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One of the main problems in the differential geometry of spaces with
given structures is the determination of spaces admitting structure-preserving
transformation groups of sufficiently high orders. The problem in generalized
spaces, such as non-metric spaces of linear elements, of hyperplane elements
or of spreadsV, has been successfully studied, but scarecely the problem
in metric spaces, such as Finsler and Cartan spaces®. The only one result
in Finsler space is due to H.C. Wang [32]», who, by a beautiful group-
theoretic method, determined the #-dimensional Finsler spaces admitting a
group of motions of order higher than n(z—1)/2+1. Now, the author found
that this problem could be also treated and solved by the method of tensor
calculus for spaces such as Finsler and Cartan spaces, if we could develop
the theory of Lie derivatives in the form adapted for the studying of the
transformation groups in these spaces, and this could be done from the
stand-point of the theory of fibre bundles.

In the present paper we shall give such a development and apply it to
determine all the n-dimensional Finsler and Cartan spaces Wthh admit a
group of motions of order n(n—1)/2-1, for n+4.

In Chapter I, we consider a general tensor bundle space to treat Finsler
and Cartan spaces simultaneously. For our discussions, we need the theory
of linear connections on a tensor bundle space, but such a theory may be
obtained by modifying that on spaces of linear elements developed recently
by T. Otsuki [26] So we refer to for the detail. As the modification
is very slight, we have noted, as preliminaries, only what will be essentially
used in the following. After that, we shall develop the theory of Lie
derivatives, as said above, and consider groups of affine transformations on a
tensor bundle space.

In Chapter 1I, we shall state a principle of determining Finsler spaces
admitting a transitive group of motions. This principle follows from H.C.

1) [9] (0], [0, (2] [14], [15], [16] [25], (36, Chap. VIII], [37], [38] [39}
2) Cf. [6], [13], (15} [16], (36, p. 182].

3) His discussions appear also in [36, pp. 183-1867.
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Wang’s lemmas [32] By this principle and the results on Riemannian spaces
admitting a group of motions of order n(n—1)/2+1 due to K. Yano [35],
we can determine Finsler spaces admitting a group of motions of this order.

Chapter III is devoted to the discussions of spaces of hyperplane elements
and of Cartan spaces. By a principle analogous to that in Chapter II, we
can also determine Cartan spaces which have similar properties.

The author wishes to express here his hearty thanks to Prof. K. Yano,
who aroused his interests in these problems and gave him valuable sugges-
tions, and also to Prof. S. Iyanaga and Prof. T. Otsuki, conversations with
whom were very precious during the preparation of the paper.®

Chapter I. Groups of transformations on generalized spaces.
§1. Preliminaries.

Linear connection on a tensor bundle. We consider a tensor bundle?
Z={X,Y,a(L,), t} of type «, over an n-dimensional differentiable manifold X
with an N-dimensional linear space Y as fibre, where « is a linear represen-
tation L,— Ly [28, p. 23]. Under a coordinate transformation x¥=x"(x%) in
X, an element z=(x%, y)=Z% undergoes the change of components

(L.1) YW=4F 0yt
where we have put
12) 4w =ap @), dw=(2)eL,
ox
The tensor field over Z, whose components are y* at each point z=(x% y?), is
called the intrinsic tensor field of z and is denoted by .

Let B={X, L,, L,,n} be the bundle of xn-frames over X, which is a prin-
cipal bundle, and B the induced bundle t'B={Z, L, L, #}. The induced
bundle map B— B will be denoted by % B is equivalent to the bundle of
n-frames over Z. An m-frame b=(x, ¢;,-, e,)=B or bh=(z, el,‘--,en)eﬁ may be
denoted by local coordinates with (&% a,%) or (% 3%, a,') respectively, where
Ca=04,'X;, (@)Y E L, X;=0/0x"

A linear connection on a tensor bundle Z is by definition a linear con-

*) The author is also very grateful to.the referee, whose kind suggestions were
extremely valuable for the revision of the paper.

4) The notation Z={X, Y,G,r} indicates a bundle structure with base space X,
fibre Y, structural group G and projection r; Z indicates simultaneously the space of
the bundle.

5) Throughout this paper, Latin indices run from 1 to %, Greek ones from 1 to N
and latin capital ones from 1 to a certain integer unless otherwise is stated. Also
we adopt the kernel-index-method of J. A. Schouten [27, p. 3].
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nection belonging to B in the sense of C. Ehresmann [7] We denote by
o=(w;") and &=(@," the connection forms on Z and on B respectively; their
components are related by equations

(1.3) @%(b) =b;"(day +ay’w;")
for b=( v, a,b), where (b;)=(a,H™!. We put
(1.4) wjizrjikdx"—l—cji,,dy” . [O, 3.2]6)

Denoting with @ the linear homomorphism L(L,)— L(Ly) induced by «, we
have?

o, =a,MNw)=IAdx*+CAdy,
(1.5)

@57 =ag"(@)=b;*(dag*+-ag'w,?),
where I' A, C,t,, ag”, b;” have obvious meanings. Cj, and C,4, are tensor fields
on Z.

The covariant differential of a tensor field 77 of any type g on Z and

that of the lift T4=p4T7, b#)=(a})™!, of 77 on B are given by

DTT=dT'+ojT?,  wj=fjw),
DTa=aT4+a4T>,  as=pi@),
and it is easy to see that the latter is the lift of the former.” In particular,

the covariant differential of the intrinsic tensor field y* on Z and that of its
lift 5*=b,"y*, on B are given by
Dy*=dy*+(I" Medx®+C, A dy")y"
1.7 [0, 4.17
=(0%,+CA)dy" +T"dx",

(1.8) Dy*=ay+a&,*56 =Dy" [0, 4.14, 4.15]

(1.6)

putting I',=I",%»", CL,=C,A,»". Then we have easily
Lemma 1.1 [O, Prop. 4.1 The n-+N forms dx' and Dy* on Z are linearly
independent if and only if the tensor 6%,+CA, forms a vegular (N, N)-matrix.
Then the n+N+n® forms
c;';c“:bi“dxi ’
(1.9) Dy*=b*{Ihdx*+(0%,+Ch)dy'} ,
@ =b;*{a'T xdx*+a,’Citdy” +day'}

on B are linearly independent.

6) [0, 3.2] means that this formula corresponds to the formula of the paper
of T. Otsuki. Hereafter we shall indicate the correspondence with in this
manner.

7) [8, p. 53], [B1]
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From [1.8), we have also

Lemma 1.2. The linear independence of ch“, 55)'”, @y is equivalent to that of
dx®, dye, &,

In the rest of this paper, we shall confine ourselves to the case where
dx* and Dy? on Z are linearly independent. If we denote by (M?,) the inverse
matrix of (84,+C%) and put
(1.10) PTG [0, 471

P*/Alk:a//f(rk*), k*:([‘*jzk)EL(Ln) ’

then we have the relations

(1.11) o =I"*dx*+-C;' M” pDy* [0, 4.8 ]
(1.12) =A% [0, 4.11]
(1.13) [ UERWoR [0, 4127
(1.14) dyr=DMA, Dy’ — 4, dx* | [0, 4.13]

Under a coordinate transformation, I'*%; are changed by the same rule as
coefficients of linear connection in ordinary spaces.

Put now
115 DTT=T1,dx"+ TY,M,"Dy’, [0, 9.9]
' D=1y dxe+ T4y, M Dyt . ro, 10.5]

Then T7, are called the first covariant derivatives, and 7%, the second
covariant derivatives. They are given explicitly by

I I
TIlk:%%“%‘ F*uk'i_F*JIkTJ ’ L0, 9.7]
(1.16) .
TI"V:%f;T_l_CJIVTJ ’ [O, 9-8]

and T4, and T, are respectively their lifts. In particular, we have imme-
diately, from the definition,

1.17) y‘|,c=0, y"||,:5",,+C1V .

Let us denote by X;, Y, A;* the vector fields of the natural basis with
respect to a coordinates (+%, 4, ¢,%) and by E,, F,, G,° the dual vector fields
of the linearly independent forms (1.9) on B. They are related by

Ea:aai{Xi_F*li Y)._"abjp*jhiAhb} ’
(1.18) F,=a M} (Y,—a/Cr ALY, [0, 51-3]
Gab:daiAib ’

or conversely by
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Xi=0"Eq+b"T";Fy+b,%aT :Go"
(1.19) V=020 C ) Fu+0,%a’C G
Aib:biaGab B
The vectors E,, I, are called respectively the basic vectors of the first
and the second kind of the given connection, and G, are called the funda-
mental vectors of B. In the tangent space T3(B) at each point 5 of ]§, the
basic vectors span the horizontal linear subspace of the connectior, and the

fundamental vectors span the vertical linear subspace. For any vertical
vector V=0,"G,’, we have

(1.20) @ (V)=0,", @"(V)=3a&z*), v=w"<L(L,).
For the lift T4 of a tensor field, we have
(1.21) ETA=T4, FTA=TYM8,, GT4=—a4GHT®.

The equations of structure of the connection have the following form, if we
use the basic and fundamental vector fields as a basis of the field of tangent
spaces:

[Ec’ E{l ]:§achu+ ﬁw()chm%— ﬁabchab ’
[Ec: F); :I:6acBM8nEa_l‘ﬁmOc(?Mﬁan’f‘ﬁabcﬁﬂaﬂGub ’

[Fe, Fy1= @woraﬂ reM 8, F, a+Q~ab16M reM 3,G.°,
(1.22) [0, 11.4-9]
[Gab; Ec ]=53Ea ’
(G, Fy 1=@*(G)Fy,
[GL, G A]=08G,22—0GL .

We notice that, if we apply [E,, E,],[E,, F35] and [Fy, F3] to T4 and use
the first three formulas of [1.2Z), we obtain the so-called Ricci formulas, and
Jacobi identities on [E,, [E4 E.]], [Ee, [Eq, Fi1], [Es [Fs, F.1] and [Fy, [Fs, F.]]
yield the so-called Bianchi identities on ground of [1.22),

Auxiliary connection. In virtue of the transformation law of I'*/, the
forms @;=I*%dx" define a linear connection on Z, which is called the auxi-
liary comnection of the original connection. We denote the corresponding
quantities with the auxiliary connection to E,, F,, G,’, R, etc. by ., F,, G2,
Iéijkl, etc. respectively. From formulas concerning quantities with the original
connection, we obtain the corresponding formulas with the auxiliary connec-
tion, simply in putting all C;/,=0. Thus we see from (1.16) that the first and
the second covariant derivatives with respect to the auxiliary connection are
respectively the same as the first covariant derivatives with respect to the
original connection and the partial derivatives with respect to 3*. We have
also
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(1.23) Plg=g 3t

-éijkl :Ri]’kl—cjiﬂM ﬂlcREOkl )
j)ijkw:Pijkw+Cjiwlk“CjinMnm(Pxom‘chwlk) ’
(1.25) Eu=FE, F,=a Y Go=G..

Proper tensor bundle and proper conmection. In a tensor bundle Z={X, 7Y,
a(L,), v} of type «, the zero tensor field is a trivial cross-section over X.
Identifying it with X, we denote Z—X by Z°. We define an equivalence
relation y~y’ in Y by y'=Fky, k#0. The equivalence relation reduces Y°=Y~—0
to an (N—1)-dimensional projective space P, and we have the natural projec-
tion p: Y°—P. The above equivalence can be naturally extended in the
tensor bundle Z°, and Z° is thereby reduced to a bundle Z={X, P, L, s}, where
L is the factor group of «(L,) by a subgroup isomorphic to the multiplicative
group of non-zero real numbers. We call Z the proper tensor bundle over X.
Then p is extended over Z° and the extension is also denoted by p. The
projection o: Z— X induces a principal bundle B={Z, L,, L,, 7}. Denoting by
B° the portion of B over Z°, we have a communtative diagram

B
v 2
Z‘ - 7 B ¢
T
x G
B

X <

o
szuw:() ’

(1.24)

%

-

ZO <+

(1.26)

#,d, p being the bundle maps induced respectively by t, 0, p.

A form on Z° is said to be proper if it is induced from a form on Z by
p:2Z°—7 and a connection of Z° is called proper if its connection form is
proper. Then we can prove the following lemma.

Lemma 1.3. A linear connection on Z° is proper if and only if I'*}'; and
Cj', are homogeneous in y* of degree 0 and —1 respectively and Cj, satisfy

(1.27) Cjiy’ =0.

Since a dual induced map® p* of p is commutative with the differential
operator 4 and with the exterior multiplication we have

8) We denote the tangent bundle of a space X by 7(X) and the cotangent bundle
by T*(x). Let ¢ be a map X—X'. The map induced by ¢ in the well-known way
of T(X) into T(X")—the “induced map” of ¢p—is denoted by ¢y, and the dual of ¢,
—the “dual induced map” of ¢—by ¢*; ¢x: T(X)->T(X"), ¢*: TH*(X')>T*(X).
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Lemma 1.4. If a connection is proper, then so are the curvature and torsion
forms, and consequently the curvature tensors Ry, Pljw, Qe are homogeneous
in ¥ of degree 0, —1, —2 vespectively and they satisfy

Pijkwyw:(); Qijmyw:() .

§2. Lie differentiation.
A differentiable transformation ¢:

in the base space X induces a transformation ¢ in the bundle space Z: ¢ is
defined by

ji_ o % dp _(0¢

Tt I Al 2T 4] o

=g, yi=ad( G Gh=(g5) =L

and is called the extended transformation of ¢ in Z. Let £=(&%) be a vectot
field on the base space X generating a (local) one-parameter group ¢, Then
the extended group @, of ¢, in Z is a one-parameter group with the gener-
ating vector field (&% &%) such that

_ o DEN 08 (0
A A p 0¢ __(0c
@1 f=ay, ( 0x )y ’ ox —<8x" >EL(L")'
Since c'z,/‘(%) are independent of y*, we have
0t  _ /0
2.2) 793%‘:““ (’a%) :

Now, the Lie derivative of a geometric object £ on Z with respect to a
vector field € on X is defined by

2.3) (£0)@)=lim - {2FL)—e/(2E)) ,

where &, has the meaning above explained and ¢, in the last term indicates
the transformation induced by ¢, in the bundle of geometric objects of the
type of 2, cf. [19], [22, p. 30], [29], [36, p. 20].

In particular, the Lie derivatives of a f-tensor field 7'7 on Z with respect
to a vector field ¢ is given by

oT!

_ OTT .o =,f 0E
@4 £T= " & oy €=l (5;) T

and is also a B-tensor field on Z. Moreover the Lie derivatives of the first
coefficients I'*/%; of a linear connection, is given by
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ap]k

25) T e LI

] Ic

O™ .. . OE" o2
+ 0 It ox* L T ox'0x*

and is a tensor field on Z of covariant degree 2 and contravariant degree 1,
because I'* /% is a linear geometric object. Clearly we have
L£r* pf=a,XL£r+),
2.6y ) EI*=(£I* ) LLy) .
Er*f,=8/(L£T*y),
Now let B be the bundle of n-frames over Z. For a transformation @ on
X we define a transformation ¢ of B by &(z, ey, -, en)=(3(2), go*(el), -, 94(ey)) for
any point b=(z, e, ., en)EB. By use of local coordinates in B, ¢ is represented
by

o . 09
@) =g, yi=ad(90)y at=30ar.

In particular a one-parameter group of transformation ¢, on X yields a one-
parameter group of transformations ¢, on B, whose generating vector field &
on B is

@8) E=EX 48V, + 05 atar.

¢, and E are said to be induced on B by ¢, or &.
Substituting [(1.19) into [2.8), we have

(2.9) E=EE,+E%5F,+&4G.",

where £9,£%, and €% are lifts of &, &%, and &4, respectively; &%, 4, being
defined as follows:

Eij:_g%i_+rjikfk+cjiygv)

(2.10) ) .
' E=a M8, §=(&')eL(L,).

These are tensor fields. Namely, by [(1.13), the expressions (2.10) are written

in the form

;08 . (O0E v
(2.11) &= = 3a Ao+ T*E5+C; v( 850 +I'*, kEk)yp,

and these show the tensor character of &=(&%), because

85

2.12) +I’*fk5’“ EY+S? "

is a tensor field and the expression in the parentheses of the last term of
is the representation of by @ From [2.11), we have equations
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(2.13) {1 =@+ O (G + T )9
or

/ v a A v
MAE = (o T )y

The equations clarifies the geometical meaning of the L(L,)-valued
tensor field &=(&%) which appears everywhere in the theory of Lie derivatives
in a space with linear connection with torsion, e.g. [36, p. 8], that is to say,

Turorem 2.1. The components €%, of the lift & in B are the vertical com-
ponents of the induced vector field Z on B.

Now we consider Lie differentiation, denoted by £, of any geometric
object on the principal bundle B with respect to the induced vector field &
Since the components 74 of the lift of a tensor field 7' are functions on B
and Lie differentiation on a function is reduced to an ordinary differentiation,

we obtain from (1.21) and (2.9)
2.14) ETA=ETA=T4 Eo 4 T4 N £ 50 —E4T"
It is indeed the lift in B of a f-tensor

TH9,E" + THa M7 E py? — E5TY.

:<%11 %;I;I I 1 TJ>§h+(¥7ﬂ +C/ KTJ><8§K+F* . Ek)
(2.14) _<‘8 (&‘é)'}—rl] #E*HCHLE >

=~ . OF
h_ K I{ ~¥5 J
Gx’“’e r ay'“ ¢ ﬁ"(@x>T
=£T,
by (1.16), (2.10) and [2.11). Thus we have established
Turorem 2.2. The lift of the Lie derivative of a tensor field T in Z with

vespect to a wvector field & is equal to the ordinary derivative of the lift T in B
with respect to the induced vector field E, that is,

~ ~

(2.15) £T=¢T=5T.
From (1.17) and (2.14)/, we obtain
Lemma 2.3.  For the intrinsic tensor field v of Z and its lift 5 in E, we have

(2.16) £y=£7=0.
Since
(217) El"v :Cjivfj ’

the Lie derivatives of Cj,:

(2.18) ‘ £ Cjiv :Cjivlhf " +Cjiv||1rM "y —E& incjhy +¢& hjchiu +& ’cvcjilc
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are equal to
(2.19) £CH=E =Py, 8+ Q' oM " .
In virtue of [1.2T), [1.22) and [2.11), we have furthermore
£E~[5 E]
=— A% P~ 1,%G"

(2.20)
where we have put
Abac:éab!c+ﬁabcdéd‘l"Pabchvﬁéscyc )
Ag=ay(4y), A=A )eL(Ly) .
The field A,% on B is the lift of a tensor field Al on Z:

(2.21)

(2.22) A= E ot R jal' -+ Plyun M cE 58"

which are equal to

(2.23) Afy=8I* H+-C/l ET*5,

by the comparison with [2.5). Solving [2.23) in £I*%, we have also
(2.24) EI*fy=A5—C M A%,

where A%,=4,%y". Similarly, taking account of [2.19), we have,
(2.25) £F=[8, F]=—(£C*) M F—(£C ) MG .
Moreover, by [(1.21) and [(1.22), we have

(2.26) £G%,=[5,G?]1=0.

In turning to the auxiliary connection, we obtain, by the method stated
in §1, the following formulas, from [2.1T), [2.14), [2.22) respectively,

=L
(2.27) = £+ Shu "
=&, —C M 5%,
(2.28) sT1=Th e+ O Eyr—
(2.29) Af= £I*f =gt Rt 0 (’T‘]‘”k' E2°.

§3. Commutation formulas.

Let &, &, ke two vector fields on X, and Z,, 5, the vector fields on B
induced by them respectively. From the definition of induced vector
fields, we have
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4y

£152=[51a 2:]

3.1D
:(£152i)Xi+(£152)AY1+%‘ (£152i)aapAia ’

where we have used the equations

i i
(3.2) £.6,'=[¢&, &,1=¢&7 gii ~52166i1j
and
(£ 152)1:&#/1 <‘g'x" L&y fz])y”
3.3
; 06 u 08,4 e 04 u 0E4

=§ o7 +& oy” £y ox’ —& "a’yT,
cf. [30] Hence we have

Lemma 3.1. The Lie derivative £,5,=[5,, 5;] is the induced vector field on
B of the Lie derivative £.£,=[&,, &,].

Denoting by £,, and £,, the Lie differentiations in Z and B with respect
to the vector fields [&,, &,] and [&,, &,] respectively, it follows immediately

from the above lemma
Tureorem 3.2. For the lift T of a tensor field T, we have

(3.4) (§1£2"“§2£1)?":§127‘y
and consequently for a tensor field T on Z
(3.5) (£.£:,— £:,£)T=£,T .9

Next, compute Jacobi identities
LEy, [&y, EJ]1-[E, [E,, EJI+LE, [y, E,]]1=0,
LEw L&y F]1-L5,, &, Fir 1]+ 0F, LE), E,]]1=0,

using (2.20), (2.25) and (3.1). In the first equation we pass them to the auxi-
liary connection. Then we obtain
Tueorem 3.3. We have

3.6) /il2bac: £ l/iZbac_ £ 2A°1bac )

l.e,

3.7 £12r*jik:(£l£2_"£2£1)F*jik 10
and

(3'8) L2 jiv:(£1£2'—£2£1)cjiv-

[3.8) may be also obtained as an application of on Cj,.
From (2.20), [2.25), we obtain

9), 10) These formulas have been proved by different methods for more general

geometric objects, [16], [22, p. 114], [29], [30], [34], [36. p. 28].
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Trarorem 3.4. We have
59 £(T4)—(E T =42, T8 T4, M 15, ,
' ET 4 —(ETOR=(ECT=,

where
ABAc = BBA(Ac); Ac = (Abac) = L(gn) .

Turning to the auxiliary connection, we obtain
CororLrary 3.5. We have

I
£ —(ETH=(ET*/ T~ 5L (T,
(3.10) i g
£ (a—yu) oy (£TH=0;

The second of these equations means that Lie differentiation commutes with the
partial differentiation with respect to the second coordinates ¥".
Using (1.20), (1.22), (2.20), (2.25), (2.26) repeatedly in the following Jacobi

identities

L&, [Es EaJJ+[E,, [Es ET]+[E [E, E.]1=0,
(3.11) LE, (£ Fol1+[E,, [Fs, E11+0Fs [E, £,1]=0,

LE, [Fy, Fol1+-LFy, [Fs, E114LFs, L5, F111=0,
we find the following commutation formulas

/Tb“cld‘“ /Tb“dlc = égﬁabcd — A% ~ceaz— ( gé’bac)Mceﬁe()cd
B M A0 y— P MEAC,
B12) A e (£ M= £ Pos— 4% Cts— (£ Co" ML P s+ Coite)
— Qs ME A%,
(£CMo—(£C %)= £ 0% +(E£C2)(Cr%s—Cs) .

§4. Group of affine transformations.

In this paragraph we deal only with spaces with proper connections.

Clearly any transformation ¢ of X leaves invariant the vectorial form dx,
and consequently the induced transformation ¢ leaves invariant » forms dx®
on B. ¢ leaves also invariant the lift ¥ of the intrinsic tensor field y, there-
fore N functions 7 on B°, and furthermore d7®, because the dual induced
map ¢* commutes with the differential operator d.

Now denote by H the map of a given proper connection in a principal
bundle B°. A transformation ¢ on X is said to be affine, if the induced
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~

transformation ¢ on B° preserves the connection H, [24, p. 667, i.e. the com-
mutativity
4.1) Do Hy=H (3)° P
holds at any point 5= B°. Then we can prove the following

Tueorem 4.1. The induced transformation ¢ of any transformation ¢ on
X leaves invariant the n+N forms dx* and dy®. In order that ¢ is affine, it is
necessary and sufficient that the induced lvansformation ¢ leaves invariant the
n® forms @,*; then ¢ leaves also invariant the N forms 5y"‘.

Proor. The second part is proved as follows. We may regard a point
be B° as an admissible map L,— B°. Let I; be the identity map of T5(5°)
onto itself at 5. Then the map H is related to the form & by Hy=1I; by ;.
Therefore, if ¢ is an affine transformation, then, from the commutativity (4.1),
we have @uo(lz—byodp)=U;G —PD)s@;G)oPx  Since Pyoby=¢(b)y, We have
(D)o@ =P(D)soB ) °Px OF F5=0sG) Py, from which follows the relation PG
=& as an L(L,)-valued form & on B°. The last part follows from F*(Dy*)
=@* H*d§® = H*¢*d5* = H*dy® = D5*.

In virtue of the duality, it follows at once

TraeoreMm 4.2. In order that a transformation ¢ on X is affine, it is necessary
and sufficient that the induced transformation ¢ leaves invariant ali the basic
vector fields of the first and the second kinds and the fundamental vector fields.

Now let us prove the following theorem

Tuaeorem 4.3. The group G of all affine transformations on X with a proper
linear conmection is a Lie group.\V

Let L,* be the subgroup of L, of matrices of positive determinants and
X the right factor space B/L,* of the principal bundle B by L,*. X is a
double covering of X. We denote the covering map X— X by « and the non-
identical covering transformation of X by e; xroe=r. Let Z be the induced
tensor bundle of Z by #, and & the map induced from e by k. Z is then a
double covering of Z, and ¢ gives the non-identical covering transformation
of Z. The space of the bundle B has also a structure of the principal
bundle: {X,L,*, L,*, x}. Since B is the bundle induced from B by the pro-
jection 7, the bundle space B has also a structure {Z, L,*, L,*, x}. Therefore
the original connection on Z with the components &,* on B defines a proper
connection on Z, and we can speak of affine transformations on X. Let G be
the group of all affine transformations on X. Then we have clearly

Lemma 44. A transformation ¢ on X induces a transformation ¢ on X
satisfying the commutativity condition Poc=ec-d. Conversely, if a transformation

11) This is a generalization of a theorem due to Myers-Steenrod-Nomizu-Kobayashi,
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@ on X satisfies this condition, then § can be regarded as a transformation
induced from a transformation on X.
Lemwma 4.5. If a transformation ¢ on B° leaves the nt+N forms dx® and
dy* invariant, then there is a transformation @ on X which induces .
Proor. Let ¢ be represented by the following functions by use of co-
ordinate neighborhoods of any point b B° and the image $(b):
(42) xn:@z) y//l:‘l/’x’ a/a,i:%az
depending on 1% ¥4, @,*. From the invariance of gx“:bz“dxl follow the equa-
tions
a§01’ 6@1’ 8¢1.
faf 2T S it S A 2T I —p a4t
v (55 dw+ o gl day’) =b,"dx",
and hence we have
09" . 09" _ . 09"
(4‘3) 8yA ""0, adb] —0, —_—
By the first two of these, the functions ¢* are independent of »? and «,%, and
therefore x"*=¢* define a transformation ¢ on X, because Y° and L,* are
connected unless Z is a bundle of scalar densities. In a similar manner, we

have equations 1,01:0?#‘(%%)3)" from the invariance of dj*=d(0;*y?). These

equations together with the last equations of (4.3) show that the transfor-
mation ¢ is induced from ¢ in B°.

Lemwma 4.6. The group G of all affine transformations on X is a Lie group.

Proor. In virtue of Theorem 4.1 and Lemma 4.5, G is isomorphic to the
group G of all trar}sformations in B°, which leave the 7+ N-+#n? linearly
independent forms d}“, dy*, @,* invariant. By a well known theorem due to
S. Kobayashi [17], [18], G is a Lie group and hence so is G.

Proor orF Turorem 4.3. By Theorem 4.1 and Lemma 4.5, the group G is
isomorphic to a subgroup {{|@ee=e-p} of G. The subgroup, being closed in
G, is a Lie group and consequently so is G. The proof is completed.

Now let ¢, be a 1-parameter group of affine transformations in X. Then,
the induced vector field 5 in B° should satisfy, by Theorem 4.2, [E, E, =0
and [B, F;]=0, cf. [24, p. 67]. From (2.20) and (2.25), it follows that equations
A,%,=0 and £C,%=0 should hold. Thus we have

Turorem 4.7. In order that a one-parameter group of transformations is
affine, it is mecessary and sufficient that the genevating vector field &' satisfies
the differential equations

Y, =64 =S —CraM™ o0, ENp=CiluE",
(4.4) A]ik: ‘Szﬂk+Ri]kl£l+Pi]kwax‘S,€ﬂyp:0 ’
£ Cjiv = giﬂlv —Piﬂvfl‘*‘QZ]uwaxExpyD:O .
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We shall call a vector field &% satisfying these differential equations an
infinitesimal affine transformation.

By and [2.24), 4/,=0 is equivalent to £I'*;,=0. Thus, turning to
the auxiliary connection, we have

Cororrary 4.8. In order that a vector field & is an infinitesimal affine
transformation, it is mecessary and sufficient that &' satisfies a mixed system'®
of differential equations

Eiljzéij—‘sijkfk ;

& _
oy =0,
(4'5) o, o o, o
E'lv=—R" ' — P’ %0y°
8 gi Si
af),,izp flVEl ’
with an associated system
(46) <£ Cjiv = fhcjiulh,“— éxpyp aac;lcu‘_ éihcjhy+énjchiv + Eo’cv jilc:O .

Chapter II. Spaces of linear elements and Finsler spaces.
§5. Groups of affine transformations on spaces of linear elements.

Throughout this chapter, let Z be the tangent bundle T(X)={X, Y™, L,, t}
of an #u-dimensional space X, whose fibre space is an n-dimensional vector
space Y”. We have now n=N, and « is the identity automorphism of L,
and consequently the homomorphism & is also the identity automorphism of
L(L,) in the notations of the preceding chapter. A point ze7(X) will be
now denoted by (x% y*) in a coordinate neighborhood, whereas we have hitherto
denoted it by (% y%). We obtain formulas concerning the tangent bundle
T(X) in replacing simply the Greek indices in a number of formulas in the
preceding chapter by Latin indices. Each formula thus obtained will be
indicated with the same number as in the preceding chapter marked with an
asterisk below, like (4.4).

Now let

(5.1) w'=I* /4 dx*4-C/Dy*

define a proper linear connection on Z°=7°(X). By [Lemma 1.3, the coeffi-
cients I'* %, and C,%, are homogeneous in »* of degree zero and —1 respectively.
C;'x satisfy furthermore the equations

12) [8].
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(5'2) kay" =0.

Let us now seek for the condition that a space X with a proper connec-
tion admits locally a group of affine transformations of maximum order »’4#,
that is, the condition of complete integrability of (4.4)y, or of (4.5)y with
(4.6)y. In order that (4.5)y admits »?+#» independent solutions, (4.6)s should
be satisfied by any & and any & and consequently we should have Cjiy,=0
and :
909G

(5.3) o

YP—04C P54 05C "k +08C =0

Contracting over £ and p and taking account of we have
(5.4) —Citn—0iCi%+Ch+nCih =0,

and, contracting further over i and j, C,%=0 for » >1. Contracting over i
and % in we have C;};=0. Consequently C,!;j=(1—n)C,=(1—n)’C,}; and
hence C;4;=0 for n>2. For n=2, from it follows immediately that Cj%
+Ci*;=0 and hence C*=C,,=0. Consequently C;,=0 imply C,’;=—C* =0.
Thus all Cj% vanish for n=2. Moreover, by Corollary 3.5, and (1.23);, we have

0 ; or*; 2
”3}7 £F*§k=£ *Tylj—k=£Pljm,

and, from the integrability conditions of (4.5)y,

. . oP"; . . : .
EP jy=E"Plyn+-E"p9"° “@;fi_f P a8 P+ €M P+ EM P =0 .
Since, for the complete integrability, these equations should be satisfied by
any & and ¢%, we have equations

OP s

oyt yp—6§¢ijkz+5spinkr|'5£Pijnz+5fpijkn:0-

Contracting over % and p and considering the homogeneity of Py, of degree
—1 in 3%, we have at once P%y,=0I*//0y'=0, i.e, I'*j;, are independent of
y'. Hence, by a well-known theorem [8, p. 2347, [16], [34. p. 207, [36, pp. 94
and 194], we obtain

Tueorem 5.1. A necessary and sufficient condition that a space of dimension
n=2 with a proper linear connection admits a group of affine transformations of
maximum ovder n*+n is that the space is locally affinely flat.

§6. Groups of motions in Finsler spaces.

A Finsler space X is a metric space in which the length of a tangent
vector z=(x%, »*) of X at a point x is given by
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(6.1) |2P=2F(x, ) =gu,(x, )y*y’

or the arc length s of a curve by
s={V2F (@, dx)= Vg, dids,

where the fundamental function F(x,y) is a function of x* and »%, homogeneous
in " of degree two and positive valued for any non-zero vector z=(x’, y),
(yH#0. F(x,y) may be regarded as a function defined on 7°(X). The func-
tions

(6.2) o°F

g%, y)zﬁ&z@j‘

are homogenous of degree zero in y° and constitute the components of a
symmetric tensor field on 7°(X) associated with B°. The tensor field gi; 1S
supposed to be positive definite and called the metric tensor of the Finsler
space. E. Cartan [5, pp. 10-167] has introduced a metric connection in such
spaces. We notice that this connection is proper in our sense and has torsion
Cop=-gy- 0°F/05'3y'05".

A transformation ¢ on a space X with Finsler metric is called a motion
if the induced transformation ¢, in 7°(X) leaves the fundamental function F
invariant: F(e(z))=F(2) for any z.

Suppose now that a Finsler space admits an effective group G of motions
of order 7, and denote the motion corresponding to an element g&G by ¢,.
Taking an arbitrary point x,X, let G, be the isotropic subgroup of G at x,
and denote the induced map of ¢, at x, on 7,,(X) by (@g)z. G, is of order
r’=Zmax (r—n, 0). Then the map 7, defined by 7(2)=(¢¢")z., £EG,, is a linear
representation of G, into L,.

In determining the Finsler space with completely integrable equations of
Killing, H.C. Wang proved, by a group-theoretic method, the following
lemmas and theorem.

Lemma W. 1. The linear representation v is faithful.

Lemma W. 2. 7(G,) is conjugate to a subgroup O’ of the orthogonal group
O, itn L,.

Traeorem W. 3.1 If an n-dimensional Finsler space, n+4, admits an effec-
tive group of motions of ovder v > n(n—1)/2--1, the space is a Riemannian space
of constant curvature.

We are now going to determine n-dimensional Finsler spaces admitting a
group G of motions of order r=n(n—1)/2+1 for n+4.

- 13) This theorem can be also proved by tensor calculas in the same way as we

shall prove [Theorem §1.
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First we notice the following

Lemma 6.1. If a transformation group G operates transitively on a space X
and 1(G,) at a point x, is conjugate to a subgroup O of the orthogonal group
O,, then we can intvoduce in X a Riemannian metric with respect to which G is
a group of motions.

Proor. By assumption 7(G,) leaves invariant a Euclidean metric on the
tangent space 7,,(X) at x, and the Riemannian metric defined from the
Euclidean metric by the transitivity of G on X is a required one. gq.e.d.

Combining Lemma 6.1 with Lemma W. 2, we can state the following

PrincipLe 6.2. The problem to determine Finsler spaces admitting a transitive
group G of motions is reduced to determining Riemannian spaces admitting the
group G as group of motions and to finding, in these spaces, Finsler metrics
which are left invariant under G.

Reterning to our problem, let ¢/ be the dimension of the orbit of a point
x by G and g=max{q’'|x=X}; ¢ is usually called the gewneric rank of the
group G. Now suppose G is intransitive on X, g <, and we shall show that
this leads to a contradiction under our hypothesis. The order of the isotropic
subgroup G, of G at any point x, would be equal to ¥’ =r—¢'=r—q > (n—1).
(n—2)/2, and so the order of r(G,) must be also equal to » by Lemma W. 1.
Then the subgroup O’ of the orthogonal group O,, to which 7(G,) is conjugate
in L,, have to coincide with the orthogonal group O, itself for n+4 [20,
Lemma 4]. By the same argument as in the proof of Theorem W. 3, we can
see that the space must be then Riemannian. In virtue of a lemma due to
K. Yano [517], the group G of order n(n—1)/2-+1 must be then transitive on
X; this contradicts our assumption. Thus G i3 transitive on X.

Hence, by Lemma 6.1, there exists a Riemannian metric on X with respect
to which G is a group of motions. K. Yano [51, Theorem 97 showed that
an n-dimensional Riemannian space (n#4) admitting a group of motions of
order n(n—1)/2+1 is one of the following:

(I) the product of a straight line and an (z—1)-dimensional Riemannian
space of constant curvature,

(II) a space of negative constant curvature.

We have to find Finsler metrics in such spaces which are invariant under G.

Case (I). There exists a coordinate neighborhiood of X where » generating
vector fields of G are given by

Xl)

(63) (KN xt B, @b=2,3-m

X~ 20Xy,
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where K is the constant curvature of the (n—1)-dimensional space and v=

Enx“x“. The corresponding vector fields of the first extended group in 7(X)

a=2
are given by
Xl ’
6.4) (4 Xt K wwx K oreray - oy,

22X, — 2 X, +y"Y,—3"Y, .

The fundamental function F is an absolute invariant of the extended group,
that is, all the derivatives of F with respect to the vector fields vanish.
Therefore we see that F is independent of x!, and that F' contains the varia-

n n
bles x* and y* (¢=2,--,m) only as a function of »=3] x%x*% w=>]y** and
a=2

a=2
tzzn) x%y®. Hence F may be regarded as a function of y',v,w,?: F=F(y', v, w, ?).
a=2

We assume that F' is differentiable in y',»,w, . F satisfies moreover

2(1+—{f— p)x® —gngwa“ -gTZ—qL{(H‘{f v)y“+—I2£ 13 %tE:o.

Multiplying these equations by x® and »* and summing up with respect to
a=2,---,m we have

2(1+5 )0 O koo S8 { (145 o)t w0} 2 o,

2(14- 5 0)e 08 4 ko S { (145 o)wt K 2} OF o,

from which we have
(1+%il v)(t?—vw) %zo .

Hence 0F/0t=0 in our domain except in the surface a?*=-.-=1" y?=-.-=y"
However, since we have supposed F to be differentiable, we have 9F/9¢t=0
in all our domain. Hence F is a solution of a differential equation

K \NOF ,£ K O8F _
(1 0) gt w5 =0"

2
Since w / <1+—4K— v) is a soluton of this equation, a general fundamental func-

tion is given by a function

6. F=f[(y1)2, AN
(6.5) f(y) (1+71"lv))
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where f(t,,¢,) is a homogeneous function of degree one in two variables ¢

and £,.
Case (II). There exists a coordinate system of X where 7 vector fields

generating G are given by

— Xk 2K, ,
(6-6) Xa ’ (0', b:2’ 3)"'} n)
2 X,—x X, ,

where —£k? is the negative constant curvature of the space X. The vector
fields of the extended group in T(X) of G are

b XA PT,

(6.7) Xa,

2 X — 2 X+ Y —9"Y, .
By the same reason as in the former case, we see that the fundamental
function F is independent of x% and that F contains y* only as a function of
w=éy“y“, so that F may be expressed as F=F(x', y!, w). We assume again
thea;iifferentiability of F(x', ¥, w). F satisfies moreover a differential equation

1 oF oF
T o T 5, =0
Since e**'w is a solution of this equation, a general fundamental function is
given by a function

(6.8) F=1((»)?, ¥ w),

where f has the same property as in Case (I). Concluding the above discus-
sions, we can state the following

TreoreMm 6.3. A necessary and sufficient condition that an n-dimensional
Finsler space (n+4) admits a group of motions of order n(n—1)/2+1 is that the
fundamental function F is given by either (6.5) or (6.8) in a switable coordinate
system.

Chapter III. Spaces of hyperplane elements and Cartan spaces.
§7. Space of hyperplane elements.

In this chaptar, we take, as Z in Chapter I the cotangent space, T%(X)=
{X, Y**, L,, } of a space X, where Y*” is the dual vector space to Y. We
have again #=J] in the notations of Chapter I, but now the automorphism



62 Y. Tasuiro

«a of L, maps each matrix to the transpose of its inverse, and consequently
@ has the effect

(7.1) allgy=—g/

for any element g=(g;YeL(L,). A point ze T*(X) will be denoted by (%, u,).
In replacing suitably the indices—in replacing the Greek indices by Latin
ones and interchanging the super- and subscripts—and changing occasionally
the signs, we obtain formulas on 7%(X) from some formulas of Chapter I.
We shall indicate these formulas by asterisk placed upward like (1.3)*.

We obtain in particular as (1.3)* and (1.5)*%,

(7.2) ' =I"*dx*+C;*Duy ,
(7.3) al(w)=—w/, ai(')=—I, a/(C"h=-—Cw*,
The covariant derivatives of a tensor field 77 are given as (1.16)* by
Th= e+ 8 P 17,
(7.4) ST
Tll‘kz‘a;k“l“cfk 17,

and the Lie derivative of 77 are given as (2.14)* by

(7.5) ETI=T1,"—TWM" P u,—EL,TY,
where

. i o . 1
7.6) &= 0 et (LY,

which is obtained as (2.11)*. In particular, for the intrinsic covariant vector
field u=(u;) on T%(X), we have

ufe=0, uMN=05/-CF, Ct=C/*u,,
£uj:0'
By Lemma 1.3*%, a linear connection [7.1) is proper if and only if I'*/

and C;* are homogeneous in #; of degree zero and minus one respectively
and C;* satisfy

(7.8) C*up=0.

Then Lemma 1.4* shows that the curvature tensors R*;,, P';!, @'/ are homo-
geneous in #; of degree 0, —1, —2 resepctively and the last two satisfy
(7.9 Plilu,=0, Q'fu,=0.

By the same argument as in the proof of Theorem 5.1, we can prove the
following

Turorem 7.1. A space of hyperplane elements with a proper conmection
admits a group of affine transformations of maximum ovder n-+n® if and only

(7.7)
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if it is affinely flat.

§8. Groups of motions in Cartan spaces.

A Cartan space is the space in which the volume of a hypersurface is
given by (n—1)-ple integral

(8.1) j Lx, Wdv ,

where u=(u;) is the covariant vector density field of weight —1 tangent to
the hypersurface, L(x,u) a scalar function of x* and u;, which is positive
homogeneous in u; of degree one, and dv the volume element of the hyper-
surface. .

Now let £(x,#) be the function of the point z=(x, ) T*(X) defined as
follows. In each coordinate system (x,#) are given by their components
(«%, u;). Let u be the vector density which has the same components #; as
# in the same coordinate system. Then we put

L', u)=L(x, n) .

L(«', u;) is no longer a scalar function on 7*(X), but it is easily shown that
L%, u,) is the component of a scalar density defined on T*(X) of weight —1,
positive homogeneous in #; of degree 1 and positive valued for »+0. It is
obvious that such scalar densities ¥(x, #) is in one-one corespondence with

scalar functions L(x, u). We put %:‘;,, L2 and call ¥ the fundamental scalar

density.
Then the contravariant metric tensor field g% is defined by
g 1 0%
8.2) 8= q Ou;0u;’
where
B 0% N\ T

g% are homogeneous in #; of degree zero and the determinant |g¥|is equal
to 1/g. The covariant metric tensor g;; is the reciparocal system of g%.
From [8.2) and the homogeneity of ¥, we have
| g 1 0% 2%
84 g" Mj:T?ﬁlt{ y Blupy=—
A linear.connection on 7%*(X) is said to be metric if the covariant deriva-
tives of the metric tensor with respect to it vanish:
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0g; 0g;
&= aikj + aij I* e —I*"gn—I'*"18.=0,
(8.5)
i
gl — %i’ +gihC, T 4-ghiIC, #=() ,
k

A remarkable metric connection is characterized by conditions [4], [9, p. 21
and supplément]]

(8.6) I*j=I%1,  Clt=Ciit

where CY*=gC,%*, The second coefficients C¥* of this metric connection are
uniquely determined by the fundamental scalar density §, as follows: From
the second equations of (8.5) and [8.6), we have

1 08V _ 1U1ag 11 %

T2 Ouw, 2 & g Ouy 2 o Oudutu; °
Putting C*=g;;,C""*=C;*, we have
J

8.7 CVk=

and

(8.9) Cijlc wclc 1 1 63%}

2 g 0u,0u0u;,

From these equations, we have further

(8 10) Cjik i ujck C’j"uk 0 C U=
(8.11) k=2 —n)Ct,
and

det i 6§—Cjiku1; l =det I 5’;-"ujckl
=1—ujCj=1 ,
that is, the matrix (6%—C;*) is unimodular. Hence the inverse matrix (M%)
i—Cy ]

of (8%—C/®) is equal to (&%—u,C").
Moreover we can see that, if a symmetric tensor

mi—gi12 B c,om
8.12)

— ot % N % 63%

is of rank z, then the first coefficients I'*;% of the metric connection satisfy-
ing are completely determined. A Cartan space is said to be regular
if the symmetric tensor H¥ has the rank #. We shall deal only with regular
Cartan spaces in the following. We notice that the metric connection satis-
fying [8.6) of a regular Cartan space is proper in our sense. The tensor H%
satisfies
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(8.13) Hilu;—g'u; .

A transformation ¢ on X is called a motion of the Cartan space if the
induced transformation ¢* on T%(X) leaves invariant the fundamental scalar
density §. In order that a vector field & on X is an infinitesimal motion it
is necessary and sufficient that & satisfy an equation

(8.14) £F=0.

Then, by Lemma 3.5%, £4=0 and £g“=0. Conversely, if £g£“=0, then £g=0
and, by Lemma 2.3* and (8.4), we have £%=0. Hence the equation (8.14) is
equivalent to

(8.15) L= (89 EH=0,

where we have put &¥=¢£% g™, (8.15) are Killing equations in the Cartan
space.
Moreover, applying Theorem 3.4* on g;;, we obtain

gihAjhk‘*‘gthihk:O ’
or, substituting (2.23)%,

gin£F.*Jhk+gjn£F*ihk“zcijhé;Pﬁk:O .
Since I'*j%, are symmetric in j and k%, we obtain equations
(8.16) EIr* 4 =Cr eI  ,+C " EI*,;—Cyug" £I'*, .
Contracting these equations by #;, we have
LI =u,C" EI* )+, C* £ — C £,

and, contracting further by wu*=g"%u,,

%k£F*jk:ukukch£F*hj=2 ‘% Ch£F*h] .

From the last two equations, we have

(8.17) £t (2 B Cur—udt—uy)C £ 1% =0
and, contracting by C¥,

(8.18) (¢9+2 T cic,—uc)cl g —0.
Since we have

det

2412 %— CHMC,— 4iC

=det| HY —u‘C?|
=det| H¥|#0

because of the regularity of the space, we have C'£I'*;=0. From (8.17) and
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we obtain £I,% =0, which are equivalent to equations
Ajikz Eijllc‘{‘Rijkl‘fl_PijkthlEphup=0 .
by (2.23)* and (2.24)*.

Now the complete integrability condition of the Killing equations
is equivalent, by [Theorem 4.7, to that of a mixed system of linear differ-
ential equations

Eilj:Eij'{"CjﬂMhléphup )
Ei“j:Chijfh. R
Eijlrc:—Rijm‘fl’FPijlcthzfpn%p ’
Eij"k:Piﬂkfl __I_QijlcthlEphup
with [8.15) as the associated system.

From the complete integrability of this mixed system follows that the
equations

(8.19) £ CHR = CH6y g7 — CHN ™ £2, 0, — E4,CH*— E1,CP — £4,C1M =)
should be satisfied by any & and any &% satisfying [8.15). Therefore C¥,=0
and
O™, g, 1ty +8LC, T4 3JC, %+ BECH,,
= CH ™ gyt 4 B,C, 4+ B1C,+85CY,
should hold. Contracting %2 and p and taking account of (7.7),
we have
(8.20) (n—2)C¥,+C/"+C, T =CY N M* 8, + (2 —n)(0LC/+54CH
and, contracting further by gy,
(n—2)C,,=C)'M*u,, .

Since #,C"=0 and #u,u"=2%/q+0, we obtain C/'M¥=0 and hence C,=0 for
n>2. Thus C¥ are symmetric in all indices and by [8.20) we have

nC = CU Mt

Since C¥"y,=0, we have C¥ W M* =0 and consequently C¥* =0, which means
that g% are independent of %, that is, the metric is Riemannian. Thus we
have established

Tueorem 8.1. If a regular Cartan space admits a group of wmotions of
maximum order n(n+1)/2 for n>2, then it is a Riemannian space of constant
curpature.
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§9. Cartan spaces admitting a group of motions of order r=n(n—1)/2-+1.

We shall prove in this last paragraph an analogue of on
Cartan spaces. However we must impose a condition on the Cartan space;
i.e.,, we suppose that the representation 7r:G,— L, of the isotropic subgroup
G, of motions at any point x&X is faithful. In the case of Finsler spaces,
the corresponding proposition 1. in §6) is proved by means of
the normal coordinates, on which we have no knowledge in Cartan spaces.
The author has the conjecture that this condition might be satisfied by any
Cartan space, but he has not been successful in proving it. So we must
restrict ourselves to the consideration of regular Cartan spaces satisfying
this condition.

We define a correspondence n of the cotangent space T*,(X) to the
tangent space T,(X) at each point xX by equations

(9.1) yi=g";.
This correspondence is a differentiable homeomorphism of 7*%°(X) onto 7°(X),
because

--aaz—jl=|g“~-2c”"ukl:Ig“—Zu"Cf[=]g”|¢0
at any point. If we define a scalar function

_ Bl 17 ()

FON= 4, 771
then F is homogeneous of degree 2 in »* and we may consider a Finsler space
with F as fundamental function and having the same base space X. If ¢ is
a motion of the Cartan space, then g¥ is invariant under ¢* and we have
pxon=nop*. Moreover ¥ and ¢ are invariant under ¢* and hence F is also
invariant under ¢,. Therefore, by 2 in §6, r(G,) is conjugate to
a subgroup O’ of the rotation group O, in L,.

If the group G of motions of a Cartan space is of order r > n(n—1)/2-1,
then 7(G,) is conjugate to the subgroup O, in L,, and hence is of order
n(n—1)/2 and so G, has also the same order. Therefore, at x, the equations
with &(x,)=0 should be satisfied by arbitrary £¥ satisfying &¥-+¢&7=0.
Repeating the discussion at the end of the previous paragraph, we have
C¥* =0 at x, for n=3 or n=5. The point x, being arbitrary, we have C’*=0
on X, and see that the space is Riemannian and consequently of constant
curvature.

If the group G is of order r=n(n—1)/2+1, then under our assumption at
the bigining of this paragraph, we can verify that G acts transitively on X.
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Hence, by the same reasoning as in §6, we obtain an exact analogue of
Principle 6.2, and we can determine Cartan spaces admitting a group of
motions of order n(n—1)/2-1 as follows.

We can find a coordinate neighborhood in X where r generating vector
fields of G are given by or as in Case (I) or (II) of §6.

Case (I). Corresponding to the generating vector fields of the extended
group of G in T*(X) are given by

Xl ’
(14 o)Xt B 2o B sy 0 — K o0
2 X —x° X, —u, U +u,U? (@, b=2,3,, 1)

where U®=0/0u, and U—Zx x* Since the fundamental scalar density ¥ of

weight two is invariant under the extended group, it is a solution of differ-
ential equations

Kkl
ox' =0,

K NOF | K o008 a, \ 0%
(15 v) gty a2 o +5 o (Uax"—2"m) 5, -

(9.2)
——IZS 2wy —gg——{—l{(n~1)x“%=() ,

o 0%, OF 0% oF
Y oxt TN xt Lt Oup

It follows that & is independent of x!, and that  contains the wvariables x°
and #, only as a function of »= Zx %%, w*¥= Z uu, and t*—Ex Uy SO We

a=2

may express F==x!, v, w*, t¥). We assume the dlfferentlablhty of ', v, w*,
t¥). From the second equations of (9.2), we can see that ¥ is independent of
t¥ as in Case (I), §6, and ¥ is a solution of a differential equation

2n-4
Since w* / (1—{—% v) is a solution of this equation, a general fundamental

scalar density is given by
9.3 §=r(ar, w/(1+40)"),

where f(#,t;) is a homogeneous function of degree one in two variables ¢
and £,.
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Case (II). & is a solution of differential equations

— oSt S5 S 2 1F =0,
9.4) I8,
% _afL 08 0% 6%

ox% " Gy, tta

It follows that ¥ is independent of x% and that § contains #, only as a func-

tion of w*= Euaua Consequently we may express F=g!, u, w*). From

a=2

the first equation of [9.4), & is a solution of a differential equation

S A B -88—& —2(n—1DF=0.

Since e*™D¥y* is a solution of this equation, a general fundamental scalar
density & is given by

(9.5) F=fw,)?, I w¥).

Gathering the above results, we have established

Tarorem 9.1. Under the assumption at the biginning of this paragraph, a
necessary and sufficient condition that an n-dimensional Cartan space (n=3,n+4)
admits a group of motions of ovder n(in—1)/2+1 is that the fundamental scalar
densitv % is given by either (9.3) or (9.5) in a suitable coordinate system.

Department of Mathematics,
Okayama University.
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