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On the automorphisms of a real semi-
simple Lie algebra.

By Shingo MURAKAMI
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Let & be a real semi-simple Lie algebra and G the group of auto-
morphisms of &. As is well-known, the connected component G° of
the identity of G coincides with the group of inner automorphisms of
®&. The object of this paper is to investigate the structure of the
factor group G/G°; i.e. the type of outer automorphisms of & modulo
the inner automorphisms. '

E. Cartan [2]? has treated our subject in 1927, and established
intimate relations between the group G and the group of isometric
transformations in a certain type of Riemannian space. However, the
problem being algebraic in its character, a more direct treatment might
be desirable. Now, Cartan had earlier dealt with the same subject
by a more algebraic method for the case where the Lie algebra @ is
complex semi-simple. F. Gantmacher attempted to rearrange
Cartan’s results concerning complex semi-simple Lie algebras on the
basis of the structure theory founded by H. Weyl [9], and then applied
so obtained results to the classification of real simple lLie algebras
which had been also achieved by Cartan with specific dasvices. It is
to be noted that recently I. Satake has given an algebraic proof to
a theorem of Cartan on which Gantmacher had yet to depend.® In
following this algebraic direction, we shall give in this paper some
results analogous to the case of complex semi-simple Lie algebras.

In §1, we reduce our problem to that concerning a maximal
compact subgroup of the group G. This reduction was done by Cartan
[3], but we shall perform it by means of a method suggested by G.D.
Mostow [7]. Next, to investigate the structure of this maximal compact

1) Numbers in brackets refer to Bibliography at the end of this paper.
2) See Footnote 9).
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subgroup, we study in §2 the structure of the Lie algebra & in con-
nection with its complex form & making use of the results of Gant-
macher and Satake cited above. We then obtain in $3 our main
results: The group G/G° is described by means of the groups of
“rotations” ¥ and © which are determined by the situation of ® in
& expressed in terms of the root system of ®. In $4, we consider the
real forms of the complex simple Lie algebras of type A, as repre-
sentatives of real simple Lie algebras, and apply our results to deter-
mine the groups G/G° in this case. This furnishes a new proof to the
results established by Cartan and by N. Jacobson [6].

§1. Structure of the group of automorphisms.

In the following, we denote by R the real number field and by C
the complex number field.

Let @ be a real semi-simple #-dimensional Lie algebra and & its
complex form, i.e., the complex semi-simple Lie algebra obtained from
® by extending the coefficient field R to C. By a theorem of E.
Cartan®, we may consider @ as situated in & in the following manner :
Let ®, be a unitary restriction of ® and take an involutive automor-
phism S of @,. We decompose @, into the eigenspaces of S and obtain

(1) Gu=6,+6-,
where

G={x+Sx; xe6,},
{2)

G_1={x—Sx; xe®,}.

Then, & is given by the real linear space in & of the following form;
(3) @Z@f‘*‘]/j@_l,

where /'—1 G_;={1/—1 x; xeG-,}.
Now the fundamental quadratic form of & ;

(4) @ (x)=trace of (ad x)?

where ad x is the adjoint mapping in & of an element x of G, is
negative definite on ®,. Therefore we can choose a suitable basis

3) See e.g. Gantmacher p. 226 Th. 6, or Mostow Th. 1.
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(5) €10y e em
of & contained in ®, so that the form (4) is represented as
(6) @ (%)= —{(&P+(x2P+ --- +{27)}

for x=x'e;+x%e,+---+x%e¢,. The involutive automorphism S leaving
invariant this form, S is an orthogonal transformation with respect to
the basis (5). Therefore, after applying a certain orthogonal trans-
formation to (5) if necessary, we may assume that the first » vectors
e, -+, €, span &, and the latter —#» vectors e,.1, -, ¢, Span G_; over R.

Let G, G and G, be the groups of all automorphisms of @, & and
®, respectively. Since an automorphism of & or of @, is uniquely
extensible to an automorphism of &, G and G, may be considered as
subgroups of G. G and G, are then composad of all automorphisms
of & which leave invariant ® and &, respectively. As is well-known,
G is a Lie group whose Lie algebra is {ad x; xe®)} and is isomorphic
to 8. Its closed subgroups G and G, are those which correspond to
the real subalgebras & and &, respectively of &. Now, representing
the automorphisms by matrices with respect to the basis (5), we may
regard the group G and so its subgroups G and G, as linear groups.

A non-singular matrix A=(a;;)? .1, a;jeC, belongs to G if and only
if it satisfies all the relations

(7) Ale;, ej]=[Ae;, Aej] (1<47=mn),

which: are obviously expressed by algebraic equations with #? variables
a;;. We remark that the coefficients of these equations are given by
the structure constants for the basis (5), so that they are real numbers.
As the groups 6‘, G and G, are regarded as linear groups, their Lie
algebras &, & and ®, are representable as linear Lie algebras, and they
coincide with {X; xe 8}, {X; xe@®} and {X; x ¢ @&, } respectively where
X is the matrix representing ad x with respect to the basis (5). Since
automorphisms of & leave invariant the form (6), G consists of complex
orthogonal matrices. Further, it is clear that G, coincides with the
subgroup composed of all real matrices in G. As regards G, since &
is spanned over R by the elements

€1, "7 €ry 1/—1 €rt1y " 1/'—1 €r s
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G consists of all matrices A=(q;;) in G satisfying the following con-

ditions ,

(8) a;=a;;, for 1<¢,; 7 or r+1<17,7<m,
a;;=—a;;, otherwise.

We define a subgroup K of G as follows.
K=G"nG,.

‘Then K is the group of automorphisms of % which leave invariant
both @ and ®,. The Lie algebra of K is isomorphic to & N §,=G,.
In our matricial representation, K consists of all real matrices in &
which satisfy (8), that is, matrices A=(a;;), a;; ¢ R, with the following
property :

(9) a;;=0, for 1<i<7» and r+1<;<#n, or
r+1<i<nmn and 1<;<vr.

LeMMA 1. An automorphism A in G, belongs tv K, if and only
if A satisfies either one of the following conditions :

(10) Axe® for xe@,
(11) AS=SA.

PrOOF. The necessity of (10) is obvious. If (10) is satisfied, then
as A is an orthogonal transformation, G_; is also left invariant by A.
So A leaves invariant & as well as @,. The condition (11) is equivalent
to (9), since S is represented by the ‘matrix (s;;) where s;;=8;; for
1<i<7rand s;; ,Jforr+1<z<n qg.e.d.

Now, from what is mentioned above, we see that G is a pseudo-
algebraic subgroup of the general linear group GL(n,C) in the sense
of C. Chevalley [3], that is, a subgroup whose matrices A=(a;;) are
defined by a certain number of algebraic equations for the 27%? variables
a;;, a;; (1<1i, j < n) where aj;, aj; are respectively real and imaginary
parts of @;;. In our case, these algebraic equations are given by (7)
and (8). The following lemma concerning some type of pseudo-algebraic
subgroups may be proved just as in the proof of a lemma on the same
type of algebraic subgroups due to Chevalley ([3] p.201).

LEMMA 2. Let G be a pseudo-algebraic subgroup of GL(n,C) and
suppose that for a matrix A=(a;;) of G the adjoint martix *A=(a;;)
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.also belongs to G. Then, for the unique expression of a matrvix A in
G in the form

(12) A=A4,4,

where Aj is a positive definite hermitian matrix and A, a wunitary
matrix, the matrices A, and A, belong to G. Moreover, when we
rvepresent the matvix A, uniquely in the form

(13) A,=exp Ay,
where A}, is an heymitian matrix, the matrix A, belongs to the Lie
algebra & of G.

In our case the group G satisfies the assumption of this lemma.
To see this, as a matrix A=(a;;) in G is complex orthogonal, i.e.,
(aj;)=(a;;)', we need only to show that the complex conjugate matrix
A=(a;;) of A also belongs to G. This follows from the fact that A
satisfies the relations (7) and (8) as well as A by a remark after (7).
Thus the conclusion of is valid for our group G.

We see first that unitary matrices in G are real orfhogonal matrices
and they form the subgroup K. Next, let H be the set of positive
definite hermitian matrices contained in G. As G is a closed subgroup
of GL(n,C), its inner topology coincides with the relative topology in-
duced from GL(n,C), K is a compact subgroup and H is a closed
subset in GL(n,C). By [Lemma 2, we obtain a one-to-one mapping
from G onto the product space H x K which maps an element A of
G with decomposition to the pair (Ay A,). It is easily seen that
this mapping is a homeomorphism. Next we show that H is homeo-
morphic to a real vector space. For this purpose, we consider the
linear subspace @, in & which consists of all hermitian matrices con-
tained in 8. We see easily from (3) that &, is really in accord with
/—1 &-;. The second half of asserts that gives a one-
to-one correspondence between &, and H. When we regard &, as a
real vector space, this mapping, exp, is a homeomorphism. For, it is
obtained by restricting the domain of definition to &, of the well-known
homeomorphism, exp, from the set of all hermitian matrices onto the
set of all positive definite hermitian matrices. Besides we see from
this that K is a maximal compact subgroup of &.

Thus we have proved the following theorem, which does not
depend on the matricial representation of G if expadx, xeG, is
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understood to be the point x(1) of the one-parameter subgroup x(¢)
with the tangential vector ad x at the identity of G.

THEOREM 1. Let & be a real semi-simple Lie algebra and & its
complex form. We take a unitary restriction §, of & and suppose ©
relate to ®, as in the formulae (1), (2) and (3) by means of an in-
volutive automorphism S of ®,. Let G and G, be the groups of auto-
morphisms of & and &, respectively which ave extended to automor-
phisms of 8. The Lie algebra of G is isomorphic to 8. We set

K=G"nG,
H={exp ad x; xey/—1 G_;}.

Then K is a maximal compact subgroup of G with the Lie algebra
isomorphic to &, and H is homeomorphic to a real vector space. Every
element g of G is uniquely and continuously represented in the form

g=hk, heH, ke K,
so that
G=HK
and G is homeomorphic to the product space of H and K.

We denote by G’ and K° the connected components of the identity
in the groups G and K respectively. G° is the so-called adjoint group
of & composed of all inner automorphisms of ®&. Then from this
theorem we may deduce the following corollaries successively.

COROLLARY 12 With the same meanings as the decomposition of
G in Theoerm 1, there holds

G’=H K"

COROLLARY 2. G/G°== K/K° (which is a finite group!).

§ 2. Structure of the Lie algebra.

In the first half of this paragraph, we summarize for the sake of
later use and in order to settle our notations some known results about
structure and automorphisms of a complex semi-simple Lie algebra.

4) This was first proved by Cartan p. 368. Simpler proofs were given by Mostow
[7] and by Y. Matsushima (Shijé Sugaku Danw. 2-5 (1947) p. 123 (in Japanese)). Also
K. Iwasawa gave its somewhat sharpend form (Ann. Math. 50 (1949), p. 525).
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“Thereafter we shall clarify in more detail the situation of a real semi-
simple Lie algebra @ in its complex form & and determine the structure
of the subalgebra &;, which will be used in the next paragraph.

In a real or complex Lie algebra an element x, is said to be
regular, if the multiplicity of 0-eigenvalues of ad x takes its minimum
at x,, and a subalgebra which coincides with the 0-eigenspace for the
adJomt mapping of a regular element is called a Cartan subalgebm

Let G be a complex semi-simple Lie algebra.? There exists in & a
canonical basis

(14) hh Ty hl’ €py €~y €5, €, """ ,

which is a complex basis with the following properties: %, ---, 4; span
a Cartan subalgebra ® of &. The commutations between the elements
are as follows.

L%, hj]=0 1=4 750,
[hi, ew]:a,- €y a; e R s
(15) ’ [eoav e—w]: _hw

where Z,=ao' 4+ ---+at by, aieR,
[€a, es]=N,pe€usp, Nw,B eR.

The real vectors a=(«, -+, ;) are called 7oots or roots in contravariant
Jorm and they form the root system S). N,p=F0 if and only if a+8
is again a root and N,z=N_, . Furthermore, @ (¢,, e-,)=—1, where

@(-, -) is the polar form of the quadratic form (4), the so-called
fundamental bilinear form of .

The unitary restriction ®, of & with respect to this canonical basis
[(14) is the linear subspace spanned over R by the elements

V:hla"'y 'l/::]‘-ﬁhb exte_y, T/“——T(em—e—m) s°°”

Now we denote by © the real linear subspace of & composed of
the elements of the form

(16) h)\=7&1 h1+"'+7\4[ h[, XiER,

and call $ the 7eal part of the Cartan subalgebra ®. $ is characterized
as the set of all elements % in ® for which all the eigenvalues of ad 4

5) For the details about its structure mentioned in below, see Wey! [9].
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are real. 1/—1 $={y/—1 h; he 9} is then a Cartan subalgebra of
®,. On the other hand, the fundamental quadratic form @ of & is
positive definite on , so that $ may be regarded as a real euclidean
space with the inner product ( -, -) defined by @( -, -). We identify
a real vector A=(Al,---,A!) with the vector 4, in (16). It is known
that the vector a, 4, in [15), is the covariant form of the root in the con-
travariant form a:a(X)=a; M+ -+ a; A=(«a, 1), and that these vectors
h(xe>)) span  over R. Considering in covariant forms, the root
system 3> has the following properties :

(i) For ae>], —ae>) and no other multiples of « belong to 3.

(i) For a, BeS, 2%A8) is an integer and g— 2 B) yesn.

(o, @) (B, B)

From these properties we may prove the following

LEMMA 3.2 Let a,Be>,a=* +B. Then B— (sign («, B)) ae>..

Moreover, it is known® that the root system >} has [/ linearly
independent roots ;

(17) a(l),,.., a(l)

with the following property : any root « is uniquely representable in
the form

(18) a=p, a®+ - +p; a?,

where pi,---, pr are integers which are either all =0 or all < 0. We call
this system of roots a fundamental basis in > and denote a fixed one
by >P. A root « is called positive or negative according to p; are =0
or < 0 in the expression of .

LeMMA 4. Every positive root « can be connected from a root in
S© by a chain of roots ;

a(i)’ a(i)+a(j),,_, , a_a(k), a,

where each term is obtained by adding some root in > to the forego-
ing term.

ProoF. We show first that «a—«‘® is again a root for some root
a® in S if « is a positive root not in 3. Suppose this be false. Then
for all &® in 3P (a, a®) < 0 by Lemma 3 and, when « is expressed
in the form (18),

6) See e.g. Satake and Prop. 3.
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(a, )=py (a, a®)+ - +p; (@, a?) < 0,

which is a contradiction. Now we see easily from the property of
fundamental basis that a«—a® is also a positive root. The lemma may
be then proved by the induction on the integers p+---+p; in for
positive roots «.

Next we recall some known results” concerning automorphisms of
& which leave invariant the Cartan subalgebra $. Such an automor-
phism A leaves invariant the real part $ of P, as is seen from the
characterization of  mentioned before. Then A induces in  a rota-
tion -, that is, an orthognal transformation which permutes the roots
among themselves. In this case, we have

(19) Ae,=rKy Cra) s kse C,

and the numbers «, satisfy the following relations :

(20) Ky Kew—=1,

(21) Katp=Kg Kg Necawr, wcer , if a+RB is a root.
N,g

In case A leaves invariant the unitary restriction &,, too,

(22) Ko =K,

and, together with [20),

(23) leo |=1.

Conversely, every rotation is induced by such an automorphism, where
we may assume further that this automorphism leaves invariant &, as

well as §. Let ¥ be the group of all rotations in §. & is a finite
group. We consider in $ the (/—1)-dimensional hyperplane E, through
the origin and orthogonal to a root «. The reflection o, with respect
to E,;

—p— 2alh)
(24) cuR)=h a(h) ha (he®),

is surely a rotation by the property (ii) of the root system. The rota-
tions of this form generate a normal subgroup & of ¥ whose elements

7) See Cartan or Gantmacher [4] Chapter 3.
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we call inner rotations. Then a rotation is induced by an inner auto-
morphism of & and even of ®, if and only if it is an inner rotation.
Furthermore the connected components of — U, E, which are convex
domains restricted by just / hyperplanes are obviously permuted among
themselves under rotations and transitively even under inner rotations.
In more detail, each one of these components is a fundamental domain
of &. In view of this fact, we call a rotation which transforms a
.component, say 17, into itself a particular rotation, or precisely, a
particular rotation with wvespect to I1® All particular rotations with

respect to a fixed component 77 form a group % and we have

(25) FT=8F, SO P={1} 9
In the sequel, we take up the special component 7, defined by
(26) Iy,={h; «®h)>0, for all a®e>"},

and consider particular rotations with respect to 77,, Such particular
rotations are characterized as the orthogonal transformations in $ which
permute the roots in the fundamental basis > among themselves.
Therefore they transform positive or negative roots to positive or
negative roots respectively. By the way, we see that any particular
rotation is conjugated to a particular rotation with respect to 77, by
an inner rotation.

After these preparations, we return to a real semi-simple Lie
algebra . Henceforward we use the notations in the previous para-
graph, and the canonical basis etc. considered above are supposed
to be those of the complex form @ of &. By theorems of Gantmacher™®
we may add the following assumptions on the involutive automorphism
S of ®, which determine the situation of & in &: S leaves invariant
the Cartan subalgebra D of & and induces in D a particular rotation
p with respect to II,. For brevity, we write A* for p(A) and A* for
p(h). We may set

8) This definition is apparently different but is equivalent with the original one given
by Gantmacher [4] p. 132, which may be seen by Th. 26 in [4] p. 136.

9) This formula is given by Satake p. 292, and furnishes a simple proof of Th.
24 in Gantmacher [4] p. 134.

10) See Gantmacher [4] p, 139 Th. 29, p. 222 Th. 3 and p. 229 Th. 8.
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(27) Se,=v, ey, vaeC.
Then, corresponding to [20)}(23), the following relations hold.
(28) vov-a=1,
(29) Vi B=Vq Vg Na, px. , if a+R8 is a root,
N, e

(30) Va=Vog,
(31) lve [=1.

Moreover, since S is involutive, we have a**=« and
(32) Vo Vak = 1.

Especially, we have v,=+1 if a=a*. Therefore, we can devide all
roots into the three parts; ’

Sh={a; a=a*, v,=1},
(33) >%=1{B; B=B* vpg=—1}, and

Zsz{f‘; 5‘:}:5*} .
We shall indicate henceforward by the letters «, 8 and & the roots in
S, S and 37 respectively without explicit notices. (Sometimes,
a, B,--- are yet used to denote general roots with no confusion). Since
p is a particular rotation with respect to 17, it permutes the roots in
the fundamental basis > among themselves, so that we may write
these roots in the following way instead of '
(34) K1, 77y Kp, 181""’ 1811; 51’ f]%)"'s fr’ :6' 1

LEMMA 5. &€—E&* is not a root.
ProOOF. We represent ¢ by (34) in the form

E=pragt Py Aptq Bt e Bt b1 E o F v E 1, B
Then,
E=pag+ - HPpaptq B+ +qiBet b+ &+ -+ bt 11 &,

and
E—E =(r—m) &1+ (ro—r) Ef + -+ (op1—12,) &, + (12— 720 1) &/

11) Hereafter suffices for roots do not indicate their co- or contravariant components.
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If £é—¢&* is a root, this is the expression [19) for é—£*. Therefore the
coefficients are all = 0 or all < 0. Then 7, ,=#, (1 < k< 7) and ¢=£*,
which is a contradiction.

LEMMA 6. If (&£,&*)==0, then £+&* is a root and it belongs to
>

PrROOF. As p is a particular rotation, £* 3= —¢. Then by Lemma
3 either &£+&* or §—£&* is a root. The latter case is excluded by
Lemma 5. The second assertion; v:,:x=—1 is easily verified by (29)
and (32).

We shall see later that the converse of this lemma is true (p. 125).

Now we shall investigate the structure of the subalgebra &,. For
.convenience, we call the complex linear subspace in & which is spanned
over C by a real linear subspace &y the complexification of G and
denote by &p. Then the complexification &, of @, is the 1-eigenspace
of the automorphism S extended over &. On the other hand, as S is
assumed to leave invariant ® and so 9, we have

5=%+%_,, where 5=6,"9% H_,=6_,09,
‘s:):'g)l-i"@_l, where @12—‘@1/\@ b—l_‘@— 9D,

9, and 9_, coincide with the complexifications of $; and $_, respectively.
Now a theorem of Gantmacher'® asserts that 9, contains a regular
element of . From this theorem we can deduce the following lemma
which plays an essential role in the sequel.

Lemma 7. /— 1-{31 contains a regular element x, of (8 and it is
a regular element of S,

In fact, returning to the definition of a regular element, we see
easily the first half of this lemma from the fact that the coefficients
of Killing’s equation of an element x in @ with respect to the basis
(5) are polynomials of the parameters x{ of x with real coefficients.
The second half is proved by the fact that ad x for x e ®; reduces &,.

®, is the Lie algebra of the compact group K, or precisely, of K°.
‘Therefore it is the direct sum of its center 3° and its semi-simple
commutator algebra @;, and a Cartan subalgebra of @, is commutative
and is the direct sum of 3° and a Cartan subalgebra of &;. Hence,
the Cartan subalgebra containing the regular element x, which is chosen

12) See Gantmacher p- 132 Th. 23.
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in /=19, by coincides with 1/—1%; and is the direct sum
of 1/—13 and 1/—1 9; where we set 3=1/—13 and 9;=6; N 9 so that
$,=3+9;. Then &, is obviously the direct sum of the complexifications
3 and 8. & is semi-simple and coincides with the commutator algebra
of & and 9] is a Cartan subalgebra of ;.

We look for the root system of the complex semi-simple Lie algebra
& with respect to the Cartan subalgebra ;. As [14) is a basis in &
and as G, is the set of elements of the form x+Sx (xe®), we see by
(27) and (33) that @, is spanned by the elements of the forms

Ry, €a s
hB ’
hg"l‘hg* ’ e,::+1}£ eg* .

Therefore (35{ is spanned by the commutators of any two of these

elements. By making use of [15), (29), [(30), [32) and Lemma 5,

we can calculate these commutators and see that they are linear com-
binations of the following elements

(35) ey, he+ Ry
(36) €Cu et g €ex .

It is clear that the elements in (35) are contained in 9; and span the
Cartan subalgebra 9; over C. Moreover, if %,e 9], then A*=a and
(&, N)=(&", ), therefore,

@7 [, €2]=(at, A)ea
[/, ec+vg eex]=(&,N) (e +v; €5x) .

These formulae imply that the elements in (36) are common eigenvectors
for ad # where % are the elements in the Cartan subalgebra 9; of &,
and that the roots in contravariant form are of the forms «' or &
which are obtained by restricting the linear forms a or & respectively
onto B!, It is easily seen that 9; coincides with the real part of .
We set

Cpr — €4y €§;=65+V£ Crx .

Then, by and
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(38) [ea/ , e_,,/]= —‘ha y
[85/ , e_g,]= —(hg'f‘hg-\e) .
We denote by @’( -, -) the fundamental bilinear form of &, and com-

pute, as in Weyl the left side of the identity
@I(h, +ey/, [e-yl, h,+e-yl:|) =O
for W ¢ 9; and v'=a’ or &. Then, setting —h,=[ey, e_y] and ¢, =
—@'(ey, e-y), we have
Y (R)=@ (W, hy)lcy, .

This shows that ¢, is real and that the covariant form of the root o/
is given by h.,./cy.

Finally, we apply Then, if (§£&%)30, £+&*=8 and
£ =pR'/2 since &=¢".

The results thus obtained are formulated in the following

LeEMMA 8. 9| is a Cartan subalgebra of &, and 9, coincides with
its real part. The root sysiem of & with respect to the Cartan sub-
algebra 9, is as follows.

a': hm/ Cas’ ’
B'/2,  hglcy, where B=E+E&*, (§,E*)=F0,
g, (he+ hex)/c, where (&, 8%)=0.
In this table, the left and right terms in each row are respectively
the contra- and covariant forms of a root, and «a, & run over >, and
>, respectively. ,

For the later use, we add more one
LEMMA 9. For h,e 3, alh)=0, (£+£&*) (4,)=0.

Proor. a(hy)=(a, \)

=¢(hm hy)
=0(—[ew, e-ul, 1) (by (38))
=@ (e-u[€a, 1]1)=0.

(E+E5) (h)=(E+E"2)
=@(hg+sx, Br)
=¢(—[e§f, ey, hx) (bY (38))
=¢(e_y, e, 1:])=0.
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§3. The group G/G°.

We reserve the notations in the foregoing paragraphs.

LeMMA 10. Let A be an automorphism (contained) in K. Then
A leaves invariant 9, if and only if A leaves invariant 9.

Proor. If A leaves invariant ©, then by Lemma 1 A does so
9,=9 " §,. Conversely, let A be an automorphism in K which leaves
invariant 9,. Then, from $ >/—19, it follows that A 9 is a Cartan
subalgebra which contains /—19,. By Lemma 7, /—1%; contains a
regular element of &. Therefore the Cartan subalgebras A$ and §
coincide as they are the O0-eigenspace of the adjoint mapping for this
common regular element. Hence A $=9. _

LEMMA 11. Let A be an automorphism in K. Then there exists
an. automorphism U in K° such that UA leaves invariant 9.

PrRCOF. As we have already seen, 1/—19%; and so 1/—1A9, are
Cartan subalgebras in the Lie algebra &, of the compact connected Lie
groug K° As is well known, the maximal abelian subgroups in K°
corresponding to 1/ —19€; and /y—1 A $; are conjugate to one another.
This implies easily the existence of U in K° such that UA 9,=9,.
Then by the previous lemma UA $=9, q.e.d.

We shall denote by K* the subgroup of K composed of all auto-
morphisms which leave invariant  and set Ki=K* 0 K° Then
Lemma 11 asserts that

K=K'K*.
Therefore,
(39) K/K°2> K*/K{ .

On the other hand, an automorphism A in K™*leaves invariant
9 and hence induces in 9 a rotation. We prove

LemMMA 12. If the votation induced by an automorphism A in K*
s the identical transformation, then this automorphism is in K. '

ProoF. We prove this lemma in a more precise form: under
the assumption of the lemma, the automorphism A belongs to the
maximal abelian subgroup of K° corresponding to the Cartan sub-
algebra /=1 9..

As was shown by Gantmacher,”® such an automorphism of &,

13) See Gantmacher p. 128 Th. 19.
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that fixes each element of 9 is of the form exp (ad 1/—1 %) with some
h in . Therefore the automorphism A in our lemma has this form.
Then, for any root «,

(40) Ae,=exp (a (1/1Th)) € -

Since A leaves invariant &, which is spanned by the elements (35)
and (36),

Aleg+vs esx)=exp (£(/ =1 h)) ez +vg exp (£5(/ =T h)) exx

must be a scalar multiple of e;+v¢e;x. So we have
(41) exp (¢(y/—1h))=exp (£*(v/=Th)) .

We put #y=(h+h*)/2. Then h is certainly contained in 9;. We show
that exp (ad(1/ 1 hl)) =exp (ad(l/ 1h)), which will prove our as-
sertion. For a root a with a=a*, a(h)=a™*(h)=a(k™) and a(k,)=a(h).
For a root & we see from that

exp (£(y/—1h,))=exp (&1/=1h)) .

By (40), we have the desired result, q. e.d.

Now, let ¥ be the group of rotations in $ which are mduced by
automorphisms in K* and & its subgroup composed of rotations in-
duced by automorphisms in Kg. Of course © is contained in &.

implies that
K*/Ky 23/
Combining this with [Corollary 2 to [Theorem 1 and we have

arrived at the following

THEOREM 2. G/G° 2= 3/@.

The remainder of this paragraph is devoted to characterize the
groups € and © so as to make significant.

THEOREM 3. A rotation v belongs to X if and only if it satisfies
the following conditions :

(42) TPp=pT,
(43) 7(a) € Z,‘ , f07’ ae Z,’ (Z=1, 2, 3) .

Here p denotes as in §2 the particular rotation which is induced by
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the involutive automorphism S mentioned in and S; (i=1,
2,3) are defined in (33)

REMARK. Under the assumption (42) for =, (43) is equivalent to
the following condition :

(44) Ha)eS,, for ae3h,

‘and this is surely satisfied in case >} or >, is empty.

Proor oF THEOREM 3. As was mentioned in §2, a rotation =
may be considered to be induced by an automorphism A in G,. By
definition this automorphism belongs to K™, if it_belongs to K. Ac-
cording to Lemma 1 the latter condition is equivalent to

(45) AS=SA.

When we consider this condition on 9, we see immediately that
and (45) are equivalent on . Outside of 9, (45) holds if and only if

ASe,=SAe,

for all roots . The numbers «, being as in [(19), this relation is ex-
pressed by

Vo Ka¥% € r(ax)—Kag Vri(a) Er(a)% »

Under the assumption [(42), r(a*)=7(a)* and therefore this relation is
again equivalent to

(46) . Vg Kex—Kg Vi(a) -

Thus, in order that the automorphism A belongs to K* it is necessary
and sufficient that its inducing rotation = satisfies the conditions
and the numbers «, for A satisfy the relation for all roots «.

Now suppose that r belongs to . Then we may assume that A
belongs to K*. From the above considerations, we see that the property
is true for -. Further, implies »,=v.4 for any root « such
that a«=a™, and this shows the condition for .

To prove the converse, we first show that under the assumption
is valid for all roots if it is valid for roots in the fundamental
basis of the root system. In virtue of this will be seen
when we prove that if is valid for a root « then so is for —a,
and that if is valid for two roots «, 8 whose sum is again a root
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then so is for «+8. We prove these assertions. If is valid for
a root «, then applying and we have

Vg K_gx— T= T K eg Vr(~w) s
va Kw* le V-r(w)

which is the formula for —a. For the second assertion, using
{21) and (29) repeatedly, we have under our assumptions

N,x, px N, o« *
Varg K(gtpyx =ValUp o> B¥*_ Kax Kpx VT a¥*), T(B¥)

@, B Na*. B*

N,
—_ aX), T(B¥%)
— KagVr(a) KBV (B %), T(B%)

Nw.B

N“y B <Vu(w), T(B) N-r(a)*, 7(B)¥%
N-r(d), 7(B) N-r(w)*, T(B)* Nw. B

= Ka+BVr(a)+7(B)

= Kp+BVr(a+B)

which is the formula for a+p.

Now suppose that = is a rotation with the properties [(42) and (43)
Let A be an arbitrary automorphism in G, which induces = in . On

account of [(23), and the linear independence of the roots in the

fundamental basis [34), we can find an element % of 9 satisfying the
following equations.

exp (1 =Tay(k))="=exp (v/—1a, (k)=
=exp (v/—18, (h))=-=exp (1 =18, (h))=
=exp (/=14 (h))=--=exp (v =1¢&, (b)) =1,
exp (1 —1&} (B) =keveaplve ey (1 <Ek<7).
Consider the automorphism
A'=Aexp (ad (/=Th)).

‘Then A’ leaves invariant © and induces the same rotation -. More-
-over, if we set

14 — 4
A Ca=Kag €r(a) s

‘we see from the above choice of %2 and from the definition of A’ that
the numbers «, are related to «, for roots « in the fundamental basis
in the following way.
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. =, 1<i<p),
Ic,ﬁj=’cﬁj (1 §j§Q) ’
K‘gk:xék’

thk K{::::ng V'r(ﬁk) (1 g k =_<—_. 7’) .

From these equations, we shall show that the relation
(46Y Vo Kot =Kz Vecay 5

which is the condition for the automorphism A’, is satisfied by all
roots «. By what is mentioned above it is sufficient to see this that
is valid for the roots a in the fundamental basis. If a=q«;
A<i<p) or a=R;(1<7=<17y), (46) is clearly true by the assumption
For a=£,(1 < k<7) (46) is derived from the latter two of the
above equations, and, taking the reciprocals of the both sides of this
relation and applying and we find the relation for
a=§;, (1< k=<7r). Thus, as was seen in the beginning of this proof, A"
is an automorphism in K™ and so = is a rotation in . This completes
the proof of [Theorem 3.

Next we consider the subgroup © which is composed of inner
rotations of  induced by automorphisms in Kg. By such
an automorphism reduces 9; and 9;=8] ™ 9. Therefore its inducing
rotation leaves invariant the subspace 9; of 9.

LEMMA 13. A rotation of o contained in & induces an inner
rotation in i, and conversely an inner rotation of 9 is induced by one
and only one rotation of 9 belonging to ©. Here and henceforward
91 is regarded as the real part of the Cartan subalgebra 9, of &; (by
Lemma 8) and an inner rotation in it is also considered with respect
to .

PrOOF. An element U of K° is by Lemma 1 an automorphism of
'~ ®, which leaves invariant @,, therefore it induces an automorphism U,
of 8. While, K° is the group with the Lie algebra &,. It is easily
seen that this automorphism U, coincides with the automorphism of
®; which is induced from the inner automorphism of the group K°
raised up by the element U of K°. On the other hand, as was seen
in §2 @, is the direct product of its center 3° and the semi-simple

’
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commutator algebra ®&;. These subalgebras generate in the group K°
closed subgroups Z° and K% respectively. Z° is a central subgroup
-and

K'=20K" .

From these considerations we see first that every automorphism in K°
leaves fixed each element of 3 and leaves invariant &;, and secondly
that the automorphism U,; for an automorphism U in K° may be seen
in &; to be induced by an inner automorphism of the group K.

Now, suppose that o is a rotation in 9 which belongs to & and is
induced by an automorphism U in K. By what is mentioned above,
as far as we concern with the behavior of U, in & we may assume
that U is an automorphism in K%. Hence the restriction ¢ of ¢ in
$; may be considered to be induced by an inner automorphism of the
group KY. Therefore, ¢/ is an inner rotation of 9.

To prove the converse, let us remark that &; is a unitary restric-
tion of & with respect to (a canonical basis related to) the Cartan
subalgebra ] of &;. In fact, since &; is a real form of & namely a
real subalgebra whose complex form is & and since it is the Lie algebra
-of the compact group K%, & is a unitary restriction with respect to
a Cartan subalgebra of 3.1* By the conjugateness of maximal abelian
subgroups in K%, we may easily see that this Cartan subalgebra is
mapped onto 9; by an inner automorphism of ®&;, which implies the
assertion. Let ¢/ be an inner rotation of $;. Then as was mentioned
in §2, we may assume that ¢ is induced by an inner automorphism
of the unitary restriction ®;. Therefore we find an element U in the
group K9 such that the inner automorphism of the group K% raised
up by this element U induces in the Lie algebra &; an automorphism
which leaves invariant $; and induces in $; the rotation ¢’. Considering
U as an automorphism of & belonging to K°, we see from =9+ 3
that U leaves invariant 9, and so © by Lemma 10: U belongs to K*.
It is then clear that ¢’ is the restriction to $; of the inner rotation
-of $ belonging to © induced by this automorphism U.

Finally, we show that a rotation o in & is uniquely determined by
its restriction ¢ into $;. To see this it is sufficient to prove that if

14) This is seen from Gantmacher p. 226 Th. 5.
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& is the identical transformation then so is . Suppose o is induced
by an automorphism U belonging to K;. The assumption on ¢ im-
plies that U leaves fixed any element of the Cartan subalgebra 1/ —1 9,
of ®&; and this in turn implies that U is commutative with the element
of the maximal abelian subgroup in K° corresponding to /—1 ;. Then
U belongs to this subgroup and therefore is of the form exp (ad 1/ —1 %)
with a suitable element % of ©,. Hence U fixes any element of $ and
so o is the identical transformation.

LEMMA 14. Let o be an inner rotation of . Suppose that o
leaves invariant the subspace 9, in which o leaves fixed every element
of 3 and induces in 9, an inner rotation o'. Then o belongs to ©.

Proor. By the previous lemma, we can find an element U in Ky
which induces in 9] the inner rotation ¢’. Let 7 be the inner rotation
of » induced by this automorphism U. We show that r=o¢ which
proves our lemma. Since ¢iS an inner rotation, we can find an element
V of G° (the connected component of the identity in G,) so that V
leaves invariant ® and induces in © the rotation o. The element
U~V is obviously contained in GY, leaves invariant 9§ and leaves fixed
each element of ;. Now, by Lemma 7, 3/—1%€; contains a regular
element x, of & and naturally of &,. For a sufficiently small > 0,
exp adex, is a regular element of the compact group G?, that is, an
element whose centralizer just coincides with the maximal abelian sub-
group 7 corresponding to the Cartan subalgebra /—1% in the Lie
algebra ®,. It follows from the fact that U 'V leaves fixed the ele-
ment x, in &,, U1V commutes with the regular element exp ad ex,.
Therefore U1V is contained in T and hence U and V induce in 9
the same rotation: r=¢, q.e. d.

We now proceed to characterize the group ©. First we determine
the inner rotations of ;. The group of all inner rotations in 9j is
generated by reflections of 9, with respect to the hyperplanes through
the origin and orthogonal to each root. By Lemma 8, these reflections
are of the following forms: for %' e 9

’ 1 2 a,(h,) Ry
4 )= — 2= e
7 7 wlH) & (Bu/Cur)  Co

— L/ Za(h’)
=h-="""Lnh,,
a(h,)
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T INERY, 28'(W) ks
4 g g h -—-h - - e
(48) #AR) B (i) co

—w— 2BE) f where B=E+E%, (£,E%) 0.
B(he)
28(R) ity

49) ' AW Y=H — 2 \T,
( G f(hs'*‘hg*/cm Cer

—w— 28K (4 i), where (5 8%=0.
&(hy)

By Lemma 13, each of these rotations in $; is induced by one and
only one rotation of $ belonging to ©. Therefore, whenever we deter-
mine the rotations of $ belonging to @ and inducing the inner rotations
(47), and in 9, we see that these rotations of $ are the
generators of the group ©. For this determination we apply
14. ‘Then, we have only to research the inner rotations of $ which
reduce 9, fix each element of 3 and induce the rotations [(47), and
in 9;. This is performed as follows.

ad [(47): We consider the inner rotation of  which is the reflec-
tion with respect to the hyperplane E,:

— 2 alh)
(50) ou(h)=h— (1) Ry .
o, reduces 9,. For, if h=h*,
k¥ __ Za(h) *
(culh),*=h oy
2 a(h)
=h— - ho=0c.h).
alhy) "7

o, leaves fixed each element of 3, as is seen from Obviously
o, coincides with o/, in 9;. Therefore it leaves invariant $;. Thus
o, is the uniquely determined rotation in © which induces in 9; the

rotation o, in [(47).
ad [48): We see just as for o', that the reflection with respect to

the hyperplane E;:

28(h)
h)y=h— he
(51) B(h) B(hs)

is the uniquely determined rotation in & which induces in $; the rota-

tion s in [(48).
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ad [(49): In this case, we consider two reflections :

_ . 2¥h)
oelh)y=h— <% p
e() Ehe)

— 2 E%(h)
G’*k ——h— a7 3 *’“~h*.
ex(7) E* () Tt |

“The product of these rotations is, as £*(%;)=0 by assumption,

— 2 &(h) 2 E5(h)
(52 oex of(B)y=h— =271 p— Rex .
2 e ATy T )
‘Of course &(h;)=§&"(hx). For an element 2 in 9, &(h)=EN*)=E*(h)
-and is written in the form

g 2&h)
Tty O',E(h)-—-h f(hg) (h£+h£*)°

“This implies first that o;. o¢ leaves invariant 9, and coincides with o/,
in 9; and secondly that o:y o leaves fixed each element of 3 by Lemma
‘9 and by 2&h)=(£*+¢)(h). Thus we see that is the uniquely
.determined rotation in & which induces the rotation ¢’y in 9.

Finally we prove the converse of i. e., that £4+£&* is not
a root if (¢ &*)=0. In proving that the rotation of $ in & which in-
-duces the inner rotation oy, in 9{ is o¢yx o We use the property (&, £€*)=0
only. Now suppose that £+ £&* is a root 8. Then we see as for the
second case in above that o is also a rotation in & which induces
o'y in 9. By [Lemma 13, we have oy=oy o¢, Which contradicts to the
fact that oy and oy o are linear transformations in 9 of determinants
—1 and 1 respectively.

We have thus obtained the following

THEOREM 4. The group © is genervated by the inner rotations

Ty
o, Where B=E¢+E* and (¢ E)0,
Oix Oy where (f,f*):O.

Here o, B and & are roots classified by (33), £*=p(§) and oy (y=a,B
or &) is the reflection with wrespect to the hyperplane E., through the
origin and orthogonal to the root .
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Combining Theorems 2, 3 and 4, our purpose to determine the
group G/G° is completely accomplished.

§4. Applications.

We shall apply our results obtained in §3 to the actual determina-
tion of the groups G/G’ for the real forms & of the complex simple
Lie algebras & of type A,.”

By definition $ is the Lie algebra of the complex unimodular group
SL(n+1,C) of a certain degree n+1 and is composed of complex
matrices of degree n+1 with zero trace. Let ¢;;{(1 <17, 7 <#n+1) be
the matrix (8;, . 8; ;) %'k, and set k;=e¢; (1 <i< n+1). Then

(55) hl—hn+1, Y hn—h~n+19 €1, €91, '”’eij’ eji"” (1=<3i<j-<;n+1)‘

form a basis of & which has the properties of a canonical basis (14)
defined in §2 except the property @ (e,,e-.)=—1. As will be easily
verified, the loss of the last property gives no affections in the follow-
ing qonsiderations. We may regard the Cartan subalgebra $ as in the

(n+1)-dimensional complex vector space E,,H spanned by Ay,--, Ay
Then the root with the eigenvector ¢;; (1 <7, 7 < #+1) has the follow-
ing contravariant form.

(54) a; j(B) =N —r7 for
h=x1 h+--- $Artl |/ Al oo A2 1=() .

S={a;;; 1<i, j<n+1} is the root system for &. As is calculated
in Satake [8], a fundamental basis of > is given by >V'={«;;:1;
1Zi<n}.

On account of (54) the real part $ of the Cartan subalgebra 9
may be identified with the linear subspace orthogonal to 7%,+---+ 2,4,
in the real euclidean space E,.; spanned by A&y, -, k,,;. We shall
indicate by an element of E,.; the element of $ congruent to this
element modulo the 1-dimensional subspace spanned by 7,4+ -+ 2,1,
and by a linear transformation in E,,; leaving invariant $ its inducing

15) Far the different approaches to the same results, see Cartan [2] pp. 385-400 and
Jacobson [6].
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linear transformation in . Then an inner rotation is realized by the
linear transformation in E,.;;

o-ft(ki):hﬂ(i) (léign-{-l)’
where = is a permutation of the letters 1,:-,#+1, and = — o, gives

an isomorphism between the group & and the symmetric group of
degree n+1. It is clear that

(55) oo ) =iy utjp 1= =n+l).
Let p, be the rotation defined by
PR;)=—Nyss-; 1= n+1).

Then p, is the only one non-trivial particular rotation transforming
the roots in the fundamental basis >° among themselves. From (25)

in §2 we see that the group ¥ of all rotations is given by

(56) T=8+p,&.

We define more one rotation =, by the formula
(i) =—h; 1=i<n+l).

Then

(57) Tl )= j; 154 7= n+l),

and is also written as

(58) ‘ T=B+7,5.

Now, as was introduced in §$1 and 2, a real form & of & is ob-
tained by making use of an involutive automorphism S of the unitary
restriction ®, of & with respect to the basis (53). Following Gant-
macher'®, we may assume moreover that S is of the form

(59) S=S, exp (ad = /'—1 Ay) ,I”

where S, is an automorphism of &, uniquely determined by an involutive
particular rotation p in the following way and 7%, is an element from
9 such that p(h)=h, S, leaves invariant ® and induces in $ the
particular rotation p, and if we set

16) See footnote 10).
17) In the formulae and = denotes the usual ratio for a circle.
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(60) SO €0 = Mg €xx, a* ZP(OC) ’

the numbers u, are equal to 1 for roots « in the fundamental basis
S and are determined for other roots « by the relations

Mo F‘-—a=1 ’
_ %, Bx
Harg™= 0 pg pg
Nw,ﬁ ’

by making use of From and [(60), it follows that the
numbers », defined in [27): Se,=v,e,x are given by

(61) Vo =My €XP (W]/—_la (ho)) .

We shall write u;; and »;; for the numbers u, and v, respectively
with « =d;j.

Thus we may say that a real form ® is determined by an involu-
tive particular rotation p and an element %, with the property p(%)= "/,
in . Now, by just the same argument as in Gantmacher [5]® we
may see that a real form & of & is, up to isomorphism, one of the
following types (a), (b), (c) and (d), and to each case we shall determine
the group G/G°. According to this determination is reduced

to that of the groups ¥ and €, which is performed by means of
Theorems 3 and 4. In the following, we set

T=T NS,
(a) p= the identical transformation, 2= /fy,1+ - + fipsy, 1< zg”;l.
S is the Lie algebra of the group G.,., of linear transformations in
n+1 complex variables leaving invariant the hermitian form
XX+ X X =X X — X1 X
In this case, obviously wx,=1 for all roots a and by (61)

yij= { 1, for 1< j<lori+1<4, 7<n+1,
—1, otherwise. '
“Therefore
Sh={a;;; 14, j<1lor [+1Z14, j<n+1}, and
> consists of all roots not in >7;.

18) See Gantmacher [5] ¢7 and 217.
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In order to apply for the determination of the group
¥ we need only to research what rotations = satisfy the condition (43),
or its simpler form [44), since the condition is trivial for our case.
The rotation 7, belongs to ¥ by and it follows from that

(62) T=T 47,3 .

As regards ¥;,, we see from that an inner rotation o, belongs to
%y, if and only if the permutation = maps the subset {1,2,---,/} onto
itself or onto the subset {/+1,---,2+1}. Of course the latter case
occurs only when # is an odd integer 2f—1 and /=f. On the other
hand, by © is the group generated by the reflections
o{lae>7). The permutations induced by these reflections are trans-
positions (7,7) where 1<, j</lor {+1<1¢ j<n+1. Therefore &
consists of all rotations o, such that the permutations = map the subset
{1,---,1} onto itself. Hence © coincide with %; except when n=2f—1
and /=f. In this exceptional case © is a subgroup of index 2 in ¥;
and for example the inner rotation o, where =,=(1,f+1)(2,f+2) -
(f,n+1) does not belong to & but to €;. Combining we have

S+7,& if 7= 7+1
(63) F +'Tl) s 1 2

€46, C+170C+o,7S, if n=2f—1 and /=f.

Thus we conclude by that the group G/G°is an abelian
group of order 2 or 4 according to each case in (63). By the way, we
note that =, and o,, are induced in a natural way from the following
automorphisms A, and A, respectively of the group SL(n+1,C): For
(x;5) e SL(n+1, C),

A (x;5)=(x;)7",
Ag(x;5)=(0; ;)7 (%) (u5) ,

where MUZB,', i~f if 1§Z§f and M,‘j'—"B,‘_j+f if f+1§2§ n+1.
Therefore, the typical outer automorphisms of &, namely those which
are representatives of the cosets of G modulo G° except of the coset
G° are the automorphisms corresponding to the automorphisms of the
group G’,,; which are induced in this subgroup from A, or from A,
A, and A, A, according to each case in (63).
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For the following cases, we first compute the numbers u, in (60)
for the particular rotation p, and obtain
(64) piy=(—1)ii% (1<i j<n+1).
For brevity we shall indicate by ¢* the integer related to an integer
i1(1<i<n+1) by the equation ¢+:*=n+2. p, is then given by
Pl hi)=—hix 1<i<n+1),
and so

{65) Po(aij):a'j*i* 16,7 n+1).

(b) n=2f+1; odd integer, p=py, A=hs + - +h,.1. © is iso-
morphic to the Lie algebra of the real unimodular group SL(n+1, R)
of degree n+1.

From [61) and we find in this case

u..={(—1)"*f“, if 1<47<f or f+1<4 j<n+l,
8,7 Vs .
(—1)i*/, otherwise.

“Therefore, together with we see that
>4 is empty,
Sh={ajix; 1<i<n+1}, and
Sh={a;;; 14, j<n+1, iF;*}.

>7s is empty for the case n=1.

We determine the group ¥ by [Theorem 3. Using Remark after
this theorem we see that ¥ consists of rotations r satisfying the condi-
tion (42): = p,=po7. Clearly =, satisfies this condition and hence
is also valid for this case. For an inner rotation o, o, po (%;)=— N x>
and pyo (h;)=—h,px (1<i<n+1) and therefore o, belongs to I, if
and only if

7 (7*)=m()* for i=1,--,n+1.

Let X be the group of permutations which satisfy this condition. Then
2, is isomorphic to X. Representing a permutation from X as a pro-
duct of cyclic permutations, we can see easily that X is generated by
the permutations of the following forms.

{66) @, %), (4,7) (*,7) A <4, j < n+1, and i5=7%).
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If =1 the permutations of the second type do not appear in X and
X =(1,1%). On the other hand, suppose 7 =>2 and let E=a;; (13=7%)
be a root in 5. Tren (& £*)=(a;j, @jxix)=0. According to
4 @ is now generated by the inner rotations o¢xo:(£€>%). When we
set o¢xor=o,,, then we see that

me=(2, 7) (%, 77%).
Denote by Y the group of permutations generated by these permu-
tations 7 (£€>7%), and in case n=1 set Y={1}. Then, as is easily

verified, Y is a normal subgroup of X and is isomorphic to &. More-
over, X/Y is of order 2. Indeed, from the relations

{(@7) @, 7)}71G )G, 1) @791 =3,7%) 154, j<n+l),
it follows that (z,7*), 1<7<#n+1, are conjugated to each other by
elements of Y and consequently, putting ;=(1,1%),
X=Y+mY.
Therefore,
5Hh=6+s,6.

‘Combining this with we find
I=6+0,G+1Sto, 70S.

Thus by the group G/G° is of order 4. Moreover,
typical outer automorphisms of & are given by those which induce
o sToand o, 7, in . Passing from @ to the Lie algebra of SL(n+1, R)
through the exact form of isomorphism between them, we can see that
the typical outer automorphisms of the latter Lie algebra are induced
from the automorphisms A,;, A, and A; A, of the group SL(z+1, R),
‘which are defined as follows: For (7;;)e SL(n+1, R),

A7 ))=r)T,
Ay (7i)=(0: ;) (ri3) (Dis)
where (p;;) is a real orthogonal matrix of determinant —1.
(c) n=2f—1; odd integer, p=p,, h=0. & is the Lie algebra of

the quaternion unimodular group in f quaternion variables, Which is
by definition the subgroup of SL(n+1, C) composed of such matrices
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(x;;) that satisfy the condition (v;;)™* (x;;) (v;;)=(%;;) where v;;=8; j-r
if 1§i§f and 1);]':_8,"_1’.”" if f+] §z§n+1.
In this case, by and [(64),
v ;=(—1)i*7*1 1<i,7=n+l).

Therefore, together with [(65), we see that

Sh={aiix; 1= i< n+1}

>% 1s empty, and

Suh={a;;; 1=i, i< n+l,iFj"}.

Quite analogous considerations as for the above case (b) imply
that holds also and %, is the same group as considered there.
However, in this case the reflections o,(a € >))) appear in the generators
of the group © in addition to the rotations oy o:(ée>%) so that o,
with 7 in (66) are the generators of ©. Therefore ;=% and by

3;=@+'To@ .

Thus by G/G® is of order 2. The typical outer auto-
morphism is the one which is induced in a natural way from A,
defined in the case (a).

(d) n=2f; even integer, p=p,, hy=0. & is isomorphic to the Lie
algebra of the real unimodular group SL(n+1, R) of degree n+1.

Again by [61) and [(64) we see in this case that

viy=(—1)s* (1<i, § < n+1).

Therefore
> is empty,
Sh={a;x; 1i<n+1}, and
Sh={a;;; 114, j < n+1, id=5*}.
By the same argument as in the case (b), we see that holds
and ¥, consists of inner rotations o, where = runs over the group X

considered there. To determine the group &, take a root é=q;; in
S>%. Then

(& E)=(a;ij, ajxix)
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=0, if i=Ffand j=f,
{4: 0, if i=forj=f.

For a root é=q;; with (¢ ¢*)=0, we have o;y o;=0,, Where m;=(s,7)

(#*,7%). For a root é=a;; with (¢ &%)==0, 7 or 7, say 7, is equal to

f, E+&*=a;;x and oprex =0, Where me=(2,7¢"). In virtue of Theorem

4 the group © is generated by these rotations o,,(¢e>%), so that &

consists of rotations o.(7 e X). Therefore, ©=%; and by

32@-}”70@ .

By the group G/G° is of order 2. The typical outer
automorphism is given by A, defined in the case (b).

Thus we have completely determined the structure of the groups
‘G/G® for the real forms of the complex simple Lie algebras of type
A,. For the real forms of the complex simple Lie algebras of other
types. we may determine the groups G/G° in a similar way.
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