paths can be drawn. Any three of the corresponding relations can be
derived from the fourth by transformation.

The only known cases in which the 2p relations are independent are
those of a class of groups of genus one (§ 205).

Ex. Draw the figure of the group generated by S7, S2, S3, where
S?=1, S3=1, S§=1, 81853 =1.
Shew from the figure that the special group, given by the additional relation
(5155)% =1,

is a finite group of order 48; and that it can be represented by the regular division
of a surface of connectivity 5.

Note to § 194.

If in the process of bending and stretching, described in § 194, by means
of which the plane figure C' is changed into an unbounded surface, the angles
of the polygons all remain unaltered, the circles of the plane figure will become
continuous curves on the surface. These curves on the surface, which we will
still call circles, are necessarily re-entrant. It is not however necessarily the case
that, on the surface, a circle will not cut itself.

In the plane figure for the general group, an inversion at any circle of the
figure leaves the figure unchanged geometrically but interchanges the black and
white polygons. Each circle is, in fact, a line of symmetry for the figure such
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that, in respect of it, there is corresponding to every white polygon a symmetric
black polygon and vice versa.

Similarly on the surface a circle which does not cut itself may be a line of
symmetry, such that a reflection at it is an operation of order two which leaves
the surface and its division into polygons unchanged, but interchanges black and
white polygons. When this is the case, every circle on the surface will be a line
of symmetry and no circle will cut itself. On the other hand no such operation
can ever be connected with a circle which cuts itself.

When such lines of symmetry exist, Prof. Dyck speaks of the division of the
surface as regular and symmetric.



CHAPTER XIII.

ON THE GRAPHICAL REPRESENTATION OF GROUPS: GROUPS OF
GENUS ZERO AND UNITY: CAYLEY’S COLOUR GROUPS.

199. WE shall now proceed to a discussion in the cases p = 0 and
p = 1 of the relation

noo1
2(p—1) N(n 2 lemr>,
which connects the number and the orders of the generating operations of
a group with the order of the group itself; and to the consideration of the
corresponding groups.

For any given value of p, other than p = 1, we may regard this relation
as an equation connecting the positive integers N, n, my, mo, ..., my. It
does not however follow from the investigations of the last Chapter that
there is always a group or a set of groups corresponding to a given solution
of the equation. In fact, for values of p greater than 1, this is not necessarily
the case. We shall however find that, when p = 0, there is a single type
of group corresponding to each solution of the equation; and that, when
p = 1, there is an infinite number of types of group, all characterized by a
common property, corresponding to each solution of the equation. When
p = 0, the groups are (§ 196) of genus zero; and all possible groups of genus
zero are found by putting p = 0 in the equation. The groups thus obtained
are of special importance in many applications of group-theory; for this
reason, they will be dealt with in considerable detail.

200. When p = 0, the equation may be written in the form

(-)-50-2)

in this form, it is clear that the only admissible values of n are 2 and 3.
First, let n = 2. The only possible solution then is

N =mj =mo =n,

315
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n being any integer. The corresponding group is a cyclical group of order n.

Secondly, let n = 3. In this case, one at least of the three integers
m1, ma, m3 must be equal to 2, as otherwise the right-hand side of the
equation would be not less than 2. We may therefore without loss of
generality put m; = 2. If now both mgy and ms3 were greater than 3, the
right-hand side would still be not less than 2; and therefore we may take
mg to be either 2 or 3. When m; and ms are both 2, the equation becomes

giving

where n is any integer.
When my is 2 and my is 3, the equation is

2 1 1

N 6 mg
This has three solutions in positive integers; namely,

ms = 3, N = 12;
mg =4, N = 24;
and m3 =25, N =60.

The solutions of the equation for the case p = 0 may therefore be
tabulated in the form:—

mi mg m3 N

I | n|n n
II| 2 2 | n |2n
Inry 2 | 3 | 3 |12
IV 2] 31| 4|24
Vi2]|3]5]60
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201. That a single type of group actually exists, corresponding to
each of these solutions, may be seen at once by returning to our plane
figure. The sum of the internal angles of the triangle Ay A2As3 formed by
circular arcs is, in each of these cases, greater than two right angles; and
the common orthogonal circle is therefore imaginary. The complete figure
will therefore divide the whole plane into black and white triangles, so
that there are no boundaries to consider. Moreover, the number of white
triangles in each case must be equal to the corresponding value of N; for
the preceding investigation shews that this is a possible value, and on the
other hand the process, by which the figure is completed from a given
original triangle, is a unique one. There is therefore a group corresponding
to each solution; and the correspondence which has been established in
any case between the operations of a group and the polygons of a figure,
proves that there cannot be two distinct types of group corresponding to
the same solution.

202. The plane figure for p = 0 does not, in fact, differ essentially
from the figure drawn on a continuous simply connected surface in space.
The former may be regarded as the stereographic projection of the latter.
The five distinct types are represented graphically by the following figures.

The first is a cyclical group, and the figure (fig. 9) does not differ
essentially from fig. 2 in § 183.

The group given by the second solution of the equation is called the
dihedral group. It is represented by fig. 10.

The group given by the third solution of the equation is represented in
fig. 11. It is known as the tetrahedral group.

To the fourth solution of the equation corresponds the group repre-
sented by fig. 12. It is known as the octohedral group.

To the fifth solution of the equation corresponds the group represented
in fig. 13. It is known as the icosahedral group.

The four last groups are identical with the groups of rotations which
will bring respectively a double pyramid on an n-sided base, a tetrahedron,
an octohedron, and an icosahedron to coincidence with itself in each case*.

*Klein, “Vorlesungen iiber das Ikosaeder,” Chap. I.
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When the figures are drawn on a sphere, and the three circles of the
original triangle and therefore also all the circles of the figure are taken
to be great-circles of the sphere, the actual displacements of the triangles
among themselves which correspond to the operations of the group can be
effected by real rotations about diameters of the sphere; thus the statement
of the preceding sentence may be directly verified.

203. In terms of their generating operations, the five types of group
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of genus zero are given by the relations:—

. St=1, Sy=1, S159 = 1;
I S2=1, S3=1, S{=1, S51%55;=1;
M. S?=1, S§=1, S3=1, 51%S;=1;
IV. S2=1, S§=1, S5=1, 51%5;=1;
V. S§2=1, Si=1, S§=1, S51553=1.

The first of these does not require special discussion.
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In the dihedral group, we have
S19381 = $152 = S 1.

The dihedral group of order 2n therefore contains a cyclical sub-group
of order n self-conjugately; and every operation of the group which does
not belong to this self-conjugate sub-group is of order 2. The operations
of the group are given, each once and once only, by the form

5058 (a=0,1; B=0,1,2,...,n—1).

When n = 3, this group is simply isomorphic with the symmetric group
of three symbols.
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In the tetrahedral group, since

(S182)" = 1,
Sy 181551 = $251 55!,

and therefore Si, Sy 15152, 595155 L are permutable with each other.
These operations of order 2 (with identity) form a self-conjugate sub-group
of order 4; and the 12 operations of the group are therefore given by the
form

55(S5151592)°57,
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or

95575557, (a=0,1,2; 8,7 =0,1).
I

S1 = (12)(34),
then

Sy = (123),

S182 = (134);
and therefore the tetrahedral group is simply isomorphic with the alter-
nating group of four symbols.
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If, in the octohedral group, we write
53 =9

then
SyS" = S1S3 = S15354;

and therefore

(525")3 = 1.
Hence So and S’ generate a tetrahedral group.
Again
515951 = (525")?,
and

515781 = S99'85° L

so that this is a self-conjugate sub-group. The operations of the group are
given, each once and once only, in the form

508052785530 (a,7,6=0,1; =0,1,2).

It
S1=(12), Sz =(234),

then
S159 = (1342);

and therefore the octohedral group is simply isomorphic with the symmet-
ric group of four symbols.

The icosahedral group is simple. It is, in fact, simply isomorphic with
the alternating group of five symbols which has been shewn (§ 111) to be
a simple group. Thus if

S1=(12)(34), Sz = (135),

then
S152 = (12345);
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so that the substitutions S and S5 satisfy the relations
S2=1, S3=1, (5%) =1

They must therefore generate an icosahedral group or one of its sub-
groups. On the other hand, from the substitutions S; and Sy all the even
substitutions of five symbols may be formed, and these are 60 in number.
The group therefore cannot be a sub-group of the icosahedral group; the
only alternative is that the two are identical.

As the icosahedral group has no self-conjugate group, we cannot in this
case so easily construct a form which will represent each operation of the
group just once in terms of the generating operations. It is however not
difficult to verify that this is true of the set of forms*

5§ 898188 8991525,87,

a,f=0,1,2,34).
595153515551, ( )

204. We shall next deal with the equation in the case p = 1. In
this case alone, the order of the group disappears from the equation, which
merely gives a relation between the number and order of the generating
operations. This may be written in the form

and n must therefore be either 4 or 3.
When n is 4, the equation becomes

1 1 1 1
2= —+ —+ —+—,
mi mo ms may

and the only solution is clearly

m1:m2:m3:m4:2.

*Dyck, “Gruppentheoretische Studien,” Math. Ann. xX, (1882), p. 35, and Klein,
loc. cit. p. 26.
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When n is 3, the equation takes the form
1 1 1

l=— 4 — 4 —

my mg  m3’

and is easily seen to have three solutions, viz.

m1:3, m2:3, m3:3;
mi =2, mo=4, m3z=4;

and m; =2, mo =3, m3=~6.

205. Take first the solution
n=4, mp=mo=m3=my=1.
The corresponding general group is defined by the relations

S?=1, S3=1, Si=1, S3=1,
51595354 = 1.

If we proceed to form the plane figure representing this group, the sum
of the internal angles of the quadrilateral A;AsA3A4 is equal to four right
angles, and the four circles that form it therefore pass through a point.
If this point be taken at infinity, the four circles (and therefore all the
circles of the figure) become straight lines. The plane figure will now take
the form given in fig. 14, and the four generating operations are actual
rotations through two right angles about lines through A, Ao, A3z and Ay,
perpendicular to the plane of the figure.

Every operation of the group is therefore, in this form of representation,
either a rotation through two right angles about a corner of the figure or
a translation; and it will clearly be the former or the latter according as
it consists of an odd or an even number of factors, when expressed in
terms of the generating operations. The operations which correspond to
translations form a sub-group; for if two operations each consist of an
even number of factors, so also does their product. Moreover, this sub-
group is self-conjugate, since the number of factors in ¥~1SY is even if the
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Fig. 14.

number in S is even. This self-conjugate sub-group is generated by the two
operations

8152 and 5283;
for

5153 = 5152 - 5253,
S981 = (S152)™1, S3S5% = (S253)~F, S351 = (S253) H(S192) "

and therefore every operation containing an even number of factors can be
represented in terms of 5152 and S9S3. Lastly, these two operations are
permutable with each other; for

5253 - 5159 = 5253 - S453 = 5153 = 5152 - 52.53;

and therefore every operation of the group is contained, once and only
once, in the form

S?(SIS2>/B(SQS3)77 (Oé - 071 : ﬁ77 = —00,... 707 AR OO)

The results thus arrived at may also be verified very simply by purely
kinematical considerations. If a group generated by Si, So, S3 and Sy is
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of finite order, there must, since it is of genus 1, be either one or two addi-
tional relations between the generating operations; and any such relation is
expressible by equating the symbol of some operation of the general group
to unity. Such a relation is therefore either of the form

51(5152)8(5253)¢ = 1,

or

(51S2)b(8253)c = 1.

The operation S1(S152)%(S253)¢ of the general group, consisting of an
odd number of factors, must be a rotation round some corner of the figure,
say a rotation round the corner A, of the white quadrilateral >; it is
therefore identical with £~15,%.

Now the relation

gy =1,
gives

Sp=1.

A relation of the first of the two forms is therefore inconsistent with the
supposition that the group is actually generated by Si, S2 and S3. It, in
fact, reduces the generating operations and the relations among them to

ST=1, S3=1, S2=1, S515S;3=1,

which define a group of genus zero.
The only admissible relations for a group of genus 1 are therefore those
of the form
(5132)6(5233)6 =1

A single relation of this form reduces the operations of the general group
to those contained in

S(8192)7(S253)",
(=0,1;, p=0,1,...,b—1; y=—00,...,0,...,00);

and the group so defined is still of infinite order.
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Finally, two independent relations

(S152)(9253)" =1,
(515)" (S253) =1,

where

b ¢

Ve
must necessarily lead to a group of finite order. If m is the greatest common
factor of b and ¥/, so that

b=0bm, b ="bm,
where by and b) are relatively prime; and if
bir — by =1;

the two relations give
/ /
(5253>cblfc b1 _ 1’

and ,
(5152)’” = (SQSg)C y—er,

Every operation of the group is now contained, once and only once, in
the form

S (5152)7(5253)7,
(a=0,1; 3=0,1,...,m—1; y=0,1,...,cb} — b1 —1);

and the order of the group is 2(bd’ — V'c).
206. Corresponding to the solution

n=3, mi=mo=m3=3,
we have the general group generated by S1, S, S3, where

S}=1, S3=1, Si=1,
515553 = 1.
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Fig, 15,

The sum of the three angles of the triangle A; As A3 is two right angles,
and therefore again the circles in the plane figure (fig. 15) may be taken as
straight lines. When the figure is thus chosen, the generating operations
are rotations through %7‘( about the angles of an equilateral triangle; and
every operation of the group is either a translation or a rotation.
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The three operations
5153, 525182, 8351,

when transformed by Sa, are interchanged among themselves. When trans-
formed by S7 they become

5251, 5255518951, S3535%,

and since

(5152)3 =1,

the two latter are Sng and S257.59 respectively.
Hence the three operations generate a self-conjugate sub-group; and
since

5153 - 595189 - S351 = 1,

this sub-group is generated by 5153 and S2.5155.
These two operations are permutable; for

5157 555150 = S8 = 555152515 - Sy = 525155 - 5153

Hence finally, every operation of the group is represented, once and only
once, by the form

50(5152)%(92519)7, (a=0,1,2; B,v=—00,...,0,...,00).

This result might also be arrived at by purely kinematical considera-
tions; for an inspection of the figure shews that the two simplest transla-
tions are

5155 and 535155,

and that every translation in the group can be obtained by the combination
and repetition of these. Every operation in which the index « is not zero
must be a rotation through %71’ or %7? about one of the angles of the figure;
it is therefore necessarily identical with an operation of the form

DIREICES
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If now the group generated by S, Sz, S3 is of finite order, there must
be either one or two additional relations between them. A relation of the
form

S(5153)7(825152)¢ = 1,
where a is either 1 or 2, is equivalent to
ylsiy =1
so that
Sy =1.

Such a relation would reduce the group to a cyclical group of order 3. This
is not admissible, if the group is actually to be generated by two distinct
operations S7 and So.
A relation
(5152)2(555155)¢ =1,

gives, on transformation by S o1
(525152)17(5351)6 =1.

Now

5251 = (S153)71(525199) 71,

so that
(5152)7¢(52519)" ¢ = 1.

If m is the greatest common factor of b and ¢, so that

where O/ and ¢’ are relatively prime; and if
Ve —cdy=1,

the two relations
(5152)2(555155)¢ =1,

and

(515%)7¢(52519) ¢ =1,
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lead to o
(525152)711(11 —b'c'+c¢ ): 17

and - |
(SISZ)m = (525182>m{(0 —b)y—c x};

and every operation of the group is contained, once and only once, in the
form

5%(5152)%(925192)7,

where
a=0,1,2 3=0,1,....m—1; v=0,1,...,m@b? = +?) —1.

Thus the group is of finite order 3(b> — bc 4 ¢?). In this case then, unlike
the previous one, a single additional relation is sufficient to ensure that
the group is of finite order. Any further relation, which is independent,
must of necessity reduce the group to a cyclical group of order 3 or to the
identical operation.

207. The two remaining solutions may now be treated in less detail.
The general group corresponding to the solution

n=3 mi=2 mo=m3=4,
is given by

S?=1, S3=1, S3=1,
S15953 =1,
and is represented graphically by fig. 16.

All the translations of the group can be generated from the two opera-
tions

5153, S251Ss;

and every operation of the group is given, once and only once, by the form

5206(815%)13(325152)7’ (a = 07 ]" 27 37 /8’7 = _oo’ R 707 et OO)'
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An additional relation of the form
S5(5153)7(S25182)¢ = 1,
where a is 1, 2 or 3, leads either to
S1=1, Se=1 or S3=1,

and is therefore inconsistent with the supposition that the group is gener-
ated by two distinct operations.
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An additional relation
(5152)%(525157)¢ = 1

gives

(5153)7(925182)" =1
and if
b = blmu c=cm,
bll' + Cly = 1’
where by and ¢; are relatively prime, these relations are equivalent to
(525152)"1(17%“%) =1,
(S182)™ = (858, Sy)m(brw—ers),

Every operation of the group is then contained, once and only once, in
the form

S (S153)7(525155)7,
(0=0,1,2,3; B=0,1,....m—1; y=0,1,...,m(b3 4+ 2) — 1);
and the order of the group is 4(b* 4 c?).
208. Lastly, the general group corresponding to the solution
n=3 m; =2, mg=3 m3=06,
is given by

S?=1, S3=1, S%=1,
515253 = 1;
and it is represented graphically by fig. 17.

Now it may again be verified, either from the generating relations or
from the figure, that the two operations

5352 and  S355S3,
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which are permutable with each other, generate all the operations which in
the kinematical form of the group are translations; and that every operation
of the group is represented, once and only once, by the form

55(5353)7(539353)"7,
(=0,1,...,5; B,v=—00,...,0,...,00).

Also as before, any further relation, which does not reduce the group
to a cyclical group, is necessarily of the form

(5252)0(535255)° = 1.
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On transforming this relation by Sg° ! we obtain

(S35285)°(S5252)¢ = 1.

Now
5355 = (9553) 7 (5355.53);
so that
(5352)7¢(535253)0T¢ = 1.
If then

b=bm, c=cm,

bix + iy = 1,
where by and c; are relatively prime, it follows that
(535353)m(b§+b1c1+c%) — 1,
and
(S3S3)™ = (S S Sy miivrertv=a)),

Every operation of the group is then contained, once and only once, in
the form

55 (5353)° (5355537,
(=0,1,...,5: B=0,1,....m—1; y=0,1,...,m(b3 + bie; + ) — 1);
and the order of the group is 6(b* + bc + ¢2).

209. There are thus four distinct classes of groups® of genus 1, which
are defined in terms of their generating operations by the following sets of
relations:—

I S?=1, S3=1, S2=1, (51553)=1,

(S155)%(S2S5)" =1, (S152)% (S285)Y =1, (ab/ —a'b> 0);
N =2(ab — d'b).

*Dyck, “Ueber Aufstellung und Untersuchung von Gruppe und Irrationalitdt reg-
uldrer Riemann’scher Flichen,” Math. Ann. xvi1, (1880), pp. 501-509.
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I S3=1, Si=1, (S19)%=1,
(S155)%(525182)" =1
N = 3(a® — ab+ b?).
L S?=1, Si=1, (S15)1=1,
(5152)%(595152)° = 1;
N = 4(a® +b%).
V. S8=1, Si=1, (S19)*=1,
(S153)"(S15551) = 1;
N = 6(a® + ab+b%).
For special values of a and b, some of these groups may be groups of
genus zero; for instance, in Class I, if ab’ — a’b is a prime, the group is a

dihedral group. It is left as an exercise to the reader to determine all such
exceptional cases.

Ex. Prove that the number of distinct types of group, of genus two, is three;
viz. the groups defined by

(i) A*=1, B =A% B 'AB=A7%
(ii) A%=1, B =1, B 'AB=43%
(i) A® =1, B*=1, (AB*=1, (A'B)’=1.

210. As a final illustration of the present method of graphical rep-
resentation, we will consider the simple group of order 168 (§ 146), given
by

{(1236457), (234)(567), (2763)(45)}.

The operations of this group are of orders 7, 4, 3 and 2; and it is easy

to verify that three operations of orders 2, 3, and 7 can be chosen such

that their product is identity.
In fact, if

Sy = (16)(34), S5 = (253)(476), S7 = (1673524);

then
595357 = 1.
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Moreover, these three operations generate the group. The connectivity
of the corresponding surface, by the regular division of which the group
can be represented, is 2p + 1; where

2p—2=168(3—-2— 5 — 1 —1).

This gives
p=3;
it follows from Theorem II, § 197, that the genus of the group is 3.
The figure for the general group, generated by Sz, S3, and Sy, where

S3=1, S3=1, Si=1,
595357 =1,

acquires as symmetrical a form as possible, by taking the centre of the
orthogonal circle for that angular point of the triangle 1 at which the angle
is %71’. In fig. 18 a portion of the general figure, which is contained between
two radii of the orthogonal circle inclined at an angle %7?, is shewn. The
remainder may be filled in by inversions at the different portions of the
boundary.

The operations, which correspond to the white triangles of the figure,
are given by the following table:—

S3Sy |14 92538522 5855528,
S'?SQ 15 57525;152 23 S?SQS%SQ
3982 16 S%SQS%SQ 24 SQS%SQS?SQ.

1 119 525'?52 17 SQS?SQS%SQ
2 So | 10 57525?52 18 S?SQS;SQ
3 575 |11 S?SQS?SQ 19 SQS;SQ
4 825112 838955255 |20 5752538,
5 5359 |13 885,528, | 21 52525,
6
7
8

The representation of the special group is derived from this general fig-
ure by retaining only a set of 168 white (and corresponding black) triangles,
which are distinct when S, S3 and S7 are replaced by the corresponding
substitutions given on p. 337. When each white triangle is thus marked
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2:\- 16 _F \k

with the corresponding substitution, it is found that a complete set of 168
distinet white (and black) triangles is given by the portion of the figure
actually drawn and the six other distinct portions obtained by rotating it
round the centre of the orthogonal circle through multiples of %7‘(‘.

To complete the graphical representation of the group of order 168, it
is necessary to determine the correspondence in pairs of the sides of the
boundary. This is facilitated by noticing that the angular points Ay, Ao,
As, ... of the boundary must correspond in sets. Now the white triangle,
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which has an angle at A and lies inside the polygon, is given by
595352525,.

This must be equivalent to a white triangle, which lies outside the
polygon, and has a side on the boundary and an angle at one of the points
Ag, Az, .. ..

The triangle, which satisfies these conditions and has an angle at Agy, 1,
is given by

S759525952555%,

while the triangle, which satisfies the conditions and has an angle at Ag, 42,
is given by
59555255535, S1.

When (16)(34) and (1673524) are written for Se and S7, we find that
5953555255 = $7595455525552.

The white triangle with an angle at A; inside the polygon is therefore
equivalent to the white triangle with an angle at A;;, which lies outside
the polygon and has a side on the boundary. It follows, from the con-
tinuity of the figure, that the arcs AjAs and Aj1Aqp of the boundary
correspond. Since the operation S7 changes the figure and the boundary
into themselves, it follows that A3Ay, A13A12; AsAg, A1A14; A7Asg, AzAs;
A9A10, A5A4; A11A12, A7A6; and A13A14, AgAg; are pairs of COI'I'eSpOIld—
ing sides. Hence the above single condition is sufficient to ensure that the
general group shall reduce to the special group of order 168.

By taking account of the relation

(5752)3 =1, or (5257)3 =1,
the form of the condition may be simplified. Thus it may be written

54555285 = $9575557 - 5359525552
= 58595255525552,
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or
59525 = $2555255525552.
Now
_ @b 6 6 6
S9S7 - S7899 = 5855585, - 55595558
= 57525259,5%.
Hence
5455528557 = 59525995255,
or
538554 . 55585y = 5552595525,
or
5459535554 = 555255,
or finally

(S52)* = 1.

The simple group of order 168 is therefore defined abstractly by the
relations™

S3=1, SI=1, (515 =1, (SiS)*=1.

Ex. Shew that the symmetric group of degree five is a group of genus four;
and that it is completely defined by the relations

S% = 1, Sg = 17 (S2S5)4 = 17 (S515255S2)3 =1

211. The regular division of a continuous surface into 2/N' black and
white polygons is only one of many methods that may be conceived for
representing a group graphically.

We shall now describe shortly another such mode of representation,
due to Cayley', who has called it the method of colour-groups. As given

*This agrees with the result as stated by Dyck, “Gruppentheoretische Studien,”
Math. Ann. Vol. xx, (1882), p. 41.

t American Journal of Mathematics, Vol. 1, (1878), pp. 174-176, Vol. x1, (1889),
pp- 139-157; Proceedings of the London Mathematical Society, Vol. 1x, (1878), pp. 126—
133.
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by Cayley, this method is entirely independent of the one we have been
hitherto dealing with; but there is an intimate relation between them, and
the new method can be most readily presented to the reader by deriving
it from the old one.

Let

]-> Slv SQa sy SN—l

be the operations of a group G of order N. We may take the N — 1
operations other than identity as a set of generating operations. Their
continued product

S152...5Nn-1

is some definite operation of the group. If it is the identical operation, the
only modification in the figure, which represents the group by the regular
division of a continuous surface, will be that the Nth corner of the polygon
has an angle of two right-angles.

With this set of generating operations, the representation of the group is
given by a regular division of a continuous surface into N white and /N black

2
polygons A1 As ... Ay, the angle at A, being —7T, m, being the order of S,.
m

Suppose now that in each white polygon we mTark a definite point. From
the marked point in the polygon 3., draw a line to the marked point in the
polygon derived from it by a positive rotation round its angle A,. Call this
line an S,-line, and denote the direction in which it is drawn by means of an
arrow. Carry out this construction for each polygon 3, and for each of its
angles except Ay. We thus form a figure which, disregarding the original
surface, consists of N points connected by N(N — 1) directed lines, two
distinct lines joining each pair of points. Now if the line drawn from a to b,
where a and b are two of the points, is an S-line, then the line drawn from
b to a is from the construction an S~'-line. We may then at once modify
our diagram, in the direction of simplification, by dropping out one of the
two lines between a and b, say the S~!-line, on the understanding that the
remaining line, with the arrow-head reversed, will give the line omitted. If
S is an operation of order 2, S and S™! are identical, and two arrow-heads
may be drawn on such a line in opposite directions. The modified figure
will now consist of NV points connected by %N (N — 1) lines. From the
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construction it follows at once that, for every value of r, a single S,-line
ends at each point of the figure and a single S,-line begins at each point
of the figure; these two lines being identical when the order of S, is 2.

We may pass from one point of the figure to another along the lines
in various ways; but any path between two points of the figure will be
specified completely by such directions as: follow first an S,-line, then an
Ss-line, then an Sy line, and so on. Such a set of directions is said to
define a route. It is an immediate consequence of the construction that,
if starting from some one particular point a given route leads back to the
starting point, then it will lead back to the starting point from whatever
point we begin. In fact, a route will be specified symbolically by a symbol

Su...S71S,S,,

and if
Su...S718,5,% =1,

then
Su...8; 188, =1,

and therefore

Su... 87188, % =%/,
whatever operation ¥/ may be.

212.  If the diagram of N points connected by 1 N(N — 1) directed
lines is to appeal readily to the eye, some method must be adopted of easily
distinguishing an S,-line from an Ss-line. To effect this purpose, Cayley
suggested that all the S,-lines should be of one colour, all the Ss-lines
of another, and so on. Suppose now that, independently of any previous
consideration, we have a diagram of /N points connected by %N (N —1)
coloured directed lines satisfying the following conditions:—

(i) all the lines of any one colour have either (a) a single arrow-head
denoting their directions: or (b) two opposed arrow-heads, in which case
each may be regarded as equivalent to two coincident lines in opposite
directions;

(ii) there is a single line of any given colour leading to every point in
the diagram, and a single line of the colour leading from every point: if the
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colour is one with double arrow-heads, the two lines are a pair of coincident
lines;

(iii) every route which, starting from some one given point in the dia-
gram, is closed, i.e. leads back again to the given point, is closed whatever
the starting point.

Then, under these conditions, the diagram represents in graphical form
a definite group of order N.

It is to be noticed that the first two conditions are necessary in order
that the phrase “a route” used in the third shall have a definite meaning.
Suppose that R and R’ are two routes leading from a to b. Then RR'™! is
a closed route and will lead back to the initial point whatever it may be.
Hence if R leads from c to d, so also must R’; and therefore R and R’ are
equivalent routes in the sense that from any given starting point they lead
to the same final point. There are then, with identity which displaces no
point, just /N non-equivalent routes on the diagram, and the product of any
two of these is a definite route of the set. The N routes may be regarded
as operations performed on the N points; on account of the last property
which has been pointed out, they form a group. Moreover, the diagram
gives in explicit form the complete multiplication table of the group, for
a mere inspection will immediately determine the one-line route which is
equivalent to any given route; i.e. the operation of the group which is the
same as the product of any set of operations in any given order.

From a slightly different point of view, every route will give a permuta-
tion of the N points, regarded as a set of symbols, among themselves; no
symbol remaining unchanged unless they all do. To the set of N indepen-
dent routes, there will correspond a set of N substitutions performed on
N symbols; and we can therefore immediately from the diagram represent
the group as a transitive substitution group of degree V.

213. It cannot be denied that, even for groups of small order, the
diagram we have been describing would not be easily grasped by the eye.
It may however still be considerably simplified since, so far as a graphical
definition of the group is concerned, a large number of the lines are always
redundant.

If in the diagram consisting of N points and %N (N —1) coloured lines,
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which satisfies the conditions of § 212, all the lines of one or more colours
are omitted, two cases may occur. We may still have a figure in which it is
possible to pass along lines from one point to any other; or the points may
break up into sets such that those of any one set are connected by lines,
while there are no lines which enable us to pass from one set to another.

Suppose, to begin with, that the first is the case. There will then, as
before, be N non-equivalent routes in the figure, which form a group when
they are regarded as operations; it is obviously the same group as is given
by the general figure. The sole difference is that there will not now be a
one-line route leading from every point to every other point, and therefore
the diagram will no longer give directly the result of the product of any
number of operations of the group.

If on the other hand the points break up into sets, the new diagram
will no longer represent the same group as the original diagram. Some of
the routes of the original diagram will not be possible on the new one, but
every route on the new one will be a route on the original diagram. Hence
the new diagram will give a sub-group; and since it is still the case that
no route, except identity, can leave any point unchanged, the number of
points in each of the sets must be the same. The reader may verify that the
sub-group thus obtained will be self-conjugate, only if the omitted colours
interchange these sets bodily among themselves.

214. The simplest diagram that will represent the group will be that
which contains the smallest number of colours and at the same time con-
nects all the points. To each colour corresponds a definite operation of
the group (and its inverse). Hence the smallest number of colours is the
smallest number of operations that will generate the group. It may be
noticed that this simplified diagram can be actually constructed from the
previously obtained representation of the group by the regular division of
a surface, the process being exactly the same as that by which the general
diagram was obtained. For if

Sla 827 BRI Sn
are a set of independent generating operations, and if

$1S5 ... SpSpi1 = 1,



[214] THEORY OF FINITE GROUPS. 346

we may represent the group by the regular division of a surface into 2NV
black and white (n + 1)-sided polygons. When we draw on this surface the
S1-, So-, ..., Sp-lines, the N points will be connected by lines in a single
set, since from

S1, S2, ..., Sy

every operation of the group can be constructed; and the set of points and
directed coloured lines so obtained is clearly the diagram required.

As an illustration of this form of graphical representation, we may con-
sider the octohedral group (§ 201), defined by

S2=1, S3=1, S3=1,
515553 = 1.

On the diagram already given (p. 318), we may at once draw Si-, Sa-
and Ss-lines. These in the present figure are coloured respectively red,
yellow, and green. On the lines which correspond to operations of order
two (in this case the red lines), the double arrow-heads may be dispensed
with. By omitting successively the red, the yellow, and the green lines we
form from this the three simplest colour diagrams which will represent the
group*.

*For further illustrations, the reader may refer to Young, Amer. Journal, Vol. Xv,
(1893), pp. 164-167; Maschke, Amer. Journal, Vol. xvii1, (1896), pp. 156-188.
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CHAPTER XIV.
ON THE LINEAR GROUP*.

215. 'WE shall now, in illustration of the general principles that have
been developed in the preceding chapters, proceed to discuss and give an
analysis of certain special groups. The first that we choose for this purpose
is the group of isomorphisms of an Abelian group of order p” and type
(1,1,...,to n units). This group has been defined and its order determined
in §§ 171, 172. It is there shewn that the group is simply isomorphic with
the homogeneous linear group defined by all sets of congruences

Y1 = a1121 + a1222 + ... + aQ1p Ty,

Y2 = a2121 + a22r2 + ... + ag9p Ty,
(mod. p),

Yn = Ap1T1 + an222 + ... + ApnTp,

whose determinants are not congruent to zero; and that its order is

N=@"-1)@"—p)...0" —p" ).

*The homogeneous linear group and its sub-groups forms the subject of the greater
part of Jordan’s Traité des Substitutions. The investigation of its composition-series,
given in the text, is due to Jordan.

The complete analysis of the fractional linear group, defined by

ar + 8
= d.
LS (mod. p),
where
ad—py=1,

is due originally to Gierster, “Die Untergruppen der Galois’schen Gruppe der Mod-
ulargleichungen fiir den Fall eines primzahligen Transformationsgrades,” Math. Ann.
Vol. xviii, (1881), pp. 319-365. With a few unimportant modifications, the investiga-
tion in the text follows the lines of Gierster’s memoir.

A similar analysis of the simple groups of order 2"(22" — 1), which can be expressed
as triply transitive groups of degree 2" + 1, has been given by the author, “On a class
of groups defined by congruences,” Proc. L. M. S. Vol. xxv, (1894), pp. 132-136.

348
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The operation given by the above set of congruences will be denoted in
future by the symbol

<a111‘1 + ...+ aipTp, @211+ ... +aopTy, ..., Ap1T1 +... + annxn).

216. It may be easily verified by direct calculation that, if D and D’
are the determinants of two operations S and S’ of the group, then DD’ is
the determinant of the operation SS’, all the numbers involved being re-
duced, (mod. p). Hence it immediately follows that those operations of the
group, whose determinant is unity, form a sub-group. If this sub-group is
denoted by I', the group itself being GG, then I is a self-conjugate sub-group
of G. For if ¥ is any operation of I" and S any operation of G whose deter-
minant is D, the determinant of S~13S is D™D or unity; and therefore
S~1¥.S belongs to I'. Suppose now that S is an operation* of G whose
determinant is z, a primitive root of the congruence

71 =1 (mod. p).
Then the determinant of every operation of the set
s'r
is z"; and therefore, if r and s are not congruent (mod. p), the two sets
S'T" and S°T

can have no operation in common. Moreover, if S’ is any operation of G
whose determinant is 2", then S~"5’ belongs to I', and therefore S’ belongs
to the set S"I'. Hence finally, the sets

I, ST, S?I, ..., SP~°I
are all distinct, and they include every operation of (G; so that

G ={S.I.

*The operation (zz1, 2, ...,,) has z for its determinant.
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G
The factor-group T is therefore cyclical and of order p — 1.

217. It may be very readily verified that the operations of the cyclical
sub-group generated by

(221,22, . .., 2Ty)

are self-conjugate operations of G. To prove that these are the only self-
conjugate operations of (G, we will deal with the case n = 3: it will be seen
that the method is perfectly general. Suppose then that

T = (axy + Bro + vz, 21+ oo ++'23, o'v1 + 29 + 7" 23)
is a self-conjugate operation of G, while
S = (az1 + bxs + cx3, d'wy +bxo + xs, a’xy + 029 + 23)
is any operation. The relation
ST =TS
involves the nine simultaneous congruences®

aa + b/ 4 cd’ = aa + Ba’ + vad”,

af +bB" +cp’ = ab+ Bo + 1",

ay + by + ¢ = ac+ B + A,
etc., etc.;

and these must be satisfied for all possible values of the coefficients of S.
Now
b=c=d =0

is a possible relation between the coefficients of S, whether regarded as an
operation of G or I'; and therefore

v =0.

*These and all succeeding congruences are to be taken (mod. p), unless the contrary
is stated.



[218] CHAPTER XIV. 351

In the same way, it may be shewn that

and that
a = B/ = 7//;

so that T is a power of the operation
(zx1, 229, 223).

The only self-conjugate operations of GG are therefore the powers of A,
where A denotes
(zx1, 22, . . ., 2Tp);

and the only self-conjugate operations of I' are those operations of this
cyclical sub-group which are contained in I'. Now the order of A is p — 1
and its determinant is z”. Hence the self-conjugate operations of I' form a
cyclical sub-group D of order d, where d is the greatest common factor of
p=1
p — 1 and n; and this sub-group is generated by A d .
218. To determine completely the composition-series of G, it is nec-
essary to find whether I' has a self-conjugate sub-group greater than and
containing D. A simple calculation will shew that, from

(x1 + x5, 22,23, ..., Tp)

and its conjugate operations, all the operations of ' may be generated;
and hence no self-conjugate sub-group of I which is different from I' itself
can contain an operation of this form. If then it is shewn that any self-
conjugate sub-group of I', distinct from D, necessarily contains operations
of this form, it follows that D is a maximum self-conjugate sub-group of I'.

We shall first deal with the case n = 2.

If p = 2, the orders of G, I" and D are 6, 6 and 1. In this case, I' is
simply isomorphic with the symmetric group of three symbols, which has
a self-conjugate sub-group of order 3. The successive factor-groups of the
composition-series of GG are therefore cyclical groups of orders 2 and 3.
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If p = 3, the orders of G, I" and D are 48, 24 and 2. The factor-group

— has 12 for its order, and cannot therefore be a simple group. The reader
will have no difficulty in verifying that, in this case, the successive factor-
groups of G have orders 2, 3, 2, 2 and 2. We may therefore, in dealing with
the case n = 2, assume that p is not less than 5.

Let us suppose now that I' has a self-conjugate sub-group I that con-
tains D; and let S or

(axy + bra, a'xq +b'w9)

be one of its operations, not contained in D.
If b is different from zero, I' contains X, where X denotes
1+ a?a?

1 — aars |,
ab

<aam1 + abxs, —

and therefore I contains X ~1SY.S, which is

( , 1+ +aad) )

- X1, — ba2 Ir1 — x9

If b is zero, V' is congruent with a~'; therefore, in any case, I contains
an operation S’ of the form

(cxy,dxy + ¢!

x2).
Again, I' contains the operation T', where T' denotes
(z1, 71 + 72);
and I therefore contains S'T~1S'~T, which is
(z1,(1 — )1 + 29).

Hence unless 1 — ¢ = 0, I must coincide with I'. Now, when p > 5,
¢ can always be chosen so that this congruence is not satisfied. If p = 5,
the square of the above operation X195, when unity is written for «, is

4
(xl, E<b/ +a)xr; + Iz) :
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unless b’ + a = 0, this again requires that I coincides with I'. If finally, the
condition b'+a = 0 is satisfied in S, it is not satisfied in ST~1S~!T, another
operation belonging to I; and therefore again, in this case, I coincides
with T

Hence finally, if n = 2, the factor-group D is simple, except when p is
2 or 3.

219. When n is greater than 2, it will be found that it is sufficient to
deal in detail with the case n = 3, as the method will apply equally well
for any greater value of n. Suppose here again that I' has a self-conjugate
sub-group I which contains D; and let S, denoting

/ / / 1! /! /!
(axy + bxo + cx3, axy +bxo+casg, a"x1 + b0 vy + 'x3),

be one of the operations of I which is not contained in D. S cannot be
permutable with all operations of the form (z1,x2,z3 + 1), as it would
then be permutable with every operation of I'. We may therefore suppose
without loss of generality that S and 7" are not permutable, T" denoting
(w1, 29,73 + x1). Then T-1STS~! is an operation, distinct from identity,
belonging to I. Now a simple calculation shews that this operation, say U,
is of the form

(z1 — X, 29 — X, Az1 + Bxg + Cux3),

where X is the symbol with which S~ replaces .
If ¢ and ¢ are both different from zero, I" will contain an operation V'
of the form

c
(:vl — — 12, x2,$3> ;
c
and I contains VUV, which is of the form
(71, a1 + Prg + ya3, o'wy + flag ++'w3).

Moreover, if either ¢ or ¢ is zero, the operation U itself leaves one
symbol unaltered. Hence I always contains operations by which one symbol
is unaltered.
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This process may now be repeated to shew that I necessarily contains
operations of the form

(z1, 22, a"x1 + "0 + 7" 23);

and, since the determinant of the operation is unity, 7" is necessarily con-
gruent to unity. But it has been seen that the group I' is generated from
the last operation and the operations conjugate to it. Hence finally, if n is

greater than 2, the factor-group D is simple for all values of p.

220. The composition-series of GG is now, except as regards the con-

r
stitution of the simple group o perfectly definite. It has, in fact, been

G
seen that T and D are cyclical groups of orders p — 1 and d; and therefore

if o, B, 7, ... are distinct primes whose product is p — 1, and if o/, 5,
7', ... are distinct primes whose product is d; the successive factor-groups
of G are first, a series of simple groups of prime orders «, 3, 7, ...: then

m: and lastly, a series of simple
groups of prime orders o/, 8, /, ....

The sequence in which the set of simple groups of orders «;, (3, 7, ... are
taken in the composition-series may be clearly any whatever, and the same
is true of the set of factor-groups of orders o, 3, 7/, ...; but it is to be
noticed that, when d is not equal to p— 1, the composition-series is capable
of further modifications. In this case, {A,I'} is a self-conjugate sub-group

a simple group of composite order

N
of G of order L which has a maximum self-conjugate sub-group {A} of

order p — 1. The successive composition-factors of G may therefore be
taken in the sequence

N
/ !/ / . . .
04,6,7,....—(p_l)d.oz,ﬁ,%....

and their arrangement may be yet further changed by considering the self-

conjugate sub-group {A™ T'}, where m is a factor of p — 1 less than b

d
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221. For every value of p”, except 22 and 32, it thus appears that
the linear group may be regarded as defining a simple group of composite
order. We shall now proceed to a discussion of the constitution of the
simple groups thus defined when n = 2, p being greater than 3*. In this
case, the group I' is defined by the congruences

y1 = axq + B,
y2 = yx1 + 0xz, (mod. p);
ad — [y =1,

and since p — 1 is divisible by 2 when p is an odd prime, d is equal to 2.
Hence the self-conjugate operations of I are

(x1,22) and (—z1, —x2).

The order of I' is p(p? — 1), and therefore the order of the simple
group, H, which it defines is %p(p2 — 1). Suppose now, if possible, that
I' contains a sub-group ¢ simply isomorphic with H. If S is any operation
of I', not contained in g, the whole of the operations of I' are contained in
the two sets

g, Sg.

Now (x2, —x1), whose square (—x1, —x2) is a self-conjugate operation,
cannot be contained in the simple group ¢g. Hence both (x2, —z1) and
(—x1, —x9) are contained in Sg, an obvious contradiction. Therefore I' con-
tains no sub-group simply isomorphic with H.

For a discussion of the properties of H, some concrete representation
of the group itself is necessary; this may be obtained in the following way.
Instead of the pair of homogeneous congruences that define each operation
of T', let us, as in § 113, consider the single non-homogeneous congruence

ar +
y:

s (mod. p),

*For the case n = 3 the reader may consult a paper by the author “On a class of
groups defined by congruences,” Proc. L. M. S. Vol. xxv1, (1895), pp. 58-106.
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where
ad — py=1.

Corresponding to every operation
(o + Bxa, yr1 + d12)

of I', there will be a single operation of this new set; namely that in which
a, B, 7, 0 have respectively the same values. But since the operations

_ar+p

—ar —f3

= d y=
Y v + 9 ey —yxr — 9

are identical, two operations
(azy + Bxa, yo1 +0x2) and (—azi — Bra, —yz1 — 0x2)

of I will correspond to each operation

_ar+f
v= yr 49

of the new set; the two self-conjugate operations
(r1,72) and (—z1, —x2),

in particular, corresponding to the identical operation of the new set. More-
over, direct calculation immediately verifies that, to the product of any two
operations of I', corresponds the product of the two corresponding oper-
ations of the new set. Hence the new set of operations forms a group of
order %p(p2 —1), with which I" is multiply isomorphic; the group of order 2
formed by the self-conjugate operations of I' corresponding to the identical
operation of the new group.

The simple group H, of order %p(p2 — 1), which we propose to discuss,
can therefore be represented by the set of operations

ar +

y= 20 (mod. p)
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where
ad — py =1,

a, B, 7, 0 being integers reduced to modulus p.

222. Since the order of H is divisible by p and not by p?, the group
must contain a single conjugate set of sub-groups of order p. Now the
operation

=zr+1,

or (z + 1) as we will write it in future, is clearly an operation of order p:
for its nth power is (z +n), and p is the smallest value of n for which this

is the identical operation. If (z + 1) and (a:v j_ ?) are represented by P
v

and S, then
S_1PS _ ((1 _ ory)x—l—ozz) )

—2r + 1+ ay
This is identical with P, only if

v =0, oz251;

and therefore P is permutable with no operations except its own powers.
On the other hand, if

7=0,
then ,
S~lps = pr.
and therefore every operation, for which v = 0, transforms the sub-

group {P} into itself. These operations therefore form a sub-group: a
result that may also be easily verified directly. The order of this sub-group

“Hﬂ) for which a6 = 1. The

J

Q
ratio 5 must be a quadratic residue, while 5 may have any value whatever.

Hence the order of the sub-group is %(p — 1)p; and H therefore contains

p + 1 sub-groups of order p. Since H is a simple group, it follows (§ 125)
that it can be represented as a transitive substitution group of degree p+1.

!
is the number of distinct operations (
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This representation of the group can be directly derived, as in § 113,
from the congruences already used to define it. Thus if, in

ar + 3

v= yr+96’

we write for x successively 0, 1, 2, ..., p—1, 0o, the p+ 1 values obtained
for y, when reduced (mod. p), will be the same p+ 1 symbols in some other
sequence. For if

a1+ axe+f

yr1+06 w44’

then
(ad — py) (21 —22) =0,

and therefore z1 = z9.

Each operation of H gives therefore a distinct substitution performed
on the symbols 0, 1, ..., p—1, co; and the complete set of substitutions thus
obtained gives the representation of H as a transitive substitution group
of degree p + 1. Since H contains operations of order p, this substitution
group must be doubly transitive. That this is the case may also be shewn
directly. Thus

y—a x—a

y—2>b L

is an operation changing o’ into @ and o' into b. This operation may be
written
k(bm — a)x + k(ab' — ma'd)

k(m — 1)z + k(b —ma’)

Y

and its determinant is

K2m(b—a)(t —d).

If now (b—a)(b' —d’) is a quadratic residue (or non-residue) (mod. p),
m may be any quadratic residue (or non-residue); and k can always be
chosen so that the determinant is unity. There are therefore %(p — 1) sub-
stitutions in the group, changing any two symbols a’, ¥’ into any other two
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YT+ 9
in the substitution group, x must satisfy the congruence

) : i +
given symbols a, b. Further, if the operation (aac ﬁ) keeps x unchanged

_ar+p
yr+6’

that is
v+ (0 —a)r—B=0.

Such a congruence cannot have more than two roots; and therefore every
substitution displaces all, all but one, or all but two, of the p+ 1 symbols.

223. The substitutions, which keep either one or two symbols fixed,
must therefore be regular in the remaining p or p — 1 symbols. Hence the
order of every substitution which keeps just one symbol fixed must be p;
and the order of every substitution that keeps two symbols fixed must be
equal to or be a factor of p — 1. Now it was seen in the last paragraph
that the order of the sub-group that keeps two symbols fixed is %(p —1).
Moreover, if z is a primitive root (mod. p), the sub-group that keeps a and b

fixed contains the operation

y—a_ sr—a
y—b T x-0b

and the order of this operation is %(p — 1). Hence, the sub-group that
keeps any two symbols fixed is a cyclical group of order %(p —1); and every
operation that keeps two symbols fixed is some power of an operation of
order %(p —1). Since the group is a doubly transitive group of degree p+1,
there must be %(p + 1)p sub-groups which keep two symbols fixed; and
these must form a conjugate set. Each is therefore self-conjugate in a sub-
group of order p — 1. To determine the type of this sub-group, we may
consider the sub-group keeping 0 and oo fixed: this is generated by @,

where () denotes (z_x1> If (ax i ﬁ) is represented by S, then
z~ v 49

(zad — 27 1By)r — (2 — zl)aﬁ)

_1 .
SRS = < (z — z7Hydx + 27 1ad — 28~
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which can be a power of () only if
af =0, ~v=0.

Hence either
B=v=0,

in which case S is a power of @): or
a=0=0, 75—5_1.

In the latter case, we have

=
5= (ﬁlx)’

which is an operation of order 2; and then
sgs= (F2) =g
= . = .

The group of order p — 1, which contains self-conjugately a cyclical
sub-group of order %(p — 1) that keeps two symbols fixed, is therefore a
group of dihedral (§ 202) type. Moreover, if ¢ is any factor of p — 1, this
investigation shews that {S,@Q} is the greatest sub-group that contains

{Q'} self-conjugately.

224. A substitution that changes all the symbols must either be
regular in the p 4+ 1 symbols, or must be such that one of its powers keeps
two symbols fixed. The latter case however cannot occur; for we have just
seen that, if () is an operation, of order %(p — 1), which keeps two symbols
fixed, the only operations permutable with Q)" are the powers of (). Hence
the substitutions that change all the symbols must be regular in the p+ 1
symbols, and their orders must be equal to or be factors of p + 1.

Suppose now that ¢ is a primitive root of the congruence

#1_1=0 (mod. p),
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so that ¢ and ¥ are the roots of a quadratic congruence with real coeffi-
cients; and consider the operation K, denoting

k k

y ! = ZQ(p_l) Tt
kp kp?
y — P r — P

where k is not a multiple of p + 1. On solving with respect to y, K is
expressed in the form

() o-1) (5 B e
(2+ )(p ) _; (2+ )(p )x_ j(=1) _ ;—(p—1) Z%(PH)
Y= Z%(p—l)_i—g(p—l) Z—%(p—l) Z_g(p_n
(-1 =1 g (5-1)e-n _ ~(5-1)6-1
.Z'Z._i(p—’_l)—i—
k k
iz~ =31 ;30-1) _ =501

an operation of determinant unity. It will be found, on writing  for ¢
in the coefficients of this operation, that they remain unaltered; therefore,
since they are symmetric functions of 7 and , they must be real numbers.
The operation therefore belongs to H. The nth power of this operation is

given by

k k

y—1 — Z-Zn(p—l) T —1
y —ikp x — kP’
and therefore, since the first power of ¢ which is congruent to unity,
(mod. p), is the (p? — 1)th, the order of the operation is %(p +1). If we
write kp for k in the operation K, the new operation is K~1; but if k is
replaced by any other number &', which is not a multiple of p + 1, the new
operation K’, given by
y—i" oy ="
=1 —
y —ik'p x — kP

generates a new sub-group of order %(p—i— 1), which has no operation except
identity in common with {K}. Now there are p?> — p numbers less than
p? — 1 which are not multiples of p + 1; therefore H contains %(p2 —p)
cyclical sub-groups of order %(p + 1), no two of which have a common
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operation except identity. The corresponding substitutions displace all the
symbols.

225. A simple enumeration shews that the operations of the cyclical
sub-groups of orders %(p — 1), p and %(p + 1), exhaust all the operations

of the group. Thus there are, omitting identity from each sub-group:

(i) 3p(p+1) sub-groups of order 3(p—1), containing $p(p>—1)—3p*—3p

distinct operations;

(ii) %p(p—l) sub-groups of order %(p—i—l), containing }lp(pQ—l)—%psz%p
distinct operations;

(iii) p + 1 sub-groups of order p, containing p? — 1 distinct operations;
and the sum of these numbers, with 1 for the identical operation, gives
%p(p2 — 1), which is the order of the group.

Every operation that displaces all the symbols is therefore the power of
an operation of order 3(p + 1).

226. We shall now further shew that the %p(p — 1) sub-groups of
order %(p + 1) form a single conjugate set, and that each is contained self-
conjugately in a dihedral group of order p+1. Let S be any operation of H,
which is permutable with {K} and replaces i* by some other symbol ;.
Then S~'K S is an operation which leaves j unaltered; it may therefore be
expressed in the form

y—J x—]
—=m —.
y—J' r—J

This can belong to the sub-group generated by K, only if j and j’ are
the same pair as i* and i*P. Hence j must be either i* or i*; and similarly,
if S replaces i*? by j’, the latter must be either i*? or i*. Hence either S
must keep both the symbols ¥ and i*? unchanged or it must interchange
them; and conversely, every operation which either keeps both the symbols
unchanged or interchanges them, must transform { K’} into itself. If S keeps
both of them unchanged, it is a power of K. If S interchanges them, it is
of the form

y — ik x — ikP
m

y — ikp x—ik’
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and a simple calculation shews that

STIKS =K1,
If we take m = 1, S becomes

z+y =it 4

an operation belonging to H. Hence the cyclical sub-group {K} is con-
tained self-conjugately in the sub-group of {5, K'} which is of dihedral type.
If there were any other operation S’, not contained in {S, K}, which trans-
formed K into its inverse, then SS’ would be an operation permutable
with K and not contained in {K}. It has just been seen that no such
operation exists. Hence {S, K}, of order p + 1, is the greatest sub-group
that contains {/K} self-conjugately; and {K} must be one of 3p(p — 1)
conjugate sub-groups.

227. The distribution of the operations of H in conjugate sets is now
known. A sub-group of order p is contained self-conjugately in a group of
order %p(p — 1), while an operation of order p is permutable only with its
own powers. There are therefore two conjugate sets of operations of order p,
each set containing %(p2 — 1) operations Again, each of the operations of a
cyclical sub-group of order 3 5(p—1)org (p—l—l) is conjugate to its own inverse
and to no other of its powers. Hence 1f 5(p+1) is even and therefore 4 5(p—1)
odd, there are 7 (p 3) conjugate sets of operations whose orders are factors
of 3(p—1), eaoh set containing p?+p operatlons, 4(p 3) conjugate sets of
operations whose orders are factors of 3(p+1), other than the factor 2, each
set containing p? — p operations; and a single set of operations of order 2,
containing 3(p* — p) operations. If 2(p — 1) is even and (p + 1) odd,
there are i(p — 1) conjugate sets of operations whose orders are factors of
%(p + 1), each containing p? — p operations; le(p —5) conjugate sets whose
orders are factors of 1( — 1), other than the factor 2, each set containing
p? + p operations; and a single set of 1 (p + p) conjugate operatlons of
order 2. In either case, the group contains, exclusive of identity, (p + 3)
conjugate sets of operations.
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228. Since p — 1 and p + 1 can have no common factor except 2, it
follows that, if ¢"* denote the highest power of an odd prime, other than p,
which divides the order of H, ¢" must be a factor of %(p— 1) or of %(p—l— 1);
and the sub-groups of order ¢ must be cyclical. Moreover, since no two
cyclical sub-groups of order %(p —1), or %(p+ 1), have a common operation
except identity, the same must be true of the sub-groups of order ¢™.

If 2™ is the highest power of 2 that divides 4 (p—1) or &(p+1), 2™ will
be the highest power of 2 that divides the order of H. Moreover, a sub-
group of order 2! must contain a cyclical sub-group of order 2™ self-
conjugately, and it must contain an operation of order 2 that transforms
every operation of this cyclical sub-group into its own inverse; in other
words, the sub-groups of order 27t are of dihedral type.

Suppose now that two sub-groups of order 21 (m > 1) have a com-
mon sub-group of order 2" (r > 2). Such a sub-group must be either cyclical
or dihedral: in the latter case, it contains self-conjugately a single cyclical
sub-group of order 2" ~!. Hence, on the supposition made, a cyclical sub-
group of order 4 at least would be contained self-conjugately in two distinct
cyclical sub-groups of order 2. It has been seen that this is not the case;
and therefore the greatest sub-group, that two sub-groups of order 2+1
can have in common, must be a sub-group of order 4, whose operations,
except identity, are all of order 2. Now every group of order 2™*! contains
one self-conjugate operation of order 2, and 2" operations of order 2 falling
into 2 conjugate sets of 21 each. Moreover, the group of order p + 1,
which has a cyclical sub-group of order 2" and contains the operation A of
order 2 of this cyclical group self-conjugately, has %(p:l: 1) other operations

+1
of order 2; and therefore it contains p
om+1

of which has A for its self-conjugate operation. If now B is any operation
of order 2 of this sub-group of order p+1, and if it is distinct from A, then
B enters into a sub-group of order 2™+ that contains A self-conjugately.
But since A is permutable with B, A must belong to the sub-group of order
p £ 1, which contains B self-conjugately; hence A enters into a sub-group
of order 2"+ which contains B self-conjugately. The sub-group {A, B} is
therefore common to two distinct sub-groups of order 2!, Now no group
of order 2" (r > 2) can be common to two sub-groups of order 2*+!; and

sub-groups of order 2*! each
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therefore { A, B} must (§ 80) be permutable with some operation S whose
order s is prime to 2. If s is not 3, S must be permutable with A and B:
and then {A, S} and {B, S} would be two distinct sub-groups of orders 2s,
whose operations are permutable with each other. It has been seen that
H does not contain such sub-groups. Hence s = 3; and S transforms A, B
and AB cyclically, or {S, A, B} is a sub-group of tetrahedral type (§ 202).

The number of quadratic* sub-groups contained in H may be directly
enumerated. A group of order 27! contains 2! such sub-groups, which
fall into 2 conjugate sets of 272 each; a single group of order 8 containing
each quadratic group self-conjugately. The quadratic groups, contained

. pE1l
in the ST

clearly all distinct, and each quadratic group belongs to just 3 groups of
order p + 1; thus {A, B} belongs to the 3 groups which contain A, B
and AB respectively as self-conjugate operations. Hence the total number
of quadratic groups contained in H is

sub-groups of order 2™*1 of a sub-group of order p + 1, are

1 2
1 Pl 11 ip(p —1)
Qp(p:': 1)2m+1 2" 3= 12 :

229. The greatest sub-group of a group of order 21 that contains
a quadratic group self-conjugately, is a group of order 8 and dihedral type;
and it has been shewn that 3 is the only factor, prime to 2, that occurs in
the order of the sub-group containing a quadratic group self-conjugately.
Hence finally, the order of the greatest group containing a quadratic group
P(* = 1)
1

self-conjugately is 24, and the quadratic groups fall into two

; sp(p* —1)

conjugate sets o each. The group of order 24, that contains a

quadratic group self-conjugately, contains also a self-conjugate tetrahedral
sub-group, while the sub-groups of order 8 are dihedral. Hence (§ 84) this
group must be of octohedral type.

Since every tetrahedral sub-group of H contains a quadratic sub-group
self-conjugately, and every octohedral sub-group contains a tetrahedral

*A non-cyclical group of order 4 is called a quadratic group.
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sub-group self-conjugately, there must also be two conjugate sets of tetra-
hedral sub-groups and two conjugate sets of octohedral sub-groups, the

1, (02
5 -1
number in each set being %

230. We have hitherto supposed m > 1, or what is the same thing,
p = £1 (mod. 8). If now m = 1, so that p = £3 (mod. 8), the highest
power of 2 that divides the order of H is 22; and, since 22 is not a factor
of %(p + 1), the sub-groups of order 22 are quadratic. Moreover, since 22 is
the highest power of 2 dividing the order of H, the quadratic sub-groups
form a single conjugate set. Each sub-group of order p 4+ 1, which has a
self-conjugate operation of order 2, contains %(p:l: 1) sub-groups of order 4,
and each of the latter belongs to 3 of the former. The total number is as
before
sp(* — 1)
12 ’
and since they form a single conjugate set, each quadratic group is self-
conjugate in a group of order 12. Also, for the same reason as in the
previous case, this sub-group is of tetrahedral type.
Finally, since every sub-group of H of tetrahedral type must contain
a quadratic sub-group self-conjugately, H must contain a single conjugate

(P> — 1) .
set of =——————= tetrahedral sub-groups. In this case, the order of H is

not divisible by 24, and therefore the question of octohedral sub-groups
does not arise.

231. The group H always contains tetrahedral sub-groups; when its
order is divisible by 24, it contains also octohedral sub-groups. Now if
p = £1 (mod. 5), the order of H is divisible by 60: it may be shewn as
follows that, in these cases, H contains sub-groups of icosahedral type.

Let us suppose, first, that p = 1 (mod. 5); and let j be a primitive root
of the congruence

§° =1 (mod. p).

Then , which we will denote by A, is an operation of order 5.

jx
F
The operations of order 2 of H are all of the form B, where B denotes
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(ozx—i—ﬂ

, since each is its own inverse. Now
VT — «

AB = (M) ;
VJr — g
and (§ 203) if A and B generate an icosahedral group,
(AB)3 = 1.
A simple calculation shews that, if this condition is satisfied, then
- =1
Also, since the determinant of B is unity,
o + By =—1.

These two congruences have just p — 1 distinct solutions, the solutions
a, B, v and —a, —f3, —v being regarded as identical. There are therefore
p — 1 operations of order two in H, namely the operations

1
—— 7+ f3
J—J
1 )
T — - -
j—jt
where .
py=-1- 7,
(j—Jg71)?

which with A generate an icosahedral sub-group.
The group generated by

1
. ——z + fo
(J_xl) md [T
=

YT — ]

J—J
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contains 5 of the p — 1 operations of order 2 of the form

1
._1x+5

1 Y
j—it

VT =

viz. those for which

B=06i", v=wi" (n=0,1,2,34).

Hence the sub-group { A}, of order 5, belongs to %(p—l) distinct icosahedral
sub-groups. Now each icosahedral sub-group has 6 sub-groups of order 5;
and H contains %p(p—l— 1) sub-groups of order 5 forming a single conjugate
set. The number of icosahedral sub-groups in H is therefore

p—1 n(® - 1)

1 1
12 -1 1) =22 7

The group of isomorphisms of the icosahedral group is the symmetric group
of degree 5 (§ 173). Now H can contain no sub-group simply isomorphic
with the symmetric group of degree 5. For if it contained such a sub-group,
an operation of order 5 would be conjugate to its own square; and this is
not the case.

Hence (§ 165), if an icosahedral sub-group K of H is contained self-
conjugately in a greater sub-group L, then L must be the direct product
of K and some other sub-group. This also is impossible; for the greatest
sub-group of H in which any cyclical sub-group, except those of order p,
is contained self-conjugately, is of dihedral type. Hence L must coincide

(»*—1)

1
with K, and K must be one of 2P 50 conjugate sub-groups. The icosa-

1,02
5 -1
hedral sub-groups of H therefore fall into two conjugate sets of %
each.
In a similar manner, when p = —1 (mod. 5), we may take as a typical

operation A, of order 5,

. 2 .
y—i ,I’Tflx—z

y — P x — P’
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and it may be shewn, the calculation being rather more cumbrous than
in the previous case, that there are just p + 1 operations B, of the form

<a:c + ﬁ) , such that

VT — @

(AB)* =1,

and that five of these belong to the icosahedral group generated by A and
any one of them. It follows, exactly as in the previous case, that H contains

1 2

5 -1

% icosahedral sub-groups, which fall into two conjugate sets, each
(= 1)

set contalning 0 groups.

232. Finally, we proceed to shew that H has no other sub-groups
than those which have been already determined. Suppose, first, that a
sub-group h of H contains two distinct sub-groups of order p. These must,
by Sylow’s theorem, form part of a set of kp + 1 sub-groups of order p
conjugate within h. Now H contains only p + 1 sub-groups of order p, and
therefore k£ must be unity and h must contain all the sub-groups of order p;
or since H is simple, h must contain and therefore coincide with H. Hence
the only sub-groups of H, whose orders are divisible by p, are those that
contain a sub-group of order p self-conjugately. They are of known types.

Suppose next that g is a sub-group of H, whose order n is not divisible
by p, and let S; be an operation of g whose order ¢ is not less than the
order of any other operation of g. In H the sub-group {51} is self-conjugate
in a dihedral group of order p+1; and the greatest sub-group of this group,
which contains no operation of order greater than ¢, is a dihedral group
of order 2¢;. Hence in g the sub-group {S;} is self-conjugate in a group of

order ¢ or 2¢;, and therefore it forms one of — or of Y= conjugate sub-
a1 a1

groups. Moreover, no two of these sub-groups contain a common operation

n(g —1)

except identity; and they therefore contain, excluding identity,
€14q1
distinct operations, where €; is either 1 or 2.

Of the remaining operations of g, let S be one whose order g2 is not
less than that of any of the others. The operation S5 cannot be permutable
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n(q — 1)

€141
a power of any one of these operations. Hence, exactly as before, {S2} must

with any of the operations already accounted for, since S9 is not

n
form one of —— conjugate sub-groups in g, €2 being either 1 or 2; and these

€242
n(gz — 1)
€242
from each other, and from those of the previous set. This process may be
continued till the identical operation only remains. Hence, finally, n being
the total number of operations of g, we must have

n:1+zn(qv_1)

v EVqV

sub-groups contain operations which are distinct from identity,

or

1 qy, — 1
i
- >

v Gy

233. In this equation, let r of the €’s be 1 and s of them be 2, so that
r + s is their total number, say m. Then

1 1 1
Z=1= 1—— )= l__)
n Z( CIA) 2(2 24,
1, 1
=1—7’+Z——§5+Z—
2q,

—7‘—1—27" 23—1—%5

1
1-— 45
1—

NN N

Hence, since n is a positive integer, there cannot be more than three
terms under the sign of summation. Moreover, since

r cannot be greater than 1, and therefore not more than one of the €’s can
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be unity. Also, when one of the €’s is unity, we have

1 1 1
_:__§S+ -
n q 2qu
<i-bo+ds
gzll(Q_S)a

so that, in this case, s cannot be greater than unity. The solutions are now
easily obtained by trial.

(i) For one term in the sum, the only possible solution is
e1 =1, n=aq,

and the corresponding group is cyclical.

(ii) For two terms in the sum, the solutions are

2
() e1=€ =2 n= 9192 :
q1 + g2
(B) e1=2, ea=1 @=2, n=2qu;
(v) ee=1, =2, =3, @=2 n=12.

To the solution («) there corresponds no sub-group; for n < 2¢;, and
the values q1 = q1, €1 = 2 imply that g has a sub-group of order 2¢;.

To the solution (3) correspond the sub-groups of order 2¢; of dihedral
type, for which ¢ is odd, so that the operations of order 2 form a single
conjugate set.

To the solution (7) corresponds a sub-group of order 12 containing
8 operations of order 3 and 3 operations of order 2, i.e. a tetrahedral sub-

group.

” b2

(iii) For three terms in the sum, the solutions are
() €1 =€ =¢€3=2, G2=2, @3=2, n=2q;
B " =3 =3 ¢=2 n=12
(7) 7 7 a=4 @=3, =2, n=24
(

(o2
~—

@1=5 ¢@=3, ¢3=2, n=060.
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To the solution («) correspond the sub-groups of order 2¢; of dihedral
type, in which ¢ is even, so that the operations of order 2, which do not
belong to the cyclical sub-group of order ¢q, fall into two distinct conjugate
sets.

To the solution (/3) would correspond a group of order 12 containing
3 operations of order 2 and 4 sub-groups of order 3 which fall into two
conjugate sets of 2 each. Sylow’s theorem shews that such a group can-
not exist; and therefore there is no sub-group of H corresponding to this
solution.

Solution () gives a group of order 24, with 3 conjugate cyclical sub-
groups of order 4, 4 conjugate cyclical sub-groups of order 3, and 6 other
operations of order 2 forming a single conjugate set. No operation of this
group is permutable with each of the 4 sub-groups of order 3; and therefore,
if the group exists, it can be represented as a transitive group of 4 symbols.
On the other hand, the order of the symmetric group of 4 symbols, which
(§ 203) is simply isomorphic with the octohedral group, is 24; and its
cyclical sub-groups are distributed as above. Hence to this solution there
correspond the octohedral sub-groups of H.

Solution (§) gives a group of order 60, with 6 conjugate sub-groups
of order 5, 10 conjugate sub-groups of order 3, and a conjugate set of 15
operations of order 2. It has been shewn, in § 85, that there is only one type
of group of order 60 that has 6 sub-groups of order 5; viz. the alternating
group of degree 5: and that, in this group, the distribution of sub-groups
in conjugate sets agrees with that just given. Moreover, the alternating
group of degree 5 is simply isomorphic with the icosahedral group. Hence
to this solution there correspond the icosahedral sub-groups of H.

234. When p > 11, then %p(p—l) > 60; and, when p > 3, %p(p—l) >
p + 1. Hence when p > 11, the order of the greatest sub-group of H is
%p(p — 1), and the least number of symbols in which H can be expressed
as a transitive substitution group is p + 1.

When p is 5, 7 or 11, however, H can be expressed as a transitive
substitution group of p symbols*.

*This is another of the results stated in the letter of Galois referred to in the footnote
on p. 215.
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For, when p = 5, H contains a tetrahedral sub-group of order 12,
forming one of 5 conjugate sub-groups; therefore H can be expressed as a
transitive group of 5 symbols. It is to be noticed that in this case H is an
icosahedral group.

When p = 7, H contains an octohedral sub-group of order 24, which
is one of 7 conjugate sub-groups; and H can therefore be expressed as
a transitive group of 7 symbols. Similarly, when p = 11, H contains an
icosahedral sub-group of order 60, which is one of 11 conjugate sub-groups;
and the group can be expressed transitively in 11 symbols.

235. The simple groups, of the class we have been discussing in the
foregoing sections, are self-conjugate sub-groups of the triply transitive
groups of degree p + 1, defined by

the existence of which was demonstrated in § 113. In fact, since (

d kax + kB
kyx + ko
ad — B, of any transformation may always be taken as either unity or

a given non-residue; and it follows at once that the transformations of
determinant unity form a self-conjugate sub-group of the whole group of
transformations.

ar +
yr + 0

) represent the same transformation, the determinant,

If, as in § 113, «, 3, 7, 0, are powers of i, where 7 is a primitive root of
the congruence

Pl =1, (mod. p),

the triply transitive group G of degree p™ + 1, which is defined by the
transformations, has again, when p is an odd prime, a self-conjugate sub-
group H of order %p”(p% — 1), which is given by the transformations of
determinant unity. It follows from Theorem IX, § 134, that GG, being a
triply transitive group of degree p" + 1, must have, as a self-conjugate sub-
group, a doubly transitive simple group; and it is easy to shew that H is
this sub-group.
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In fact, if a simple group A is a self-conjugate sub-group of GG it must be
contained in H. Also, since h is a doubly transitive group of degree p"+1, it
must contain every operation of order p that occurs in G. Now we may shew

2 1
T ) and (z+2—i—i~!) are

that these operations generate H. Thus (

(i+i Hr+1
—XT

operations of order p belonging to GG. Therefore ( belongs

' 1
1w x+1

to h. But this operation is transformed into (Tl) by ( —:_ _ ) Hence
l x+1

<fol) belongs to h; and a sub-group of h which keeps one symbol un-

i

changed is the group of order %p” (p"™ —1) generated by (x+1) and (fol) .
i

The order of h therefore is not less than %p” (p?™ — 1); in other words h is
identical with H.

When p = 2, every power of i is a quadratic residue, and the determi-
nant of every transformation is unity. In this case it may be shewn, by an
argument similar to the above, that the group G of order 27(2?" — 1) is
itself a simple group.

We are thus led to recognize the existence of a doubly-infinite series of
simple groups of orders 27(2?" — 1) and %p"(p% — 1), which are closely
analogous to the groups of order %p(p2 — 1) already discussed. For an
independent proof of the existence of these simple groups and for an inves-
tigation of their properties, the reader is referred to the memoirs mentioned
below™.

236. We will now return to the linear homogeneous group G of trans-
formations of n symbols, taken to a prime modulus p; and consider it more
directly as the group of isomorphisms of an Abelian group of order p” and
type (1,1,...,to n units). Asin § 156, it may be expressed in the form of
a substitution group performed on the p™ — 1 symbols of the operations,
other than identity, of the Abelian group. In this form it is clearly transi-

*Moore: “On a doubly-infinite series of simple groups,” Chicago Congress Mathe-
matical Papers, (1893); Burnside: “On a class of groups defined by congruences,” Proc.
L. M. S. Vol. xxv, (1894), pp. 113-139.
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tive, since there are isomorphisms changing any operation of the Abelian
group into any other operation. If P is any operation of the Abelian group,
an isomorphism which changes any one of the p — 1 operations

p, p? ..., prl

Y

into any other, will certainly interchange the set among themselves. Hence,
when expressed as a group of degree p™ — 1, G is imprimitive; and the
symbols forming an imprimitive system are those of the operations, other
than identity, of any sub-group of order p of the Abelian group. If

Pla P25 A Pn

are a set of generating operations of the Abelian group, an isomorphism,
which changes each of the sub-groups

{P1}, {P}, ..., {P:}

into itself, must be of the form

P, P,..., P
(Pf”?P;Z, ce Pﬁ‘”)'
Qs
This isomorphism changes PP into (PpPy")*1; therefore it will only
transform the sub-group {P; P>} into itself when a1 = ag, (mod. p). If
then the given isomorphism changes every sub-group of order p into itself,

we must have
a1 =2 = ... = ay, (mod. p).

Hence the only operations of GG, which interchange the symbols of each
imprimitive system among themselves, are those given by the powers of

P17P27‘-'7Pn
PP, PY)]
where « is a primitive root of p. This operation is the same as that denoted

G
by A in § 217. It follows immediately that the factor-group —= can be

{A}
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T

represented as a transitive group in symbols. In fact, the operations

Pt —
p_

_1 sub-groups must be permuted

sub-

of { A} are the only operations of G which transform each of the

n
groups of order p in itself; and these

among themselves by every operation of G. The substitution group thus
obtained is doubly transitive; for if P and P’ are any two operations of the
Abelian group such that P’ is not a power of P, and if Q) and Q' are any
other two operations of the Abelian group subject to the same condition,
there certainly exists an isomorphism of the form

(P, P .. )
Q.Q,...)°
and this isomorphism changes the sub-groups {P} and {P’} into the sub-

groups {Q} and {Q'}.
These results will still hold if, instead of considering G the total group of
isomorphisms, we take I' the group of isomorphisms of determinant unity.

Thus the determinant of
P, P, ...
Q¥ Q...

is o times the determinant of
(P, P .. )
Q.Q,...)

It is therefore possible always to choose a so that the determinant of

PP, ...
QY. ..
shall be unity; and this isomorphism still changes the sub-groups { P} and
{P'} into {Q} and {Q'} respectively.
p—1
The lowest power of A contained in I is (§ 217) A d . Hence the group
T

———— can be represented as a doubly transitive group of degree
(A ) p—1
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This group is (§ 220) simply isomorphic with the simple group of order

m, which is defined by the composition-series of G.
p J—

We may sum up these results as follows:—

THEOREM. The homogeneous linear group of order

N=@"-1)p"—p)...0" —p" )

when p" is neither 22 nor 32, defines, by its composition-series, a simple

group of order where d is the greatest common factor of p — 1

(p—1)d’
and n. This simple group can be represented as a doubly transitive group
of degree p" 1 +p" 2+ . +p+ 1.

n

—1
p 1 symbols, permuted by one of these doubly transitive

237. The

simple groups, may be regarded as the sub-groups of order p of an Abelian
group of order p" and type (1,1,...,to n units). Now every pair of sub-
groups of such an Abelian group enters in one, and only in one, sub-group
of order p?; and every sul%—group of order p? contains p + 1 sub-groups of

order p. Hence from the ] symbols permuted by the doubly transitive

sroup pn —1- pnfl _

T op—1-p2-1
that every pair of symbols occurs in one set and no pair in more than
one set, while the sets are permuted transitively by the operations of the
group. These groups therefore belong to the class of groups referred to in
§ 148. The sub-group, that leaves two symbols unchanged, permutes the
remaining symbols in two transitive systems of p — 1 and p"~! 4+ p"~2 +
...+ p?; and the sub-group, that leaves unchanged each of the symbols of
one of the sets of p+ 1, is contained self-conjugately in a sub-group whose
order is (p+ 1)p times that of a sub-group leaving two symbols unchanged.
This latter sub-group permutes the symbols in two transitive systems of
p+1and p"~ 4+ p" 2 +.. .4 p? It may be pointed out that, when n is 3,
such a sub-group is simply isomorphic with, but is not conjugate to, the
sub-groups that leave one symbol unchanged: this may be seen at once by

sets of p 4+ 1 symbols each may be formed, such
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noticing that an Abelian group, of order p? and type (1,1, 1), has the same
number of sub-groups of orders p and p?.

238. Some special cases may be noticed. First, when p = 2, both p — 1
and d are unity, and the homogeneous linear group is itself a simple group.

If n = 3, then N = 168; so that the group of isomorphisms of a group of
order 8, whose operations are all of order 2, is the simple group of order 168
(§ 146).

If n =4, then N = 26.32.5.7. This is the order of the alternating group of
8 symbols; and it may be shewn that this group is simply isomorphic with the
group of isomorphisms.

The Abelian group of order 16 contains 35 sub-groups of order 4; and it may
be shewn that, from these 35 sub-groups, sets of 5 can be formed in 56 distinct
ways, so that each set of 5 contains every operation of order 2 of the Abelian
group once, and once only. If

P, P P P

are a set of generating operations of the Abelian group, such a set of 5 sub-groups
of order 4 is given by

{P1, P}, {Ps, Py}, {P1Ps, PaPy}, {P1Py, PLP2Ps}, {PoP3, PLP3Py}.
Now

Py, P,P3, Py, PP,

is an isomorphism of order 7 of the Abelian group, and P; is the only operation
of the group, except identity, which is left unchanged by this isomorphism. It
may be directly verified that the 7 sets of 5 groups of order 4, into which the
given set is transformed by the powers of this isomorphism, contain every sub-
group of order 4 of the Abelian group. The 7 sets, being interchanged among
themselves by this isomorphism of order 7 which leaves only P; unchanged, must
be interchanged among themselves by isomorphisms of order 7 which leave any
other single operation of the Abelian group unchanged. There are therefore at
least 15 isomorphisms of order 7 which interchange the 7 sets among themselves.
Now the isomorphisms, which interchange the 7 sets among themselves, form
a sub-group of the group of isomorphisms, which is isomorphic with a group
of degree 7; and the only groups of degree 7, which contain at least 15 opera-
tions of order 7, are the symmetric and the alternating groups. The group of

(Pl, Py P, Py )
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isomorphisms must therefore contain a sub-group which is isomorphic with the
symmetric or with the alternating group of degree 7. Hence at once, since the
group of isomorphisms is simple, it must contain a sub-group which is simply
isomorphic with the alternating group of degree 7. Since this must be one of
8 conjugate sub-groups, the group of substitutions itself is simply isomorphic
with the alternating group of degree 8.

If p# =33, then p" '+ ...+ p+1=13,d=1,and N =2*-3%.13. There
is therefore a doubly transitive simple group of degree 13 and order 2% - 33 - 13
(8§ 145, 149).

239. The homogeneous linear group may be generalized by taking
for the coeflicients powers of a primitive root of

instead of powers of a primitive root of
P~ =1, (mod. p).

When the coefficients are thus chosen, the order of the group G, ., defined
by all sets of transformations
T1 = Q1171 + a1222 + ...+ A1pTp,

T5 = a21%1 + a22%9 + ... + AapTn, (mod p)
* )

Ty = Apl®1 + Ap222 + ... + AppTn,
whose determinant differs from zero, may be shewn, as in § 172, to be
N = (pnu N 1)(pn1/ _ py)(pny _ pQV) o (pnl/ N p(n—l)u);

and the order of the sub-group I, formed of those transformations whose

determinant is unity, is The only self-conjugate operations of I'

are the operations of the sub-group generated by (ixy,ixe, ..., ix,), which
are contained in I'. If ¢ is the greatest common factor of p¥ — 1 and n,
these self-conjugate operations of I' form a cyclical sub-group v of order 4.
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Finally, the argument of § 219 maybe repeated to shew that E is a simple
group. 7

The homogeneous linear group G, ., when values of v greater than
unity are admitted, thus defines a triply infinite system of simple groups;
it may be proved that these groups can, for all values of v, be expressed as

doubly transitive groups of degree — T
p _—

240. We may shew, in conclusion, that the group G, is simply

isomorphic with a sub-group of Gy, ,,,1. For this purpose, we consider the
group defined by

1 _ . 1 _ . 1 _ .
$1::U1—|—ZT1, .fCQ:[L'Q"‘ZTQ, ceey xn:,]fn‘l‘zrn,
v .
(ri,ro,...,rn=0,1,2,... p" = 1);

the congruences being taken to modulus p. This is an Abelian group of
order p™ and type (1,1,...,to nv units). Moreover, the operation

of G n,v transforms the given operation of the Abelian group into
1 -S1 1 -89 1 -Sn, .
TI=x1+0, TZ3=r9+10, ..., T, =Tpt+17"

where

Every operation of Gy, as defined in § 239, is therefore permutable
with the Abelian group, and gives a distinct isomorphism of it; or in
other words, as stated above, G, 5, , is simply isomorphic with a sub-group
of Gp,nl/,l-
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Further, the sub-group

1 . 1
ry=x1+1, T3=x9, ..., X

(r=0,1,2,...,p" = 1),

1
n x’l’L?

is transformed by the given operation of Gy, into the sub-group

1 -y 1 . 1 -
Ty =x1+ait, T9=rT2+a2t, ..., X, =2Tp+ani?,

(r=0,1,2,...,p" = 1).
If

a1 =ag| =...=ap =0,
the two sub-groups are identical; but if these conditions are not satisfied,
they have no operation in common except identity. Moreover,

a1i, a21, ..., Gnl

. V?l .
may each have any value from 0 to ¥ ", simultaneous zero values alone

excluded. Hence the sub-group of order p” defined by

1 7 1 1 —
TIT=Ex1+1, x3=x2, ..., T, =Tp,

(r=0,1,...,p" = 1),

nv

. P . . ..

is one of 1 conjugate sub-groups in the group formed by combining
the Abelian group with G, ,; and no two of these conjugate sub-groups
have a common operation except identity.

The p™ — 1 operations, other than identity, of an Abelian group of order p™
pnu -1

sets of

and type (1,1,...,to nv units), can therefore be divided into

p¥ — 1 each, such that each set, with identity, forms a sub-group of order p”;

and the group Gy, ., is isomorphic with a group of isomorphisms of the Abelian
nyr

group which permutes among themselves such a set of — sub-groups of
p —_—

order p”.

nr

174 v

—1-p"—p...p"—p
p—1-p2—1...p¥ -1
of an Abelian group of order p™ and type (1,1,...,to nv units) can be divided

Ex. 1. Shew that the b sub-groups of order p”
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nyv
into sets of

each, such that each set contains every operation of the

group, other than identity, once and once only; and discuss in how many distinct
ways such a division may be carried out.

Ex. 2. Shew that the simple group, defined by the group of isomorphisms
of an Abelian group of order p™ and type (1,1,...,1), admits a class of contra-
gredient isomorphisms, which change the operations of the simple group, that
correspond to isomorphisms leaving a sub-group of order p of the Abelian group
unaltered, into operations that correspond to isomorphisms leaving a sub-group
of order p"~! of the Abelian group unaltered.



CHAPTER XV.
ON SOLUBLE AND COMPOSITE GROUPS.

241. THE most general problem of pure group-theory, so far as it
is concerned with groups of finite order, is the determination and analysis
of all distinct types of group whose order is a given integer. The solution
of this problem clearly involves the previous determination of all types of
simple groups whose orders are factors of the given integer.

Now there is no known criterion by means of which we can say whether,
corresponding to an arbitrarily given composite integer N as order, there
exists a simple group or not. For certain particular forms of N, this ques-
tion can be answered in the affirmative. For instance, when N = %n!,
previous investigation enables us to state that there is a simple group of
order N; but even in these cases we cannot, in general, say how many
distinct types of simple group of order N there are.

On the other hand, we have seen that, for certain forms of N, it is
possible to state that there is no simple group of order N. Thus, when
N is the power of a prime, or is the product of two distinct primes, there
is no simple group whose order is N; and further, every group of order N
is soluble. Again, if N is divisible by a prime p, and contains no factor
of the form 1 + kp, a group of order N cannot be simple; for, by Sylow’s
theorem, it must contain a self-conjugate sub-group having a power of p
for its order.

We propose, in the present Chapter, to prove a series of theorems which
enable us to state, in a considerable variety of cases, that a group, which
has a number of given form for its order, is either soluble or composite. If
the results appear fragmentary, it must be remembered that this branch
of the subject has only recently received attention: it should be regarded
rather as a promising field of investigation than as one which is thoroughly
explored.

The symbols p1, p2, p3, ... will be used throughout the Chapter to de-
note distinct primes in ascending order of magnitude; while distinct primes,
without regard to their magnitude, will be denoted by p, ¢, r, ....

242. THEOREM 1. If H is one of n conjugate sub-groups of a

383
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group G of order N, and if N is not a factor of n!, G cannot be simple.

The group G is isomorphic with the group of substitutions given on
transforming the set of n conjugate sub-groups by each of the operations
of G. This is a transitive group of degree n, and its order therefore is equal
to or is a factor of n!. Hence, if N is not a factor of n!, the isomorphism
cannot be simple; G is therefore not simple.

Corollary*. If a prime p divides N, and if m is the greatest factor
of N which is congruent to unity (mod. p), G will be composite unless N is
a factor of m!.

There cannot, in fact, be more than m conjugate sub-groups whose
order is the highest power of p that divides N; so that this result follows
from the theorem.

In dealing with a given integer as order, it may happen that, though no single
application of this theorem will prove the corresponding group to be composite,
a repeated application of Sylow’s theorem, on which the theorem depends, will
lead to that result. As an example, let us consider groups whose order is 32-5-11.
Any such group must contain either 1 or 45 sub-groups of order 11, and either
1 or 11 sub-groups of order 5. Hence, if the group is simple, it must contain
45 sub-groups of order 11, and 11 sub-groups of order 5; and each one of the
latter must be contained self-conjugately in a sub-group of order 45. Now the
45 sub-groups of order 11 would contain 450 distinct operations of order 11,
leaving only 45 others; and therefore a sub-group of order 45, if the group contain
such a sub-group, must in this case be self-conjugate. This is, however, in direct
contradiction to the assumption that the group contains 11 sub-groups of order 5;
therefore the group cannot be simple.

243. THEOREM II.  Every group whose order is the power of a
prime is soluble.

This has already been proved in § 54.

THEOREM IIIT. A group G whose order is p*¢®, where o is less
than 2m, m being the index to which p belongs (mod. q), is soluble.

*Holder, Math. Ann. Vol. XL, (1892), p. 57.
tFrobenius, Berliner Sitzungsberichte 1895, p. 190, and Burnside, Proc. L. M. S.
Vol. xxv1, (1895), p. 209; for the case where o 3} m.
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If & < m, G contains a self-conjugate sub-group H of order ¢”.

If o = m, G contains either 1 or p" sub-groups of order ¢®. In the latter
case, if ¢" is the order of the greatest sub-group common to two groups
of order ¢, and if h is such a sub-group, h must (§ 80) be contained
self-conjugately in a sub-group k of order p®q¢" ™%, & > 0, s > 0; and this
sub-group must contain more than one sub-group of order ¢"**. Hence
x must be m; and therefore A~ must be common to all the p™ sub-groups
of order ¢?, so that h is self-conjugate, and s is 8 — r. If r is zero, no two
sub-groups of order ¢” have a common operation except identity, and the
p™ sub-groups contain pm(qﬁ — 1) distinct operations, so that a sub-group
of order p™ is self-conjugate. Hence when « is equal to m, G contains either
a self-conjugate sub-group of order ¢" (r > 0) or else one of order p™.

If m < a < 2m, G contains 1 or p™ sub-groups of order ¢°. If there is
only one, it is self-conjugate.

If there are p™ sub-groups of order ¢, and if ¢" (r > 0) is the order of
the greatest group common to any two of them, it may be shewn, exactly
as in the preceding case, that G contains a self-conjugate sub-group of
order ¢".

If r = 0, the ¢° — 1 operations, other than identity, of each of the
p™ sub-groups of order ¢® are all distinct. Now G is isomorphic with a
group of degree p™. If the isomorphism is multiple, G must have a self-
conjugate sub-group whose order is a power of p. If the isomorphism is
simple, we may regard G as a transitive group of degree p; and every
operation, except identity, of a sub-group of order ¢? will leave one symbol
only unchanged. Hence ¢? is equal to or is a factor of p™ — 1. Moreover,
when G is thus regarded, the sub-groups of order p® must be transitive;
for all the sub-groups of order ¢® will be given on transforming any one of
them by the operations of a sub-group of order p®.

Consider now a sub-group of order p® ™¢?, which keeps one symbol
fixed and contains a sub-group of order ¢ self-conjugately. It will con-
tain ¢7 (v < [) sub-groups of order p®~"™. Any one of these must keep
p* symbols fixed; for it is the sub-group of a transitive group of order p®
and degree p™, which keeps one symbol fixed. If v < 3, there are oper-
ations of order ¢ which transform one of these sub-groups into itself, and
therefore interchange among themselves the p* symbols unchanged by the

m
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sub-group. Hence p* — 1 must be divisible by ¢. This requires that x = m,
which is impossible. Hence v = , and the sub-group of order p®~™¢”
contains ¢ sub-groups of order p®~™. Tt is obvious that no two of these
can enter in the same sub-group of order p®; for if they did, they would
generate a group of order p® ™% (1 > (), a sub-group of this order cannot
enter in a group of order p®~™¢®. Therefore G contains ¢® sub-groups of
order p®.

Since the sub-groups of G, of order p®, are transitive, their self-
conjugate operations must (§ 106) displace all the symbols, and they
cannot therefore be permutable with any operation whose order is a power
of q. Suppose now that every operation of a sub-group @), of order ¢*, is
permutable with an operation P of order pY, and that there is no sub-group
of order ¢**1 of which this is true. If S is a self-conjugate operation of a
sub-group of order p® to which P belongs, P is transformed into itself and
@ into a new sub-group @’ by S. Hence the sub-group which contains P
self-conjugately has two, and therefore p”*, sub-groups of order ¢*. No two
of these can belong to the same sub-group of order ¢, for if they did they
would generate a group of order ¢**® (' > 0). Now since P is permutable
with @, it must leave unchanged the symbol which ) leaves unchanged.
Hence P must leave every symbol unchanged; i.e. it must be the identical
operation. The order of every operation of GG is therefore either a power
of p or a power of q.

Suppose now that p" is the order of the greatest sub-group that is
common to any two sub-groups of order p®, and that A is such a sub-
group. Then (§ 80) A must be permutable with an operation of order g.
Since no operation of A is permutable with any operation of order ¢, it
follows that p" — 1 is divisible by ¢, and therefore that » = m.

Let k, of order p™*q7, be the greatest sub-group that contains h self-
conjugately. If v = 3, h is common to each of the ¢ sub-groups of order p?,
and it is therefore a self-conjugate sub-group of G.

If v < B, let @ be a sub-group, of order ¢7, of k. In G there must be
a group, whose order is divisible by ¢7*!, containing @ self-conjugately.
Hence there must be operations in GG, which transform () into itself and
h into a conjugate sub-group h’. If h and A’ have a common sub-group, it
must be transformed into itself by every operation of (). This is impossible,
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since p® — 1 is not divisible by ¢ when s < m.

In the group {1/, @}, Q is one of p™ conjugate sub-groups, and therefore
no operation of 1/ can transform @ into itself. Hence if an operation P’
of 1/ transforms h into itself, it must transform @ into a group @', which is
conjugate to @ in k. Hence, k' being the greatest sub-group that contains
h' self-conjugately, {Q,Q'} must be common to & and k. But {Q,Q'}
containing two sub-groups of order ¢7, must contain p™ such sub-groups;
and therefore the p™ sub-groups of order ¢7 that enter in k£ are identical
with those that enter in &’. This is impossible if H and H’ are distinct; for
the p™ sub-groups of k, of order ¢7, generate {h,Q}. Hence no operation
of I/, except identity, transforms A into itself, and the number of sub-groups
in the conjugate set to which A belongs must not be less than p*; so that

pm :‘> pafmftqﬂf'y.
Now we have seen that

P =1 (mod. ¢%),
and ¢” =1 (mod. p*~™);

from these congruences, and the inequality @ — m < m, it follows that
P =P+ 1

This inequality is inconsistent with the previous one, which follows
directly from the supposition that v is less than S. Hence v = (3, and h is
a self-conjugate sub-group of G.

It follows therefore that, on every possible supposition, G must have a
self-conjugate sub-group. If this sub-group be represented by G, the same

reasoning may be repeated with respect to the groups a and 1. Hence

1
G is soluble.

Corollary. All groups whose orders are p1p§, p%pg‘, p‘i’pg, p‘llpg‘, p?pg‘,
p{p2 are soluble.

Since the congruence

2

pi =1 (mod. p2)
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is satisfied only by p1 = 2, p2 = 3, the results stated follow immediately
from the theorem, except for the cases 243% and 2°3%.

If in these cases there are 16 sub-groups of order 3% (a > 1), there
must (§ 78) be sub-groups of order 3*~! common to two sub-groups of
order 3% and, in the groups of order 243% or 2°3%, such a sub-group, if
not self-conjugate, must be one of either 4 or 8 conjugate sub-groups. The
groups must therefore be isomorphic with groups of degree 4 or 8; from
this it follows immediately that they must be soluble (§ 146).

244. THEOREM IV.  Groups of order p‘f‘p% are soluble.

If a group G, of order p%pg, contains only py sub-groups of order p{,
it cannot be simple, for a group of order p% cannot be expressed as a
substitution-group of py symbols. Similarly, if G contains a single group of
order p{, it is not simple.

If G contains p% sub-groups of order p{, and if these sub-groups have
no common operations, except identity, there are p%(p% — 1) operations
in G whose orders are powers of p; and therefore a group of order p% is
self-conjugate. If the operations of the pg sub-groups of order p{ are not
all distinct, let p] be the order of the greatest sub-group common to any
two of them; and let h be such a sub-group. Then (§ 80) A must be self-
conjugate in a group k of order p{”p@ (s >0,=1o0r2). If g =2,
h is self-conjugate in GG; and if 8 = 1, k£ must contain py sub-groups of

order pi™*, and therefore

p2 =1 (mod. pp).
Now (§ 78)
p2 =1 (mod. P "),
and therefore
p2 =1 (mod. pi™"),
unless p1 = 2; but, if p; = 2, then

a—r—1

p2 = £1 (mod. pf ).

Again, if s = a — r, h is one of py conjugate sub-groups; as before,
G cannot then be simple.
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Suppose now that H is a sub-group of order p{, and that the self-
conjugate operations of H form a sub-group h. This must be one of 1, ps
or p% conjugate sub-groups; in the first two cases, G cannot be simple.
Moreover, if any two sub-groups of the conjugate set to which h belongs
have a common sub-group, it must be self-conjugate in a group containing
more than one sub-group of order p{; again, G' cannot be simple.

Let
H, Hy, ..., Hp,1

be the py sub-groups (§ 80) of order p{ that contain h; and suppose that
h is not contained in h. Every operation of each of the po sub-groups

h, hy, ..., hp,1,

is permutable with every operation of h. But these sub-groups, since they
occur in k£ and not in h, generate a sub-group of k, whose order is di-
visible by ps. Hence there must be an operation @), of order ps, which
is permutable with every operation of h. This operation would be per-
mutable with every operation of a group of order p{p% at least, and it
would therefore be one of pi™" conjugate operations at most. Now, if
p1 > 2, pi~ " < p2; and as a group of order p% cannot be represented in
terms of less than ps symbols, G would in this case have a self-conjugate
sub-group. If p; = 2, then either p{'™" or p{™" = 2(p2 +1). A group of
order p% cannot be expressed in less than 2ps symbols; a cyclical group
of order p2 cannot be expressed in 2(py + 1) symbols; and a group of de-
gree 2(p2 + 1), which contains a non-cyclical sub-group of order p%, must
(§ 141) contain the alternating group. Hence again, in this case, G must
have a self-conjugate sub-group.

Finally, suppose that h contains the ps sub-groups
h, hy, ..., hp,—1.
If A contains further sub-groups of the conjugate set to which h be-

longs, they must be permuted among themselves in sets of po when A is
transformed by an operation (), of order p2, belonging to k. Hence we may
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assume that

h; h].? ? hp2_17
hp2 ) hp2+1 ) 5 h2p271 )
h(x—l)pga h($—1)p2+17 R h$p2—17

is the complete set of sub-groups of the conjugate set to which h belongs,
contained in h; and that, when transformed by @), those in each line are
permuted among themselves. If {Q,Q’} is a sub-group* of order p3, the
p% sub-groups

h, hy, ..., hp%—l’

are permuted transitively among themselves, when transformed by the op-
erations of {Q,Q'}. Hence if @ change h into hyy,, it must change the
set

h, hy, ..., hp,—1,
into the set
hypy, hypyyt, - h(y-&-l)pz—l;
and therefore
Hypys Hypyt1s -5 Hiyp1ypo—1,

is a set of py sub-groups of order pg, which have the common sub-group
Ql—l th

Now, since by supposition h is not a self-conjugate sub-group of H,
there must (§ 55) be in H a sub-group A’ conjugate to and permutable
with h. Let this be the sub-group of order pj, common to

/! !
H, H}, ..., H, ..

No one of the sets

Hyp27 Hyp2+1> R H(y—i—l)Pz—lv (y:O,l,...,a:—l),

can have more than one group in common with this set, as otherwise pj
would not be the order of the greatest group common to two groups of
order p{. Hence, of the set of groups

/ /
h, hY, ..., by,

*If this sub-group is cyclical, then Q = Q'P.
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at least po — x are distinct from the groups, conjugate to h, which enter
in h. Every group of order p’ﬁs occurring in k will have a similar set of
p2 — x sub-groups of the set h, which do not occur in h. Hence, since
the operations of h are the only operations common to two sub-groups of
order pi™* in k, there must be in k not less than pa(p2 — @) + paz, i.e. p3,
sub-groups of the set to which h belongs.

In other words, £ must contain a self-conjugate sub-group of G.

On every supposition that can be made, we have shewn that G must
have a self-conjugate sub-group. If this sub-group is G1, and if the order

of either GGy or a contains p%, we may repeat the same reasoning; while
1

if the orders of a and (1 are both divisible by p2, we have already seen

1
that they must be soluble. Finally, then, G itself must be soluble.

245. THEOREM V. A group of order p?pg, in which the sub-groups

of orders p{' and pg are Abelian, is soluble.

Suppose, first, that there are pj (y < ) sub-groups of order p¢. The

group is then isomorphic with a substitution group of degree pg. Now

the operations of a sub-group of order pg transform the pJ sub-groups of

order p{ transitively among themselves; and therefore, in the isomorphism

between the given group and the substitution group of degree pj, there
B

corresponds to an Abelian sub-group of order p, a transitive substitution
group of degree pj. But (§ 124) an Abelian group can only be represented
as a transitive substitution group of a number of symbols equal to its order.
Hence the isomorphism between the given group and the substitution group
is multiple; and the given group is not simple.

Suppose, next, that there are pg sub-groups of order p{', and therefore
(§ 81) p{ — 1 distinct sets of conjugate operations whose orders are powers
of p1. Let P be an operation whose order is a power of pi; and let H,
of order pi‘pg, be the greatest group which contains P self-conjugately.
Then H contains at least pg operations whose orders are powers of po, and
therefore at least pg distinct operations of the form PQ, where P and @)
are permutable and

QP = 1.
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Now P is one of pg -0 conjugate operations; corresponding to each of these,
there is a similar set of pg operations of the form P(); while no two such

operations can be identical. The group therefore contains pg operations of
the form PQ); and similarly, it contains an equal number for each set of
conjugate operations whose order is a power of p;. Hence, finally, the group
contains pg (p{ — 1) operations whose orders are divisible by p;. There is
therefore in this case a self-conjugate sub-group of order po.

The group therefore always contains a self-conjugate sub-group. A
repetition of the same reasoning shews that it is soluble.

246. THEOREM VI. A group of order p{*py?* ... p&m, in which the
sub-groups of order pcfl, pgz, e pnf_ll are cyclical, is soluble*.

If the number of operations of the group, whose orders divide

pj‘,‘rpg:{l ... par, is exactly equal to this number, it follows from The-

orem VII, Cor. I, § 87, that the same is true for the number of operations
of the group whose orders divide pfﬁl ... pan. Now, when r = 1, this
relation obviously holds; and therefore it is true for all values of . The
group therefore contains just pii" operations whose orders divide p{™; hence
a sub-group of order po» is self-conjugate. Any sub-group of order pii‘ll
must transform this self-conjugate sub-group of order p$» into itself, so
that the group must contain a sub-group of order pg’j’ll par. If there were
more than one sub-group of this order, the group would contain more than

pf:ﬁ_llp%” operations whose orders divide this number. Hence the group

contains a single sub-group of order pg”_’_ll por, and this sub-group must be
self-conjugate. By continuing this reasoning it may be shewn that, for each
value of r, the group contains a single sub-group of order p,‘frpffjjl coopom
such a sub-group being necessarily self-conjugate. The group is therefore
soluble; for we have already seen that a group whose order is the power of

a prime is always soluble.

The self-conjugate sub-group of order p&™ ... p&™ must contain the com-

plete set of sub-groups of order p*". If then there are m of these sub-groups,

m must be a factor of p?jfll ... pom: and a sub-group of order p&'" must be

*Proc. L. M. S. Vol. xxvI, (1895), p. 199.



[247] CHAPTER XV. 393

contained self-conjugately in a sub-group of order

o o Pl PR
[ — .
Hence if ¢ and j are any two indices between 1 and n, the group contains
sub-groups of order p?ip?j . Now the above sub-group, which contains a
sub-group of order pf" self-conjugately, is of the same nature as the original
group. Hence, ¢ and j being any two indices less than r, it contains a sub-
group of order p?ip?j p&r. This process may be continued to shew that, if

aq o
pn”

w is any factor of pi* ... p%" which is relatively prime to P , then
1

the group contains sub-groups of order .

Ex. Shew that, when the groups of order po» are also cyclical, there are
sub-groups whose orders are any factors whatever of the order of the group.

247. A special case of the class of groups under consideration is that in
which the order contains no repeated prime factor. These groups have formed
the subject of a memoir by Herr O. Holder*. He shews that they are capable of
a specially simple form of representation, which we shall now consider.

Let

N =pip2... pn

be the order of a group GG. It has been seen above that a sub-group of order p,
is self-conjugate. Suppose then that p;, pm, ..., pn are the orders of those
cyclical sub-groups of prime order which are contained self-conjugately in G.
They generate a self-conjugate sub-group H of order pipy, . .. pn, say . Each of
the cyclical sub-groups { P}, {Pn.}, ..., {P,} of H, generated by an operation of
prime order, is permutable with all the rest; and therefore (§ 34) the operations
P, P, ..., P, are all permutable. Hence, since their orders are distinct primes,
the sub-group H is cyclical. Let now K be a sub-group of GG of order v, where
N = pv. No self-conjugate sub-group of G can be contained in K. For if
it contained such a sub-group of order paps...py (@ < f < ... < 7), this
sub-group would contain a single cyclical sub-group of order p.,; and G would
contain a self-conjugate sub-group of order p,, contrary to supposition. Since

*“Die Gruppen mit quadratfreier Ordnungszahl” Géttingen Nachrichten, 1895:
pp- 211-229. Compare also Frobenius, Berliner Sitzungsberichte, 1895, pp. 1043, 1044.
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then K contains no self-conjugate sub-group of G, it follows (§ 123) that G can
be expressed transitively in p symbols; when it is so expressed, an operation M
of order u, that generates H, will be a circular substitution of p symbols. The
only substitutions performed on the p symbols, which are permutable with M,
are its own powers; and therefore no operation of GG is permutable with M except
its own powers. Every operation of K must therefore give a distinct isomorphism
of {M}. Now (§ 169) the group of isomorphisms of a cyclical group is Abelian.
Hence K must be Abelian; and since its order contains no repeated prime factor,
it must be cyclical. The group G is therefore completely defined by the relations

MF=1, NY=1, N 'MN=M",
where a belongs to index v, (mod. p).

248. The theorem of § 246 is a particular case of the following more
general one, due to Herr Frobenius*, from which a number of interesting
and important results may be deduced.

THEOREM VII.  If G is a group, of order N = mn, where m and n
are relatively prime, and where

m=p*g®.. .1

and if sub-groups P, Q, ..., R, of orders p®, ¢°, ..., r7, are Abelian, while
N N

O(P) and —, 0(Q) and —, ..
P~ pq’

G contains (1) exactly n operations whose orders divide n, and (i) a sub-

group of order m which has a self-conjugate sub-group of order r7.

., O(R) and —, are relatively prime; then
m

The theorem will be proved inductively, by shewing that, if it is true
for any similar group of order m/n’, where m’ is a factor of m, it is also
true for G.

Suppose that the greatest group, which contains R self-conjugately, is
a group H’ of order p“ qﬁ .r'n/, where n' is a factor of n. Let N’ be
any operation of this sub-group, Whose order v/ is a factor of n’. Then
(§ 177) since A(R) and v/ are relatively prime, N’ is permutable with every
operation of R. Hence every operation of H’, whose order divides n/, is
permutable with every operation of R.

*Uber auflésbare Gruppen, II": Berliner Sitzungsberichte, 1895, p. 1035.
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Let now S be any operation of R; and suppose that the order of K, the
greatest sub-group which contains S self-conjugately, is p®¢® ... r7ny. If

K
the order of S is 79, the order of m is p®1gPr .. r7 700y, say min,. We

have seen in § 176 that, if P; is a sub-group of P, then 6(P;) is equal to

or is a factor of (P). Hence if P; is a sub-group of order p®! of m,

mini

N
0(P1) and — are relatively prime; therefore, a fortiori, 6(F) and ”
p p

min
are relatively prime. Similarly 6(Q;) and L 511 are relatively prime, and

a1

so on. Moreover m is a factor of m. We may therefore assume that the

K
theorem holds for m Hence this group contains exactly n; operations

whose orders divide n1, and it also contains a sub-group of order m; in
which a sub-group of order 77~° is self-conjugate. Therefore K contains
a sub-group of order p®¢®! ... 77 in which a sub-group of order 77 is self-
conjugate, and exactly ni operations of the form SN, where S and N are
permutable and the order of N divides n.

n
Now S is one of p*~*1¢%=F1 . conjugate operations in G; corre-
ni

sponding to each of these, there is such a set of n; operations of the
form SN, while (§ 16) no two of these operations can be identical. Hence
G contains p®~*1¢#=P1 . .n operations of the form SN, arising from the
conjugate set to which S belongs. If then we sum for the distinct con-
jugate sets of operations of G whose orders are powers of r, the num-
ber of operations of GG, whose orders divide r'n and do not divide n, is

ny prgf-h

Now since H' is the greatest group that contains R self-conjugately, the
greatest common sub-group of K and H’ is the greatest sub-group of K
that contains R self-conjugately. The order of this group certainly contains

p®1gPr. 17 as a factor; and if the order is p®1¢®'...r7v, then S is one
!/

/ n
of p@’ —a1gf' =B conjugate operations in H'. Every operation of H’
v

however, whose order divides n’, is permutable with every operation of R;
and therefore v = n/. Hence the number of operations of H’, excluding
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!/
identity, whose orders are powers of r, is Z]D"‘/—O‘lqﬁl_ﬂ1 ..., where the
summation is extended to all the distinct conjugate sets of operations of H’
whose orders are powers of r. It has been shewn (Theorem IV, Corollary,
§ 81) that the number of distinct conjugate sets of operations in GG, whose

orders are powers of 7, is the same as the number in H’. Hence the symbols
/

> and ) represent summations of the same number of terms.

Finally, in accordance with the induction we are using, we may assume
that the number of operations of G whose orders divide r7n is exactly equal
to r’n. For the order of G may be separated into the factors

m' =pd® ...,

and
n' =1rn,

where m/ is a factor of m, while the conditions of the theorem hold for this
separation.
Hence the number of operations of G whose orders divide n, is equal to

n(r” — X:po‘_alqﬁ_ﬂ1 .. .),

while at the same time
r’—1= Zp"‘/_o‘lqﬁl_ﬂ1 .

Unless o/ = «, B/ = (3, ..., the former of these numbers is negative,
which is impossible; these conditions must therefore be satisfied. The num-
ber of operations, whose orders divide n, is therefore exactly equal to n;
and the order of the greatest group I/{ " that contains R self-conjugately

is p¥g? ... rn/.

H
The factor-group ) has for its order p®¢®...n’, and
it satisfies the same conditions as GG. Hence it contains a sub-group of
order p®¢? .. .; and H’ therefore contains a sub-group of order p®¢® ... 77,
The free use of the inductive process that has been made in the preceding
proof may possibly lead the reader to doubt its validity. He will find it instructive
to verify the truth of the theorem directly in the simpler cases. In fact, the direct
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verification for the case in which m is a power of a prime is essential to the formal
proof; it has been omitted for the sake of brevity.

Corollary I. If m = mymsg, where m; and mo are relatively prime,
G has a single conjugate set of sub-groups of order mj.

That G contains groups of order m; may be shewn inductively at once.
For since it is clearly true when m contains only one, or two, distinct prime
factors, we may assume it true when m; does not contain r7 as a factor.
Now G has a sub-group g of order p®¢® .. .77, which contains a sub-group R

of order r7 self-conjugately. The factor-group }% contains then a sub-group

of order m/ where m/ is any factor of % which is relatively prime to W;
and therefore g contains a sub-group of order m/r?.

If now I and I” are two sub-groups of G of order m)r7, they may be
assumed to contain the same sub-group R of order r7. For the sub-groups
of G of order 77 form a single conjugate set; and therefore, if I’ contained
a sub-group R’ of this set, S™1I’S would contain S~'R’S, which may be

taken to be R. Now R is a self-conjugate sub-group of both I and I’, and
/

1
therefore the factor-groups = and = of order m) are sub-groups of the
!/
factor-group —. Hence if the result is true when my does not contain the

factor 7, it is also true when m does contain 7. But when m; is equal
to p®, the result is obviously true; and therefore it is true generally.

Corollary II.  If the sub-groups P, @, ..., R of G contain character-
istic sub-groups Py, Qo, . .., Ro of orders p®, ¢®0, ... 7 then G contains
a sub-group of order mg = p®0¢® ...y which has a self-conjugate sub-
group of order 7.

Assuming the truth of this statement when mg does not contain the
/

m
factor r, the factor-group = must contain a sub-group of order TS; and
r

therefore G contains a sub-group J of order p®0¢® .. .7 which has R for
a self-conjugate sub-group. Hence, since Ry is a characteristic sub-group
of R, J contains a sub-group of order p®¢® ... and a self-conjugate sub-
group of order 0. Tt therefore contains a sub-group of order p®0g® .. .0,
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which has a self-conjugate sub-group of order r7°.

249. The reader will have no difficulty in seeing, as has already been
stated, that Theorem VI is a direct result of the theorem proved in the last
paragraph. We shall proceed at once to further applications of it.

TueorREM VIII. A group G of order
N =p{'p5?. .. pon,

in which the sub-groups of every order p& (r =1,2,...,n—1) are Abelian,
with either one or two generating operations, is generally soluble; the special
case p1 = 2, po = 3, may constitute an exception”.

If an Abelian sub-group P, of order p{" is generated by a single oper-
ation, it is cyclical and 6(P,) is (§ 176) equal to p, — 1. If P, is generated
by two independent and permutable operations, #(F,) is equal to (p, —
1)(p?2 —1). Now no prime greater than p, can divide (p, —1)(p? — 1) unless

pr + 1 be a prime; and this is only possible when p, is equal to 2. Hence

N
unless P1 = 2, po = 3, 0(P;) and —7—4,——5; are relatively prime for
py7p

Qo
... Dy
all values of r from 1 ton — 1. Omi%tin%g for 2tjhe present this exceptional
case, the conditions of Theorem VII are satisfied by G it therefore contains
exactly p&m operations whose orders are divisible by p,. Therefore G has a
self-conjugate sub-group P, of order p0", and hence also one or more sub-
groups of order p;."7'p&n. There are however only p,"7'p%" operations in G
whose orders are divisible by no prime smaller than p,_1, and therefore the
sub-group of order pg"fll pom must be self-conjugate. This process clearly
may be continued to shew that G has a self-conjugate sub-group of every
order p?Tpgﬁl cpSn (r=2,3,...,n); from which it follows immediately
that G is soluble.

Returning now to the exceptional case, suppose that a group of or-
der 2% is contained self-conjugately in a maximum group of order 2%13%m.
If every operation of the group of order 24! is self-conjugate within this

sub-group, G contains 2*! — 1 distinct conjugate sets of operations whose

orders are powers of 2; hence it follows that there are just a1 operations

*Frobenius, loc. cit., p. 1041.
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in G whose orders are not divisible by 2. In this case, the conditions of
Theorem VII are satisfied by G; and it is still soluble.

If, lastly, the operations of the sub-groups of order 2%13%m, whose
orders are powers of 2, are not all self-conjugate, there must be an op-
eration B, whose order is a power of 3, in this sub-group which is not
permutable with every operation of the sub-group of order 2*1. Let now

A A A A,

be a characteristic series of the group A of order 2%!; and suppose that

Ayy1 is the greatest of these groups with every one of whose operations B

is permutable. Then (§ 175) B is not permutable with every operation
Hence

T
of Ary1 Aria
order 2 must be permuted cyclically when transformed by B. It follows that
{A,, B} is multiply isomorphic with a tetrahedral group. Hence finally,
under the conditions of the theorem, G is certainly soluble unless it contains
a sub-group which is isomorphic with a tetrahedral group.

is a quadratic group; and its three operations of

Corollary. A group of order p{'p5?...p%" in which no one of the
indices aq, a3, ..., an—1 is greater than 2, is soluble unless it has a sub-

group which is isomorphic with a tetrahedral group. For a group of order p?
is necessarily an Abelian group which is generated by either one or two
independent operations.

250. We shall next consider certain groups of even order in which the
operations of odd order form a self-conjugate sub-group. If G is a group of
order N, where

N =2%, (n odd),

we shall suppose, in this and the following paragraphs, that a sub-group 2
of order 2% is Abelian, and that 0(2) and n are relatively prime. Let us
take first the case in which 2 is cyclical, so that 6(2) is unity and the lat-
ter condition is satisfied for all values of n. If such a group is represented in
regular form as a substitution group of 2%n letters, the substitution corre-
sponding to an operation of order 2% will consist of n cycles of 2% symbols
each. This is an odd substitution; and therefore G has a self-conjugate
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sub-group of order 2® 'n. In this sub-group there are cyclical operations

of order 2®~!. Hence the same reasoning will apply to it, and it contains
a self-conjugate sub-group of order 2®~2n. Now (Theorem VII, Cor. I.
§ 87) G contains exactly 2®~2n operations whose orders are not divisi-
ble by 22~ Hence the sub-group of order 2% 2?n must be self-conjugate
in GG. Proceeding thus, it may be shewn that G contains self-conjugate
(and characteristic) sub-groups of every order 2 "n (r =1,2,...,a)".

251. Suppose, secondly, that, under the same conditions, G con-
tains a self-conjugate sub-group 2 of order 2%. Since §(<2) and n are
relatively prime, every operation of 2 is permutable with every operation
of G (§ 177). If 2’ is a sub-group of 2 of order 2971, 2" must therefore

G
be self-conjugate in G. Now the order of the factor group —- is 2n; hence,

by the preceding result, it has a self-conjugate sub-group of order n. It
follows that G has a self-conjugate sub-group of order 2~ 'n. This group,
again, has a self-conjugate sub-group of order 2*~2n, and so on. Hence
G has a sub-group of order n. Now by Theorem VII (§ 248), G has just
n operations whose divide n. Hence the sub-group H, of order n, must be
self-conjugate; and G is the direct product of the two groups 2 and H.

252. Suppose next that 2 is not self-conjugate in G; and let I, of
order 2%n’, be the greatest group that contains 2 self-conjugately. Every
operation of I is permutable with every operation of 2; and therefore
(§ 81) G contains 22! distinct sets of conjugate operations whose orders
are powers of 2. The case, in which 2 is cyclical, has been already dealt
with and will now be excluded; we may thus assume that 2 contains 2% —1
(6 4« 2) operations of order 2, and that G contains an equal number of sets
of conjugate operations of order 2.

If possible, let no two sub-groups of order 2% have a common operation
except identity. Then if two operations S and T, of order 2, are chosen,
belonging to distinct conjugate sets and to different sub-groups of order 2%,
they cannot be permutable with each other. They will therefore generate
a dihedral sub-group of order 2m. If m were odd, S and T would be
conjugate operations. Hence m must be even; and the dihedral sub-group

*Frobenius, “Uber auflésbare Gruppen, II” Berliner Sitzungsberichte, 1895, p. 1039.
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must contain a self-conjugate operation U of order 2. Since U is permutable
with both S and T, it must occur in at least two different sub-groups of
order 2%; and therefore the supposition, that no two sub-groups of order 2¢
have a common operation except identity, is impossible.

Let now 2 of order 2% be a sub-group common to 2 and Zp, two
sub-groups of order 2%; and suppose that no two sub-groups of order 2¢
have a common sub-group which contains .2’ and is of greater order. Since
every operation of 2 is self-conjugate in I, 2’ must be self-conjugate in I.
If then J, of order 2%n’r, is the greatest sub-group of G that contains 2’
self-conjugately, J contains r sub-groups of order 2% Hence the factor-

group 7 contains r sub-groups of order ZQ*O‘/, and no two of these have

a common sub-group; for if they had, some two sub-groups of order 2¢
contained in J would have a common sub-group greater than and contain-

/ J
ing 2', contrary to supposition. The r sub-groups of order 2%~ ¢ of 7

must therefore be cyclical.

253. We will apply the results of the last paragraph to the case in
which all the operations of 2 are of order 2. Then 2’ must be of order 241,

since > is cyclical. Suppose now that R is an operation of J of odd order,

which is permutable with 2’ but not with 2. If R were self-conjugate in a
sub-group whose order is divisible by 2%, this sub-group would contain 2’
and therefore one or more sub-groups of order 2% containing 2’. But
R is not permutable with any sub-group of order 2 that contains 2’; and
therefore the highest power of 2 that divides the order of the group in
which R is self-conjugate is 227!, so that R is one of 2y (p odd) conjugate
operations. If now A is an operation of order 2 that belongs to 2 and not
to 2’, no operation conjugate to R can be permutable with A. Hence in
the substitution group of degree 24, that results on transforming the set of
operations conjugate to R among themselves by all the operations of G, the
substitution corresponding to A is an odd substitution. This substitution
group has therefore a self-conjugate sub-group whose order is half its own,
and therefore G has a self-conjugate sub-group of order 2*~'n. In the same
way it may be shewn that this sub-group has a self-conjugate sub-group
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of order 2*~2n; and so on. Hence G has a sub-group H of order n. But it

follows from Theorem VII, § 248, that G has exactly n operations whose
orders divide n; and therefore H is a self-conjugate sub-group. Moreover,

G
since T is an Abelian group of order 2%, it must contain self-conjugate

sub-groups of every order 2" (r = 1,2,...,a — 1); and G therefore has
self-conjugate sub-groups of every order 2"n. In general however these
sub-groups are not characteristic, as is the case when 2 is cyclical.

254. We will consider next the case where 2 is generated by two op-
erations A and B, of orders 2°~! and 2. There are in 2 three operations of
order 2, namely, AQQ*Q, A®7’p , and B; and in 2 there are no operations,
of order greater than 2, of which the two latter are powers. Suppose that
G contains an operation B’, conjugate to B, with which A2 s not per-
mutable. Then {Aza_z, B’} is a dihedral group, and if R is an operation of

odd order of this group, no power of A is permutable with R. Since A2
and B’ are not conjugate operations in GG, there must be an operation of
order 2, conjugate to A2a_QB, and permutable with R. The sub-group,
in which {R} is self-conjugate, therefore contains representatives of each
of the three sets of conjugate operations of order 2 that belong to GG; and
in this sub-group these representatives form three distinct conjugate sets.
Hence no operation conjugate to A2 can be permutable with R; and
therefore no power, except identity, of an operation conjugate to A is per-
mutable with R. Hence R is one of 2° !y (1 odd) conjugate operations,
with none of which is A permutable. It follows that, in the substitution
group of degree 271, with which G is isomorphic, A is an odd substi-
tution. Hence G contains a self-conjugate sub-group of order 2 'n; and
since this is of the same type as (G, the same reasoning may be applied
to it. Exactly as before, G will contain self-conjugate sub-groups of every
order 2'n (r=0,1,...,a —1).

We have assumed that there is an operation B’, conjugate to B, with
a—2 a—2
which A%" " is not permutable. If A2~ were permutable with every oper-

ation that is conjugate to B, the sub-group in which A2 g permutable
would contain a self-conjugate sub-group G’ of G whose order is divisible
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G
by 2. In this case, we may deal with el exactly as we have been dealing

with G.
The results of §§ 250-254 may be summed up in the following form:—

THEOREM IX. If in a group G of order 2%n, where n is odd, a
sub-group 2 of order 2% is an Abelian group of type (o), (o — 1,1), or
(1,1,...,1), and if 6(2) and n are relatively prime, then G contains self-
conjugate sub-groups of each order 2°n (B=0,1,...,a—1).

255.  Still representing the order of G by 2%n, where n is odd, there
are two cases, in which the sub-groups of order 2% are not Abelian, where it
may be shewn without difficulty that G contains a self-conjugate sub-group
of order n.

THEOREM X.  If the order of G is 2%n, where n is odd and not divisible
by 3, and if a sub-group 2 of order 2% is of the type

() A =1, B2=4", BlAB=A"!
or (i) A =1, B*=1, B lAB = AL,

G contains a self-conjugate sub-group of each order2°n (B=0,1,...,a—1).

For each of these types, 9(2) is 3 or 1; and if 2" is any sub-group
of 2, 9(2’) is either 3 or 1. Hence if any operation of G of odd order
is permutable with 2 or 2, it must be permutable with every operation
of 2 or 2. In each type, the self-conjugate operations form a cyclical
sub-group of order 2, namely {A2a_2}.

We will consider first the case where 2 is of type (i). In this case,
{A%2=3) and {B} are sub-groups of G of order 4, the former being self-
conjugate in 2 while the latter is not. If they are conjugate sub-groups
in G, we have seen (§ 82) that G must contain an operation of odd or-
der S, such that the sub-groups S™"{B}S" (n =0, 1,2, ...) are permutable
with each other. This is impossible, since every operation that is per-
mutable with a sub-group 2’ is permutable with all its operations. Hence
{A2a73} and {B} are not conjugate sub-groups; and A2 and B are not
conjugate operations.
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Now A2 is self-conjugate in {A} and is one of two conjugate opera-
tions in 2; therefore in G it must be one of 2 conjugate operations, where

i is odd. When these 21 conjugate operations are transformed by A2

two only, namely, A2 and A*QMS, remain unchanged. Let us suppose
that, in the resulting substitution, there are z cycles of 2 symbols and
y cycles of 4 symbols.

When the 2p conjugate operations are transformed by B, none can
remain unchanged; and we may suppose that the resulting substitution

has 2’ cycles of 2 symbols and v cycles of 4 symbols.

Now since
A2 B2,
y=y,
and therefore
1+z=2a

Hence one of the two substitutions 42" " and B must be odd; G has
therefore a self-conjugate sub-group of order 2 'n. The groups of or-
der 2971 contained in this self-conjugate sub-group are either of type (i),
with o — 1 written for a: or they are cyclical; for, like 2, they can only
contain a single operation of order 2. If they are cyclical, the reasoning
of § 250 may be applied; and if they are of type (i) the same reasoning
will apply to the self-conjugate sub-group of order 2*~!'n that has been
used for GG. Finally, then, G must contain sub-groups of orders n, 2n,
22n, ..., 27 In, each of which is contained self-conjugately in the next;
and therefore the sub-group H of order n must be self-conjugate.

If 2 is of type (ii), A is one of 2u conjugate operations in G, where
i is odd. It may be shewn, as in the previous case, that B and A2
cannot be conjugate in G, so that no one of the operations conjugate to
A has B for one of its powers. If now B were permutable with any one of
these 21 conjugate operations, the group would contain an Abelian sub-
group of order 2%, which is not the fact. Hence the substitution, given on
transforming the 2u operations by B, consists of p transpositions and is
an odd substitution. Therefore G contains a self-conjugate sub-group of
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20471 2a71

order n, in which the sub-groups of order are cyclical. Hence,

again, there is a self-conjugate sub-group of order n.

256. The only non-Abelian groups of order 23 are those of types
(i) and (ii) of § 255, when a = 3. The Abelian groups of order 22 and 23 are
all included in the types considered in Theorem IX, § 254. For an Abelian
group 2, of order 23 and type (2, 1), (2) is 3; and for one of order 23 and
type (1,1,1), 6(2) is 21. Hence Theorems IX and X shew that, if 2, 22
or 22 divide the order of a group, but not 2%, then the operations of odd
order form a self-conjugate sub-group, with possible exceptions when 12 or
56 is a factor of the order. Hence:—

THEOREM XI. A group of even order cannot be simple unless 12, 16
or 56 is a factor of the order®.

257. In further illustration of the methods of the preceding paragraphs, we
will deal with another case in which the sub-groups of order p® are not Abelian.

Let G be a group of order p®m, where m is relatively prime to
p(p—1)...(p® —1); and suppose that a sub-group H of order p® is
such that within it every operation is either self-conjugate or one of
p conjugate operations!. Let h be a sub-group of G whose order is a power
of p; and let S be an operation of G whose order is not divisible by p. Then
since m is relatively prime to p(p — 1)...(p“ — 1), if S is permutable with h,
it is permutable with every operation of h. Hence it follows from § 82 that no
operation of H, which is not self-conjugate in H, can be conjugate in G to a self-
conjugate operation of H. Suppose now that Sy and Sy are two operations of H,
each of which in H is one of p conjugate operations; and that while Sy and Sy are
conjugate in G, they are not conjugate in I, the greatest group that contains H
self-conjugately. Let H; and Hy be the sub-groups of H, of orders p®~!, which
contain S7 and S5 self-conjugately. Since S7 and Sy are conjugate in G, all the
sub-groups of order p®~! which contain either of them self-conjugately belong
to the same conjugate set. If then H; and Hs are identical, there must be an
operation, of order prime to p, which will transform S into Sy and H; into itself.
This, we have seen, is impossible. If H; and Hy are not identical, there must be

*Burnside, Proc. L. M. S. Vol. xxv1, (1895), p. 332.

H
fThe reader will easily verify that, when this condition is satisfied, — is Abelian,

h being the sub-group formed by the self-conjugate operations of H.
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an operation which will transform S7 into Sy and H; into Hs. Now Hp and Hy
both contain the sub-group h formed of the self-conjugate operations of H; and
since no self-conjugate operation of H is conjugate in G with any operation of H
which is not self-conjugate, the operation in question, which transforms .S into
S9 and H;p into Ho, must transform h into itself. Hence S; and S are conjugate
op/erations in that sub-group, G’, of G which contains h self-conjugately. Now in

N the operations, that correspond to S; and Sy, are self-conjugate operations
/

H
of T Since then these operations are conjugate in o they must (§ 82) be

conjugate in £ This however is impossible, since every operation of ! whose
order is a power of p is self-conjugate. Finally, then, no two operations of H,
which are not conjugate in H, can be conjugate in G; and the number of distinct
sets of conjugate operations in G, whose orders are powers of p, is equal to the
number in H. From this it follows, as in previous cases, that the number of
operations of G whose orders divide m is equal to m.

258. THEOREM XII.  The only simple groups, whose orders are
the products of four or of five primes, are groups of orders 60, 168, 660,
and 1092: and no group, whose order contains less than four prime factors,
15 simple.

Groups, whose orders are p1, p1p2, p3, D3, Pap2, P1p3 Or p1paps are all
proved to be soluble by previous theorems in the present chapter.

If the order of a group contains four prime factors, it must be of one of
the forms p1, pipa, pip3, PIP2ps, PLP3, P1P3P3, PLP2p3 OF Prpapspa. If pi is
an odd prime, groups of any one of these orders have already been shewn
to be soluble; while if py is 2, the only case which can give a simple group
is 22pops. If a group of this order is simple, it follows from Theorem VIII,
Cor. (§ 249), that p2 must be 3; and the order of the group 12ps. A cyclical
sub-group of order p3 must be one of 1+ kps conjugate sub-groups. Hence
14 kps must be a factor of 12, so that p3 is either 5 or 11. If p3 were 11, the
12 conjugate sub-groups of order 11 would contain 120 distinct operations
of order 11, and the tetrahedral sub-group, which the group (if simple)
must contain, would be self-conjugate. Hence ps must be 5 and the order
of the group is 60. We have already seen that a simple group of order 60
actually exists, namely, the icosahedral group; and that there is only one
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type for such a group (§ 85).
If the order of a group contains five prime factors, it must be of one of
the forms:—

p3, pipe, Piv3, pipaps, pips, PIP3Ps, Pipapi, PID2psp4, PID3,
PIP3D3, D1D3D3, PIPAP3P4, D1P2Ds, PIP2D3P4, D1P2P3Pi, PLD2D3PADS-

If p1 is an odd prime, it follows from previous theorems that none of
these forms, except p‘i’pgpg and plpg’pg, can give simple groups.

Taking first the order plp%pg, let us suppose (without limitation to the
particular case) that a group of order p;pi'ps is simple. It must contain
p3 or p1p3 conjugate sub-groups of order p4'. In either case, the operations
of these sub-groups must be all distinct, or else they must all have a com-
mon sub-group, for the order of the group contains no factor congruent
to unity (mod. p2), except ps or pips. Now the group contains (§ 248)
just p4'p3 operations whose orders are not divisible by pi; and if there
are p3 sub-groups of order p5* whose operations are all distinct, there are
(p§" — 1)ps operations whose orders are powers of pp. Hence, in this case,
a sub-group of order p3 is self-conjugate. On the other hand, if there are
p1p3 sub-groups of order p5', their operations cannot be all distinct; and
the group has a self-conjugate sub-group whose order is a power of ps. A
repetition of this reasoning shews that a group of order pip5'p3 is always
soluble.

We consider, next, a group whose order is p‘;’pgpg. If py is odd, p% cannot
be congruent to unity, (mod. p2) or (mod. p3). The same is true, when
p1 = 2, if po is not equal to 3. We shall therefore first deal with a group of
order p‘%pgpg on the supposition that ps is not 3.

If neither p nor ps divides p:{’ — 1, it follows from §§ 248, 257 that there
are just pops operations in the group whose orders divide paps. When this
is the case, the group clearly cannot be simple.

If p3 divides p:{’ — 1, and if there are more than psp3 operations whose
orders divide pops, a sub-group of order p:{’ must be self-conjugate in a
sub-group of order pii’pg, so that the group is isomorphic with a group of
degree po. In this case, again, the group cannot be simple.

Finally, then, we have only to deal with the case in which a sub-group
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of order p:l)’ is self-conjugate in a sub-group of order p?pg, while in this sub-
group an operation of order ps is one of p} conjugate operations. Now the
congruences

3
1

P 1 (mod. p2),

1 (mOd pl)a

are inconsistent; therefore, if a sub-group of order psy is self-conjugate in
a sub-group of order p{pz, the latter must be Abelian. Hence the group
contains p?{ (p2 — 1)ps operations whose orders are divisible by pa. Now if
the sub-groups of order pzf have a common sub-group, it must be common
to all of the sub-groups of order p$, and it is a self-conjugate sub-group. If,
however, no two have a common sub-group, the group contains (p3 — 1)p3
operations of order p;; and there remain only p3 operations whose orders
divide p3. The group is therefore in any case composite.

If now po = 3, a group of order 223ps has, by Sylow’s theorem, a self-
conjugate sub-group of order p3 unless p3 is 5, 7, 11 or 23. If p3 = 23, the
group (if simple) would have just 24 operations whose orders divide 24; it
is thence easily seen to be non-existent. If p = 11, the group (if simple)
could be expressed as a doubly transitive group of degree 12. In this form,
however, each operation, which transforms an operation of order 11 into
its own inverse, would be a product of 5 transpositions and therefore an
odd substitution. This group therefore cannot be simple. If p3 = 5, the
group could be expressed as a doubly transitive group of degree 6. The
sub-group of order 4 which transforms a sub-group of order 5 into itself
would be cyclical; and the corresponding substitution being odd, the group
could not be simple.

Hence, finally, the only possibility is a group of order 168. That a
simple group of this order actually exists is shewn in § 146; also, there is
only one type of such group.

When p; is equal to 2, the only case, that requires discussion in addi-
tion to those we have dealt with, is p%p2p3p4. A group of this order can
only be simple (§ 249) when it contains a tetrahedral sub-group. In this
case, the operations of order 2 form a single conjugate set, and the group
contains just 3psps operations whose orders are divisible by 2. If a sub-
group of order 2%3q is the greatest that contains a sub-group of order 3
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self-conjugately, the group will contain 22~%(3 — 1)p3p4 operations whose
orders are divisible by 3 and not by 2. Hence the group must contain either
P3P4, Dp3pa, or Tp3ps, operations whose orders divide psps. On the other
hand, the number of these operations may be expressed in the form

x(p3 — Dpa+y(pa — 1) + 1,

where x is a factor of 12, and y is a factor of 12p3 which is congruent to
unity, (mod. py).
Hence

z(ps — D)pa+y(pa — 1) = zpsps — 1, (2 =1,5,7).

The case z = 1 leads to y = 1, so that the sub-group of order py4 is
self-conjugate.

The case z = 5 gives no solution; but when z = 7, it will be found that
there are two solutions, namely,

r=0, y=12, p3=5, ps=11,
and =6, y=14, p3 =7, pg=13.

That simple groups actually exist corresponding to the two orders 660
and 1092 thus arrived at, is shewn in § 221. There is also in each case a
single type; the verification of this statement is left to the reader.

259. As has already been stated at the beginning of the present
chapter, the solution of the general problem of pure group-theory, namely,
the determination of all possible types of group of any given order, depends
essentially on the previous determination of all possible simple groups. A
complete solution of this latter problem is not to be expected; but for
orders, which do not exceed some given limit, the problem may be attacked
directly. The first determination of this kind was due to Herr O. Hélder*,
who examined all possible orders up to 200: he proved that none of them,
except 60 and 168, correspond to a simple group. Mr Cole! continued the

*Math. Ann. Vol. XL, (1892), pp. 55-88.
t American Journal of Mathematics, Vol. xv, (1893), pp. 303-315.
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investigation, by examining all orders from 201 to 660, with the result of
shewing that in this interval the only orders, which have simple groups
corresponding to them, are 360, 504 and 660. The existence of a simple
group of order 504 had not been recognised before Mr Cole’s investigation.

The author* has carried on the examination from 661 to 1092, with the
result of shewing that 1092 is the only number in this interval which is the
order of a simple group.

As the limit of the order is increased, such investigations as these rapidly
become more laborious, since a continually increasing number of special
cases have to be dealt with. There is little doubt however but that, with
the aid of the theorems proved in the present chapter, the investigation
might be continued without substantial difficulty up to 2000.

We shall here be content with verifying the result of Herr Holder’s and
Mr Cole’s investigations for orders up to 660. The method used in dealing
with particular numbers may suggest to the reader how the determination
might be continued.

260. It follows from Theorem XII that, if an odd number can be the
order of a simple group, it must be the product of at least 6 prime factors.
Moreover, by previous theorems, we have seen that 35, 3%p and 3*p? cannot
be orders of simple groups. Hence certainly no odd number less than 3*-5-7
or 2835" can be the order of a simple group. Therefore, by Theorem XI,
we need only examine numbers less than 660 which are divisible by 12, 16,
or 56. When each number less than 660 which is divisible by 12, 16, or 56 is
written in the form pi*p32. .., it will be found that, with eleven exceptions,
Theorems II to XII of the present chapter immediately shew that there are
no simple groups corresponding to them. The exceptions are 60, 168, 240,
336, 360, 480, 504, 528, 540, 560, 660. We will first deal with such of these

numbers as do not actually correspond to simple groups.

* Proc. London Math. Soc., Vol. xxvI, (1895), pp. 333-338.

1t is not, of course, here suggested that 2835 is the order of a simple group. It may,
in fact, be shewn with little difficulty that no number of the form 3%pq, 33p3q, or 3%2p3q,
where p and ¢ are odd primes, can be the order of a simple group. A much higher limit
than 2835 may therefore be given for the order, if odd, of a simple group.
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240 = 24.3.5.

A simple group of this order would contain 6 or 16 sub-groups of order 5.
If it contained 6 sub-groups of order 5, the group could be expressed as a
transitive substitution group of degree 6; and there is no group of degree 6
and order 240. If there were 16 sub-groups of order 5, each would be self-
conjugate in a group of order 15, which must be cyclical. The group then
would be a doubly transitive group of degree 16 and order 16 - 15. Such a
group (§ 105) contains a self-conjugate sub-group of order 16.

336 =24-3-7.

A simple group of this order would contain 8 sub-groups of order 7,
each self-conjugate in a group of order 42. We have seen (§ 146) that there
is no simple group of degree 8 and order 8 - 7 - 6.

480 = 2°-3-5.

Since 2° is not a factor of 5!, a group of order 480 must, if simple, contain
15 sub-groups of order 2°. Now 2° is not congruent to unity, (mod. 4), and
therefore (§ 78) some two sub-groups of order 2° must have a common
sub-group of order 2*. Such a sub-group, of order 24, must (§ 80) either
be self-conjugate, or it must be contained self-conjugately in a sub-group
of order 2° - 3 or 2° - 5. In either case the group is composite.

528 =24.3.11.

There must be 12 sub-groups of order 11, each being self-conjugate in
a group of order 44. A group of order 44 necessarily contains operations of
order 22, and such an operation cannot be represented as a substitution of
12 symbols. The group is therefore not simple.

540 = 22.33 . 5.

There must be 10 sub-groups of order 33, each self-conjugate in a group
of order 2 -33. There must also be 36 sub-groups of order 5, each self-
conjugate in a group of order 15. Now when the group is expressed as
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transitive in 10 symbols, the substitutions of order 5 consist of 2 cycles
of 5 symbols each, and no such substitution can be permutable with a
substitution of order 3. Hence the group is not simple.

560 =2%.5.7.

There must be 8 sub-groups of order 7. A transitive group of degree 8
and order 8 - 7 - 10 does not exist (§ 146).

That there are actually simple groups of orders 60, 168, 360, and 660,
has already been seen; the verification that there is only a single type of
simple group of order 360 may be left to the reader. It remains then to
consider the order 504.

504 = 23.32.7.

A simple group of this order must contain 8 or 36 sub-groups of order 7.
There is no group of degree 8 and order 504 (§ 146). Hence there must be
36 sub-groups of order 7.

Again, there must be 7 or 28 sub-groups of order 32; and since there
is no group of degree 7 and order 504 (l.c.), there are 28 sub-groups of
order 32. If two of these have a common operation P of order 3, it must
(§ 80) be self-conjugate in a group containing more than one sub-group of
order 32. If the order of this sub-group is 22-32, it must contain a sub-group
of order 22 self-conjugately; and therefore this sub-group of order 2% must
be self-conjugate in a group of order 23-32 at least. Such a group would be
one of 7 conjugate sub-groups, and this is impossible. Similarly, P cannot
be self-conjugate in a group whose order is greater than 22 - 32. Hence no
two sub-groups of order 32 have a common operation, except identity.

There are therefore in the group 216 operations of order 7, and 224 op-
erations whose orders are powers of 3, leaving just 64 other operations.

Suppose now that A is an operation of order 2, self-conjugate in a sub-
group of order 23. If A is self-conjugate in a group of order 23z (x being
a factor of 3% - 7), this group must contain at least = operations of odd
order and therefore at least x operations of the form AS, where S is an
operation of odd order permutable with A. There are also x operations of
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63
this form, corresponding to each of the — operations conjugate to A; so

that the whole group contains 63 operatixons of the form AS, where S is
of odd order and permutable with A, while A is one of a set of conjugate
operations of order 2, each of which is self-conjugate in a sub-group of
order 23. Hence taking the identical operation with these 63 operations
of even order, all the operations of the group are accounted for; and there
are therefore no operations whose orders are powers of 2 except those of
the conjugate set to which A belongs. The sub-groups of order 23 are
therefore Abelian groups whose operations are all of order 2; and since the
7 operations of order 2, in a group of order 23, are all conjugate in the
group of order 504, they must (§ 81) be conjugate in the sub-group within
which the group of order 23 is self-conjugate. Hence, finally, there must be
9 sub-groups of order 23, each self-conjugate in a group of order 23 - 7, in
which the 7 operations of order 2 form a single conjugate set.

A simple group of order 504, if it exists, must therefore be expressible
as a triply transitive group of degree 9, in which the sub-group of order 56
that keeps one symbol fixed is of known type. From this, several inferences
can be drawn. Firstly, all the 63 operations of order 2 of the 9 sub-groups
of order 23 must be distinct, since each operation of order 2 keeps just one
symbol fixed. There is therefore a conjugate set of 63 operations of order 2,
and there are no other operations of even order in the group. Secondly, the
224 operations whose orders are powers of 3 cannot all be operations of
order 3. For, if they were, there would be 8 operations of order 3 containing
any three given symbols in a cycle; and therefore the group would contain
operations other than identity which keep 3 symbols fixed. This is not the
fact; the sub-groups of order 32 are therefore cyclical.

Conversely, we may now shew that such a triply transitive group of
degree 9, if it exists, is certainly simple. The distribution of its operations
in conjugate sets has, in fact, been determined as follows. There are:—

3 conjugate sets of operations of order 7 each containing 72 operations
3 7 7 9 7 56 7
1 7 7 3 7 56 7
1 7 7 2 7 63 7



260] THEORY OF FINITE GROUPS. 414

A self-conjugate sub-group, that contains a single operation of order 7,
must contain all of them; and such a sub-group, that contains a single
operation of order 9, must contain all the operations of orders 3 and 9.
Hence if a self-conjugate sub-group contains operations of order 9, its order
must be of the form

1+ 224 + 216x + 63y;

and if it contains no operations of order 9, its order must be of the form
1+ 562" 4+ 216y + 632';

each of the symbols z, y, 2/, 1/, 2’ being either zero or unity. The order
must at the same time be a factor of 504. A very brief consideration will
shew that all these conditions cannot be satisfied, and therefore that no
self-conjugate sub-group exists.

That there is a triply transitive group of degree 9 and order 9 -8 - 7,
has already been seen in § 113; and the actual formation of the substitu-
tions generating this group will verify that it satisfies the conditions just
obtained.

We may however very simply construct the group by the method of
§ 109; and this process has the advantage of shewing at the same time that
there is only one type.

There is no difficulty in constructing the sub-group of order 56 as a
doubly transitive group of 8 symbols. If we denote by s and t the two
substitutions

(1254673) and (12)(34)(56)(78),

{s,t} is, in fact, a group of the desired type. If now A is any substitution of
order 2 in the symbols 1, 2, ..., 8, 9 which contains the transposition (89),
and satisfies the conditions

AsA =151, AtA = S5ASs,

where S7, Sz, S3 belong to {s,t}: then (§ 109) it follows that {4, s,t} is a
triply transitive group of degree 9 and order 504.

Now every operation of order 2 in the group, which interchanges 8 and 9,
must transform s into its inverse. Also from the 9 symbols only 7 operations
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of order 2, satisfying these conditions, can be formed; and if one of them
belongs to the group, they must all belong to it. Hence there cannot be
more than one type of group satisfying the conditions.
Finally, if
A = (89)(23)(46)(57),

then
AsA =571,

and AtA can be expressed in the form
(1635842) A(1685437),

where the two operations (1635842) and (1685437) belong to {s,t}. It
follows, then, that {A,s,t} is a triply transitive group of degree 9 and
order 504, which satisfies all the conditions, and that there is only a single
type of such group.

261. The order of a non-soluble group must be divisible by the order
of some non-cyclical simple group. Moreover, if N is the order of a non-
cyclical simple group and if n is any other number, there is always at least
one non-soluble group of order Nn; for, G being a simple group of order N
and H any group of order n, the direct product of G and H is a non-soluble
group of order Nn. Herr Hélder* has determined all distinct types of non-
soluble groups whose orders are less than 480. He shews that, besides the
three simple groups of orders 60, 168, and 360, there are 22 non-soluble
groups whose orders are given by the following table.

120 | 180 | 240 | 300 | 336 | 360 | 420
3 1 8 1 3 D 1

For the proof of all these results except the first, and for the very
interesting and suggestive methods that lead to them, the reader is referred
to Herr Holder’s memoir. The case of a non-soluble group of order 120 is
susceptible of simple treatment; and we will consider it here as exemplifying

*“Bildung zusammengesetzter Gruppen,” Math. Ann. Vol. XvI., (1895), pp. 321-
422; in particular, p. 420.
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how composite groups may be constructed when their factor-groups and
the isomorphisms of the latter are completely known.

262. The composition-factors of a non-soluble group G of order 120 are
2 and 60. If these may be taken in either order, then G contains a self-conjugate
sub-group of order 2 and a self-conjugate sub-group of order 60. The latter, being
simple, must be an icosahedral group and cannot contain the former. Hence, in
this case, G must (§ 34) be the direct product of an icosahedral group and a
group of order 2.

Next, suppose that the composition-factors can only be taken in the order
2, 60. Then G contains a self-conjugate sub-group H of icosahedral type and
no self-conjugate sub-group of order 2. Hence if S is any operation of G which
is not contained in H, the isomorphism of H which arises on transforming its
operations by S must (§ 165) be contragredient. It follows that G is simply
isomorphic with a group of isomorphisms of H. Now H is isomorphic with the
alternating group of degree five, and its group of isomorphisms is therefore (§ 173)
simply isomorphic with the symmetric group of degree five. Hence, in this case,
G is simply isomorphic with the symmetric group of degree five.

Lastly, suppose that the composition-factors can only be taken in the order
60, 2. Then G has a self-conjugate sub-group of order 2 and no self-conjugate
sub-group of order 60. Hence (§ 35) G has no sub-group of order 60. Suppose
that A is the self-conjugate operation of order 2, and arrange the operations of G
in the sets

1, A; Sl, SlA; 52, SQA; ey 5597 S59A.

Since {j} is simply isomorphic with an icosahedral group, it must (§ 203) be

possible to choose three sets
S/ S/A S// S//A_ S//l S/,/A'

such that either operation of the first, multiplied by either operation of the
second, belongs to the third set; while at the same time the cube of either
operation of the first set, the fifth power of either operation of the second set,
and the square of either operation of the third set, belong to the set 1, A. Now
if

S8 =1,

then
(S’A)3 = A.
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Hence we may assume, without loss of generality, that
5/3 -1 S//5 -1 Sl S// — S/// or S/// A
) ) .

If " is of order 2, so also is S’ A, and G would then contain an icosahedral

sub-group. Hence
S”/4 — 1’

and
S/”2 — A

Now
S3=1, S3=1, (519)*=1,

is a complete set of defining relations for the icosahedral group; so that, from
the symbols S7 and Ss, exactly 60 distinct products can be formed. Hence from
S’, §” and A, where

513 — 1, S//5 _ 1, (S/S//)Z _ A, A2 — 1’

A being permutable both with S and S”, exactly 120 distinct products can be
formed. It follows that the relations just given are the defining relations of a
non-soluble group of order 120, which has a self-conjugate sub-group of order 2
and no sub-group of order 60; and that there is only one type of such group. We
have already seen (§ 221) that there must be at least one such type of group;
viz. the group defined by

7| = axy + P,
Th =~yz1 + 612, (mod. 5).
ad — py =1,

Ex. If p is an odd prime, shew that a group, whose composition-factors are
60 and p, must be the direct product of an icosahedral group and a group of
order p. (Holder.)

263. Let G be a composite group; and suppose that the factor-
groups of the composition-series of GG are the two non-cyclical simple groups
H' and H in the order given. Then (§ 165) if Hy is the group formed of
all the operations of G which are permutable with every operation of H,
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the direct product {H, H;} of H and H; is a self-conjugate sub-group
of G. Now the composition-factors of {H, H1} are composition-factors
of G. Hence Hi must either be isomorphic with H’, or it must reduce to

L
the identical operation. The latter alternative can only occur if — has a
sub-group simply isomorphic with H’, L being the group of isomorphisms
of H. In the cases of the simple groups whose groups of isomorphisms have

been investigated in Chapter XI, i.e. the alternating groups, the doubly
transitive groups of degree p™ + 1 and order %p”(pzn — 1), and the triply

L
transitive groups of degree 2" + 1 and order 2"(2?" — 1), o was found to

be an Abelian group. (These groups include all the simple groups whose
orders do not exceed 660.) If H and H' belong to these classes of groups,
then G must be the direct product of simple groups simply isomorphic with
H and H’. For instance, a group of order 3600, whose composition-factors
are 60 and 60, must be the direct product of two icosahedral groups.
This result may clearly be extended to the case of a group, the factor-
groups of whose composition-series are a number of non-cyclical simple
groups Hy, Hs, ..., Hy, such that no two of them are of the same type,

while for each of them — is soluble. Such a group must be the direct

product of n simple groups which are isomorphic with Hy, Ho, ..., Hy.
If, however, several of these groups are of the same type, the inference is
no longer necessarily true. Thus if GG is the direct product of five icosahedral

L
groups, and if L is the group of isomorphisms of G, the order of a is 2951,

and this group contains icosahedral sub-groups. A group of order (60)9,
the factor-groups of whose composition-series are all of order 60, is not
therefore necessarily the direct product of 6 icosahedral groups.

Note to § 257.

The property stated in the footnote on p. 405 may be proved as follows. Let
S1 and So be two operations of the group which are not permutable with each
other; and suppose that

Sy 1818, = 513
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The sub-group of order p"~!, which contains S; self-conjugately, also contains

513 self-conjugately (§ 55); therefore it contains ¥ self-conjugately. Similarly
the sub-group, which contains S self-conjugately, contains SoX~! and therefore
> self-conjugately. Hence 3, being contained self-conjugately in two distinct
sub-groups of order p" !, is a self-conjugate operation. From this it follows at

once that n is Abelian.

Note to § 258.

The statement, on p. 408, that the congruences p? = 1 (mod. ps) and py =
1 (mod. p;) are inconsistent, is subject to an exception if p? 4+ p1 + 1 is a prime.
When this is the case and when ps = p? + p1 + 1, a group of order p?pap3 can
only be simple, under the conditions assumed in the text, if it contains (p$ —1)ps3
operations of order p1, p?(pa—1)p3 operations of order ps, pips(p3 — 1) operations
of order p3, and no other operation except identity. The relation

Pipaps = (p} — 1)ps + pi(p2 — L)ps + pipa(ps — 1) + 1

cannot however be satisfied; the group is therefore composite.

Note to § 260.

No simple group of odd order is at present known to exist. An investiga-
tion as to the existence or non-existence of such groups would undoubtedly lead,
whatever the conclusion might be, to results of importance; it may be recom-
mended to the reader as well worth his attention. Also, there is no known simple
group whose order contains fewer than three different primes. This suggests that
Theorems III and IV, §§ 243, 244, may be capable of generalisation. Investigation
in this direction is also likely to lead to results of interest and importance.



APPENDIX.

THE technical phraseology that has been used in this book is borrowed al-
most entirely from French or German; and far the greater number of important
memoirs on the subject of finite groups are written in one or the other of those
languages. To enable the reader to refer, with as little trouble as possible, to
the writings of foreign mathematicians, a table is here given of the French and
the German equivalents of the more important technical terms. Even abroad,
the phraseology of the subject has not yet arrived at that settled state in which
every writer uses a technical term in the same sense; but the variations of usage
are not very serious. In his recently published Lehrbuch der Algebra, however,
Herr Weber has introduced or adopted several deviations from ordinary usage;
the chief of these are noted, by the addition of his name after the term, in the

subjoined table.

Group
Abelian group
Alternating group

Complete group
Composite group

Factor-group
Primitive or imprimitive group
Transitive or intransitive group
Simple group

Soluble group

Groupe

Gruppe

Groupe des opérations échangeables
Abel’sche Gruppe

Groupe alterné

Alternierende Gruppe
Vollkommene Gruppe

Groupe composé
Zusammengesetzte Gruppe

Groupe facteur

Factorgruppe

Groupe primitif ou non-primitif
Primitive oder imprimitive Gruppe
Groupe transitif ou intransitif
Transitive oder intransitive Gruppe
Groupe simple

Einfache Gruppe

Groupe résoluble

Auflésbare Gruppe

Metacyclische Gruppe* ( Weber)

*This term is used by other German writers to denote the holomorph of a group of

prime order.
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Substitution group

Symmetric group

Group of isomorphisms

Sub-group

Conjugate sub-groups

Self-conjugate sub-group

Maximum self-conjugate sub-group

Characteristic sub-group

421

Groupe des substitutions or systéme
des substitutions conjuguées

Substitutionengruppe

Groupe symétrique

Symmetrische Gruppe

Gruppe der Isomorphismen

Sousgroupe

Untergruppe

Theiler ( Weber)

Sousgroupes conjugués

Gleichberechtigte Untergruppen

Conjugirte Theiler ( Weber)

Sousgroupe invariant

Ausgezeichnete Untergruppe or in-
variante Untergruppe

Normaltheiler ( Weber)

Sousgroupe invariant maximum

Ausgezeichnete or invariante Maxi-
maluntergruppe

Grosster Normaltheiler ( Weber)

Charakteristische Untergruppe

Composition-series

Composition factors

Chief series
Characteristic series

Suite de composition

Reihe der Zusammensetzung

Compositionsreihe (Weber)

Facteurs de composition

Factoren der Zusammensetzung

Hauptreihe

Liickenlose Reihe charakteristischer
Untergruppen

Simple isomorphism

Multiple isomorphism*

Isomorphisme holoédrique

Holoédrischer or einstufiger Isomor-
phismus

Isomorphisme meriédrique

*It is to be noticed that, if G is multiply isomorphic with H, then H is “meriédrique-

ment isomorphe” with G.
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Isomorphism of a group with itself
Cogredient or contragredient iso-

422

Meriédrischer or mehrstufiger Iso-
morphismus

Isomorphismus der Gruppe in sich

Cogredient oder contragredient Iso-

morphism morphismus
Degree (of a group) Degré
Grad
Order 7 ” Ordre
Ordnung
Grad ( Weber)
Genus 7 7 Geschlecht
Substitution Substitution
Substitution or Buchstabenver-
tauschung
Circular substitution Substitution circulaire
Cirkularsubstitution

Even and odd substitutions

Regular substitution
Similar substitutions

Transposition

Substitutions positives et négatives

Gerade und ungerade Substitutio-
nen

Substitution réguliére

Regulédre Substitution

Substitutions semblables

Ahnliche Substitutionen

Transposition

Transposition

One other term, introduced by Herr Weber, for which no simple equivalent is
used in this book, must be mentioned. The greatest sub-group which is common
to two groups he calls the “Durchschnitt” of the two groups.

The ratio of the order of a sub-group H, to the order of the group G con-
taining it, is called by French writers the “indice,” by German the “Index,” of H
in G. The phrase is most commonly used of a substitution group in relation to

the symmetric group of the same degree.

The smallest number of symbols displaced by any substitution, except iden-
tity, of a substitution group is called by French writers the “classe,” by Germans

the “Klasse,” of the group.
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