ON #-DIMENSIONAL RIEMANNIAN SPACES ADMITTING
A GROUP OF MOTIONS OF ORDER n(n—1)/2+1

BY
KENTARO YANO

1. Asis well known [2; 4; 11](%), we have the following theorem.

THEOREM A. If an n-dimensional Riemannian space admits a group of
motions of the maximum order n(n—+1)/2, then, the space is of constant curva-
ture.

Thus, it might be interesting to ask whether an n#-dimensional Rieman-
nian space can admit complete groups of motions of order n(n+1)/2—1,
n(n+1)/2—2, - - - or not, and if so, then what the structure of the cor-
responding space is.

In this connection, we have a very suggestive theorem due to G. Fubini
[4, p. 229; 5]:

THEOREM B. An n-dimensional Riemannian space for n>2 cannot admat a
complete group of motions of order n(n+1)/2—1.

On the other hand, it was an open problem to determine the #-dimensional
Finslerian space which admits a group of motions of the maximum order
n(n+1)/2. Recently, H. C. Wang [8] gave the answer to this problem by
proving the following beautiful theorem.

THEOREM C. If an n-dimensional Finslerian cbvace for n>2, n#=4, admats
a group of motions of order greater than n(n—1)/241, then the space is Rie-
mannian and of constant curvature(?).

To prove this theorem, Wang used, among others, the first of the follow-
ing theorems due to D. Montgomery and H. Samelson [6].

THEOREM D. In an n-dimensional Euclidean space for n#4, there exists no
proper subgroup of the rotation group of order greater than (n—1)(n—2)/2.

THEOREM E. I'n an n-dimensional Euclidean space for n#4, n#8, any sub-
group of the rotation group of order (n—1)(n—2)/2 fixes one and only one direc-
tion.

Wang’s Theorem C not only generalizes Theorem A, but also gives the
following interesting
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(*) The numbers between brackets refer to the bibliography at the end of the paper.

(®) Professor H. C. Wang pointed out to the author that Theorem D below, and conse-
quently this Theorem C, are not true for n=4.
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THEOREM F. An n-dimensional Riemannian space for n>2, n=4, which is
not of constant curvature cannot admit a group of motions of order greater than

n(n—1)/2+1.

On the other hand, by studying the integrability conditions of the so-
called Killing equations, I. P. Egorov [3] has proved recently the following
two theorems.

THEOREM G. The maximum order of the complete groups of motions in
n-dimensional Riemannian spaces which are not Einstein spaces is n(n—1)/2

+1.

THEOREM H. The order of complete groups of motions of those n-dimensional
Riemannian spaces which are different from spaces of constant curvature is not
larger than n(n—1)/242.

According to Theorem C, if an n-dimensional Riemannian space for n>2,
n#4, admits a group of motions G, of order » >#n(n—1)/2+1, then the space
is of constant curvature. The largest group of motions in a space of constant
curvature being of order n(z+1)/2, if we denote it by G, then G, must be a
subgroup of G.

But, as will be seen in the next section, by exactly the same method as
that used by Wang to prove Theorem C, we can prove that the group G, coin-
cides with the largest group G, that is to say:

THEOREM I. In an n-dimensional Riemannian space for n#=4, there exists
no group of motions of order r such that

1 1
?n(n+1)>r>?n(n—l)+1.

Thus, it might not be useless to study the n-dimensional Riemannian
spaces which admit a group of motions of order #n(n—1)/2+1. This is the
main purpose of the present paper, in which Theorem E plays an important
réle. The main result appears in the last Theorem 9.

2. We begin with a sketch of the proof of Theorem I. We consider an n-
dimensional Riemannian space V, with positive definite fundamental metric
form ds?*=g;(x)dxidx* (3, j, k, I, m=1, 2, - - -, n) and assume that the space
V. admits a continuous group G, of motions of order r>n(n—1)/241.

We take an arbitrary point Py(x}) in the space V, and consider all the
motions of G, leaving this point P, fixed. These motions constitute a sub-
group G(Py) of G, consisting of the motions:

(1) Ta: %= fi(x; )
with the property

m = f"(xo; a),
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a being 7o=7 —n essential parameters [4, pp. 64-65]. The subgroup G(P) is
called a subgroup of stability of G, at the point P,.

To each transformation T, of G(P,) corresponds a linear transformation
S, defined by

af*(xo;
i = ————-f (%0; @) dxi.

2 Sa: dE -
(2) Py

It is easily seen that if T,—S, and To—Se., then ToT,—SaSar, where
ToTew is a product of two transformations while S.S.s is a product of two
matrices.

Thus, all the S’s forming a linear group L(Py), it is readily proved [8]
that the correspondence T,—S, is an isomorphism between G(P,) and L(Py)
in the sense of topological groups, and consequently that G(Po) and L(Py)
are of the same order.

The group G(P,) being a group of motions fixing the point P, in an n-di-
mensional Riemannian space, the group L(P,) is a rotation group in an
n-dimensional Euclidean space.

On the other hand, we know that the order 7, of G(P) or of L(P,) satisfies
the inequality

To= 7 — N

But, we are assuming that
1
r>?n(n—1)+1,
and consequently we have
1 1
ro>7n(n— 1)+1—n=—2—(n—1)(n—2).
Thus, from Theorem D, we must have, for n 4,
. ( 1)
=—un(n - 1),
7o 2

and consequently the group L(P,) coincides with rotation group O(n). Thus,
G(P,) contains a motion which carries any given direction at P, into any
given direction at P,. We note here that, in the above discussion, the point
Py was an arbitrary point.

Now, we take two arbitrary points P; and P, in V, such that they are
sufficiently near to each other and consequently they can be joined by a
geodesic. We consider a midpoint M of this geodesic segment and a direction
at M tangent to this geodesic. Then, in the group of stability G(M), there
exists a motion which changes the direction of this tangent into the op-
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posite direction. Since a motion does not change the length of a curve and
carries a geodesic into a geodesic, this motion carries P; into Ps.

If there are given two arbitrary points 4 and B in V,, then we join these
points by a curve, and choose a series of points on it Py, Ps, - - -+, Py in such
a way that 4 and Py, Py and P,, Pz and P3, - - -, Py_1and Py, Py and B can
be joined by geodesics. If we denote the midpoints of the geodesic segments
AP,, PP, P,P;, ---,Py_1Py, PyB by M, M, - -+, My respectively,
then, applying suitable motions belonging to G(M,), G(M)), - - - , G(Mn)
successively, we can carry the point 4 into the point B. The points 4 and B
being any points in V,, this means that our group G, is transitive and conse-
quently that

r=ro+n=nln+ 1)/2.

Thus, Theorem I is proved.

3. Next, we assume that the space V, admits a continuous group G, of
motions of order r=n(n—1)/241.

If we denote r infinitesimal operators of the group G, by

i of
XAf=EA(x)—7 (A=1,2,"',f)
dx*
and the rank of the matrix (& (xo)) at a point Py(x}) by go, then n =g,, and

the subgroup G(P,) of stability at Py is of order [4, p. 65]
r—-qo=—;-n(n—1)+1—qo.
Now, suppose that n>g,, then we have
r—qo>%n(n— 1)+1—n=%(n- 1)(n — 2).

Thus, the subgroup G(P,) of stability at P,, and consequently the cor-
responding rotation group L(P,), is of order greater than (n—1)(n—2)/2.
Thus, from Theorem D, we conclude that, for n>4, the rotation group
L(P) coincides with O(n).

Thus, if we denote the generic rank of the matrix (£4(x)) by ¢ and assume
that #> ¢, then our Riemannian space admits free mobility around any point
of the space, and, consequently, our group becoming transitive (see, for
example, [2]), we have n =g, which contradicts our assumption.

Thus, we must have »=g¢ and consequently:

THEOREM 1. If an n-dimensional Riemannian space for n#4 admits o
group of motions of order n(n—1)/241, then the group is transitive.

In the following, since we need always Theorem E, we assume hereafter
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that n=4, n>=8.

If we suppose that our V, admits a group G, of motions of order
r=n(n—1)/241, and if we fix a point Py in V,, then the above mentioned ro-
tation group L(P,) is of order (n—1)(n—2)/2, and consequently, by Theorem
E, it consists of all rotations around a fixed direction. Thus, with every point
P of the space V,, there is attached one and only one direction which is left
invariant under the subgroup G(P) of stability at the point P. We shall de-
note this direction by £(P).

Now, we take two arbitrary points P and Q in our Riemannian space.
Since the group G, of motions is transitive, there exists a motion T carrying
the point P into the point Q. If we denote an arbitrary motion fixing the
point Q by T, then the motion T-1T(T fixes the point P. Thus, applying
T-1T(T to the direction £(P), we obtain

T'TTE(P) = E(P),
£(P) being invariant under T-1T¢T. From the above equation, we have
ToTE(P) = TE(P),

which shows that the direction T#(P) at Q is invariant under any Tq. Thus,
we must have

TEP) = £Q),
and consequently:

THEOREM 2. If an n-dimensional Riemannian space V, for n#4, n=~8
admits a group of motions of order n(n—1)/241, then there exists a field of
directions such that the direction £(P) at P is transformed into the direction
£(Q) at Q by any motion of the group carrying the point P into the point Q.

Now, we consider the geodesic which is tangent to the above mentioned
direction £(P) at P. Since the group G(P) of stability at P is a group of mo-
tions and fixes the point P and the direction £(P), it fixes also this geodesic
pointwise. Thus, if we take an arbitrary point Q on this geodesic, G(P) fixes
the point Q. Now, we consider an orthogonal frame at P whose first axis is in
the direction of £(P) and transport it parallelly along the geodesic to the
point Q. Then we have, at Q, an orthogonal frame whose first axis is tangent
to the geodesic. The parallelism of vectors along a curve being preserved by a
motion, a motion belonging to G(P) gives the same effect on the orthogonal
frame at Q as on that at P. This shows that the group G(P) behaves, at Q,
as a group of motions fixing the point Q and of order (n—1)(n—2)/2, and
consequently that G(P)=G(Q). The group G(Q) fixing the tangent to the
geodesic and £(Q), the tangent must coincide with £(Q), and consequently
the geodesic is a trajectory of the direction &.

Since there is one and only one trajectory passing through an arbitrary
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point of the space, these geodesics depend on #—1 parameters, and are
transformed into each other by a motion belonging to G,. Thus we have [2,
p. 294]:

THEOREM 3. If an n-dimensional Riemannian space V, for n=4, n=8
admits a group of motions of order n(n—1)/2+1, then there exists a family of
geodesics such that, passing through a point of the space, there is one and only
one geodesic of the family and the geodesic passing through P is transformed into
the geodesic passing through Q by a motion of the group carrying the point P into
the point Q.

4. Now we take a point M in V,; then there is associated a direction
£(M) with this point. We attach to this point an orthogonal frame of refer-
ence [e;] in such a way that the first axis e; is in the direction of £(M) and
we consider all the frames of reference which are obtainable from this original
one by all the motions of the transitive group G,. Such a family of orthogonal
frames of reference is said to be adapted to the group of motions under
consideration.

The frames of reference thus attached to different points of the space
depend on n(n—1)/2+41 parameters, the first » of which are coordinates
x!, x%, - - -, x" of the origin M and the last (n—1)(n—2)/2 of which are
parameters v!, 92, - - - ,9("—D-2/2 fixing the directions of the axes e;, « + -, e,.

Now, with respect to these moving orthogonal frames of reference, we
write down the formulas

(3) iM = [CF{-F de; = w;;e;

defining the Euclidean connexion without torsion of the Riemannian space
under consideration. Here the w; and w;; are Pfaffian forms with respect to x
and v.

The frames of reference being orthogonal ones, we must have

(4) Wij + Wjs = 0

Moreover, the frames of reference being adapted ones, the Pfaffian forms
w; and w;; are invariant under the group [2, p. 274].

We can see that the forms w; are linear homogeneous in dx*, because they
must vanish when the point (x%) is fixed, that is to say, when the dx* vanish,
and moreover that the forms w;; are also linear homogeneous in dx* because
the vector e; must be invariant, say, de;=w;;e;=0, when the point (x%) is
fixed. ) ' ‘

Thus, w; being # linearly independent forms, we must have relations of
the form

(5) w1 = CjkWk,

¢ being functions of x and v.
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But, all the motions belonging to G, leave ; and w; invariant, and con-
sequently they leave c¢; invariant. Thus, the group being transitive on all
the frames, the cj are all constants.

To find the values of these constants c;;, we shall follow a method given
by E. Cartan [2, pp. 293-295].

At two infinitely nearby points M and M’ of the space, we consider the
orthogonal frames of reference (Ry) and (Ru+) both adapted to the group
G,. Next, we effect, on both of them, an infinitesimal rotation around the
first axis, these rotations being defined respectively with respect to (Ru)
and (Ry+) by a bivector having the same components §;;. By the assump-
tion, &;; must satisfy

(6) t1;=§&1=0.

We denote the orthogonal frames of reference thus obtained from (Rx)
and (Ra) by (Rx) and (Ru) respectively. Then the figure consisting of
(Ry) and (Ry) is congruent to the figure consisting of (Ra+) and (Ra),
that is to say, there exists a displacement which carries at the same time
(Ru) into (Rar) and (Ryr) into (Rar). This displacement is analytically repre-
sented with respect to (Ry) by the set of vector w; and bivector w;;. But,
under the transformation of the orthogonal frames of reference which carries
(Ru) into (Ra), these components w; and w;; will receive the variations

(1) dw; = Euwr,  Owij = Euwr; + Ejrwir.
But, from (5), we have
dwi; = Cjxbwg.
Substituting (5) and (7) into this equation, we find
Eivwis + EjCrwr = Cirrio,
or
(8) Eixcrr — Cik = 0

by virtue of £x=0 and the linear independence of w;.
First putting j=1 in (5), we find

(9) 1k = 0.
Next, putting /=1 in (8), and taking account of £, =0, we get
Eikci1 = 0,

which must be satisfied by any £z (= —&) satisfying (6), from which we
conclude

(10) ¢ = 0.
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Finally, since &;=£§;=0, we may consider that the summation index
k in (8) takes the values 2, 3, - - -, # only. Then, in (8), putting j=r, [=¢
(r, s, t, u,v=2,3, - - -, n), we obtain

Eracat - Crcsat = Ov
which may be also written in the form
(11) Euv(aurcvt - cruavt) = 0.

Equation (11) must be satisfied for any &,, satisfying &.,+&,. =0, from
which we get

(6urcv¢ - Cruavt) - (aﬂrcut - cruaut) = 0.

Contracting, in this equation, with respect to » and v, we find

(12) (” - Z)Cut + Ctu = Coibue
If =23, then we have '
(13) Cut + Cty = cvvauty

and consequently, we can conclude from (9), (10), and (13), that the matrix
(cix) has the form

0 0 0
(14) (c;;,) = (0 c a).

0 —«a c

Since this case was throughly studied by E. Cartan [2, pp. 300-306], we
assume hereafter >3, n#4, n78, that is to say, n>4, n>8.

Then, taking the anti-symmetric part of both members of (12), we find
(n—3)(cut—ct) =0, from which

Cut = Ctu,
and consequently
1

n —

Cut = cvvauto

Thus, in this case, the matrix (c;;) has the form

000 0
0 ¢ 0---0
(15) (cjx) = |0 0 ¢---0

......
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Consequently, we have, from (5),
(16) w1 = Cw,

Thus, from the equations of structure

do; = [wi0;],
we find
dwy = [wi,ws] = 0.

Thus, the Pfaffian form w, is an exact differential:

17) w1 = dg(x),

and, consequently, we can see that, in our space, there exists an ! family of
hypersurfaces g(x) =constant along which we have w,; =0, or

dM = W2€2 + cee + WnCn.

Since vectors es, * - -, e, are always tangent to one of these hypersurfaces,
we can see that these hypersurfaces, regarded as (»—1)-dimensional Rie-
mannian spaces, admit the free mobility. Thus, these hypersurfaces regarded
as (rn—1)-dimensional Riemannian spaces are all of constant curvature.

It is clear that the orthogonal trajectories of these hypersurfaces are
geodesics referred to in Theorem 3.

Since any of these geodesics which are orthogonal trajectories of these
hypersurfaces is transformed into any of these geodesics by a motion of G,
we can see that any of these hypersurfaces is also transformed into any of
these hypersurfaces by a motion of G,. Thus, these hypersurfaces, regarded
as (n—1)-dimensional Riemannian spaces, must be of the same constant
curvature.

Now, we must distinguish here two cases: (I) ¢=0 and (II) ¢=0.

We shall first assume that ¢=0 in (16). Then we have

(18) w = 0,
and consequently
(19) de; = 0,

which shows that the e, is a parallel vector field. Thus, the normal to the
hypersurfaces referred to above being always parallel, the hypersurfaces
must be totally geodesic, their orthogonal trajectories being geodesics.
We next assume that ¢0 in (16). Then we have
1

We = — Wigy
c

and consequently
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dM = we; + w.e,

= w11 + — W1,€,
[

wie; + — de;y,
c
from which

1
(20) d(M - — el) = wiey,
c

1
d(M-——el)=0
c

along the hypersurfaces w; =0, that is to say, the vector e; is a concurrent
vector field [10] along the hypersurfaces referred to above. The normals to
these hypersurfaces being concurrent along them, these hypersurfaces are
totally umbilical hypersurfaces with constant mean curvature and their
orthogonal trajectories are geodesic Ricci curves. Thus we have:

which shows that

THEOREM 4. If an n-dimensional Riemannian space V, for n>4, n=8
admits a group of motions of order n(n—1)/2+1; then (1) there exists an o1
family of totally geodesic hypersurfaces whose orthogonal trajectories are geo-
desics, these hypersurfaces regarded as (n—1)-dimensional Riemannian spaces
being of the same constant curvature, or (1I) there exists an »?! family of totally
umbilical hypersurfaces with constant mean curvature whose orthogonal trajec-
tories are geodesic Ricci curves, these hypersurfaces regarded as (n—1)-dimen-
stonal Riemannian spaces being of the same constant curvature. In both cases,
the group leaves the family of geodesics and that of hypersurfaces invariant.

5. We shall first study case (I). If case (I) in Theorem 4 occurs, then, the
normals to these hypersurfaces being a parallel vector field, by a well known
theorem [10], there exists a coordinate system in which the fundamental
metric form of the space takes the form

(21) ds? = (dxV)? + gu(x7)dx*dxt,

the form g,.(x")dx*dx* being the fundamental metric form of an (n—1)-
dimensional Riemannian space V,_; of constant curvature.

Conversely, if there exists a coordinate system in which the fundamental
metric form of the space V, takes the form (21), g,:(x")dx*dx* being the funda-
mental metric form of an (z—1)-dimensional Riemannian space V,-; of
constant curvature, then it is evident that case (I) in Theorem 4 occurs and
the space admits a group of motions G, of order n(n—1)/2+41:



270 KENTARO YANO [March

= a4, = fr(x; a),

where %" =fr(x; a) represent the group of motions of order n(z—1)/2 in the
(n—1)-dimensional Riemannian space V,-; of constant curvature. Thus we
have:

THEOREM 5. A necessary and sufficient condition that case (1) in Theorem 4
occur is that there exist a coordinate system in which the fundamental metric
form of the space takes the form (21), g,«(x7)dx*dx* being the fundamental metric
form of an (n—1)-dimensional Riemannian space of constant curvaiure.

In this coordinate system, the fundamental tensors being of the form

w-C ) ()

if we calculate the Christoffel symbols of V,:

i 1 (%8  9gu  Ogi

=8\ —=t—=—-—)

k 2 dx*  9xi ey
we then find

@) -4

the other

being zero, where
y *
{st }
denotes the Christoffel symbols of V,_;:

r)* 1 OZus O0gut  Ofst
- — gru + —_ .
st 2 dIxt dx® dx*

Next, calculating the Riemann-Christoffel curvature tensor of V,:

i i
8 { j } 8{ 'l} m i m i
. J J
Riju = —~ - ,
" dxt dx* + {j } {ml} {jl} {mk}
we find

(23) Rryu = R*'ctm
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the other R¥y; being zero, where R*7,, denotes the Riemann-Christoffel
curvature tensor of V, ;:

{7V 5 }
Rér . = {st} {su +{v}*{r}* {v}*{r}*
e dx dxt st U, SU, vt )

But, we know that

R* r r
24 R*', w = & 614 - tua ’
(29) : (n—l)(n—z)(g‘ 8oude)
R* being an absolute constant, and consequently we have, for the Ricci
tensor Ry =Rig; of V,,

R*

(25) R, = 8sty

n—1

the other Rj; being zero. From (25), we obtain, for the scalar curvature R
=g*Ry of Va,

(26) R = R*.
Thus if we put
Rix Rgjr
27 o= — i o= giir,
@n T2 2n—Dm—2 T ETH
we then find
R* R*gu
i = ’ Tt = — 4
28) 2(n — 1)(n — 2) 2(n — 1)(n — 2)
R* R*3;
1I"11 1l"¢ =

T 2n—Dm-2 T 2n—Din-2)

the other 7's being zero.
Thus, for the Weyl conformal curvature tensor:

(29) C‘jkl = Rijkl + 7":‘1:5: - 775132 + gjk‘ll"l — gk
we find
(30) Cij = 0.

Thus, since we are assuming # >4, our space must be conformally flat.
Conversely, if we assume that our space is conformally flat and admits a
parallel vector field, then there exists a coordinate system in which

ds® = (da))? 4+ go(x7)dx’dxt
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and

r r)*
{ } = { } ) Rrypu = R*rctm Ry = R*m R = R*y

st st
{i}
- b
J

Rz and Ry being zero. From these we have
R* R*,, R*gu

the other

T = i ’- Tst = — L
2(n — 1)(n — 2) n—2 2n-—1)n-—2)
L R* . R + R*3,
T2 -Din—-2) T T2 2n-)m-2

the other 7's being zero.
First, from

Clha = 7 + gmrll =0,

we find
R*
R*n = (17N
a1 Sut
and consequently
R*g.; R*8:
Mot = — ’ Ty = — .
2(n — 1)(n — 2) 2(n — 1)(n — 2)
Next, from

C'atu = Rruu + Tata’; - 7":145: + gu"l'ru - gcu""'t = O, ‘
we find
R* r r
R*'cu="——‘—‘—"' 510y — Zeubt),
S = Dn = 2) B T A

which shows that the hypersurfaces x!=const. regarded as (n—1)-dimen-
sional Riemannian spaces are of the same constant curvature. Thus we have:

THEOREM 6. A necessary and sufficient condition that case (1) in Theorem 4
occur is that the space be conformally flat and admit a parallel vector field.

T. Adati and the present author [12] proved that a necessary and suffi-
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cient condition that a space be Kagan’'s subprojective space is that the space
be conformally flat and admit a concircular vector field. Thus Theorem 6
shows that the space under tonsideration is Kagan’s subprojective space.
Next, we shall try to get a characterlzatlon by curvature tensor of the
space referred to above.
First of all, there exists, in our space, a parallel vector field &¢:

(31) Ei;k = 07

semi-colon denoting the covariant differentiation.
We assume that &; is a unit vector field and, £; being a gradient field, we
put

9g(x)

32 i =
(32) =

First, from (31), we find
(33) Rijuti = 0, (Rijer = gimR™jr1).

The sectional curvature at a point of the space determined by a 2-plane
containing the unit vector & and an arbitrary unit vector 5* orthogonal to
&' is given by — Ryufn’$*y'. But, the space admitting a transitive group of
motions which carry the field £ into itself and any vector orthogonal to &
into any vector orthogonal to £¢, this sectional curvature must be an absolute
constant. But, from (33), we have

(34) — Rijuinig*n! = 0

for any %?, which shows that this sectional curvature is always zero.
On the other hand, we know that the hypersurfaces given by

(35) g(x) = constant

are totally geodesic and are of the same constant curvature. Thus, represent-
ing one of (35) by parametric equations:

xt = xi(w),
and putting
; Izt
n' = our ’

we have, from the equation of Gauss,
(36) R*rstu = Rijklﬂriﬂtjﬂtkﬂulp

where R*,,;, are components of curvature tensor of the hypersurface, and
consequently have the form
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(37) R*ntu = K(g:‘tg:tu - gfugft)p

g% being the fundamental tensor of the hypersurface: gf=gun./n:*.

* ik
8ot = LiwMa’Ne".

The K in (37) represents the sectional curvature determined by a 2-plane
orthogonal to &%, The space admitting a transitive group of motions fixing &*
invariant, K must be an absolute constant.

Now, putting 7*;=g;;g*"3,}, we have

ir T T * 8 ¢
(38) i =0; —EE, gk = gir — Eik

Multiplying both members of (36) by n"an%ntn*s (@, b,¢,d=1,2, - - - , n)
and contracting, we have, by virtue of (37) and (38),

K (g gra — goulron an'in'en”a
= Riju(Pe — ££)(6s — ££)(60 — £ (60 — ££a),
or, by virtue of (33) and (38),
K[(gee = £k (gaa — Eafa) — (goa — Evka)(gac — £abc)] = Ravea,
from which
(39)  Riju = K[(girga — gingir) — (igir — Eigin)dr + (Eigin — Eigakal.

Conversely, suppose that the curvature tensor of the space has the form
(39) where K is a constant and &; is a unit parallel vector field. The vector
£; being a gradient, if we put £;,=0g/dx¢, then the hypersurfaces g(x) =con-
stant are totally geodesic and their orthogonal trajectories are geodesics.

Representing one of these hypersurfaces by x*=x(u"), we have, from
(39) and the equation of Gauss,

R*ntu = K(g:‘tg::u - grug:‘t)y

where R¥*,,., is curvature tensor of the hypersurface. This equation shows
that the hypersurfaces regarded as (#—1)-dimensional Riemannian spaces
are of the same constant curvature. Thus we have:

THEOREM 7. A necessary and sufficient condition that case (1) in Theorem 4
occur 1is that the curvature tensor of the space have the form (39) where K is a
constant and &; is a unit parallel vector field.

From (39), we have
(40) Rijrizm = 0.

Thus, we can see that our space is symmetric in the sense of E. Cartan [2].
6. We shall next study case (II). If case (II) in Theorem 4 occurs, then
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the normals to the hypersurfaces being Ricci directions, by a well known
theorem [9], the space admits a so-called concircular transformation [9]
and consequently there exists a coordinate system in which the fundamental
metric form of the space takes the form [9]:

(41) ds? = (dxY)? + f(x")fer(2")dxdx?,

the form g, dx*dxt=f(x?)f,i(x")dx*dx* being that of (n—1)-dimensional Rie-
mannian spaces V,_; of the same constant curvature.
Here, if the function f(x') reduces to a constant, then our case reduces to
case (I). Consequently, in this case (II), we assume that f(x!) is not a constant.
Calculating the Christoffel symbols of V,, we find

o =3 Fe (-0 ea e -0

i

being zero, where f'=df/dx! and the
r *
{o}
denote Christoffel symbols formed from g,;=f(x1)f,:(x") or, what amounts to
the same thing, from f,,(x").

Next, calculating the Riemann-Christoffel curvature tensor Réz; of Vo,
we find

the other

1 f/ ! 1 fl

Rlyu==Rhyn=+\7-—F—-—7 73 suy
1 1=+ 27 4 p g |
1 f/l 1 f/ R
(43) Rru“ = - R’lul = - ( _____ 614’
27 ap
v,
R’ctu = — R'cut = R*"‘u, - _4_ _f; (g.gsu b gluat)y

the other Rijy; being zero, where R*",,, denotes Riemann-Christoffel curva-
ture tensor of V,_;.
From (43), we get

1 fll 1 f/
Rlslu = (‘2— 7‘ - z‘ ? 8suy
(44) ‘ Y
1 2
Rnt_u, = R*ntu - . (gugru - gtugrt)y

4 f
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the other R;j; not related to these being zero.
From the first equation of (44), we see that the sectional curvature de-
termined by two unit orthogonal vectors

(1’0:0y°"’0)s (0)77217181"”77”)
is
' 1 fll 1 f/
(45) = Rigun'n® = — ( —————
2 f 47
and does not depend on (0, 2, - - -, n"). But, the space admitting a transi-

tive group of motions which carry the field (1, 0, 0, - - -, 0) into itself
and any vector orthogonal to it into any vector orthogonal to it, this sectional
curvature must be an absolute constant.’

From the second equation of (44), we see that the sectional curvature
determined by two mutually orthogonal unit vectors

(0»7lzvﬂ'n"""7")r (O: g-2, IS A nf")
is

Roan§n's® = ( e+ Lr
- retu = - . retu -
f2

This having to be independent of the choice of 7" and {", we must have
(46) R* 1w = K*(gntgru - gmgn),

and consequently
1 f?

(47) — Rntu'ﬂ'{' t;-u = K* _ I }2_

The group being transitive, this scalar must be also an absolute constant.

Equation (46) shows that the hypersurfaces x!=const., regarded as
(n—1)-dimensional Riemannian spaces, are of constant curvature. But we
know that these must be of the same constant curvature. Thus, K* is also an
absolute constant.

On the other hand, we have

get = f(&")for(27),
-

R*'uu = Fryuy

and consequently

where F,,, is the Riemann-Christoffel curvature tensor formed with f,.(x7).
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Thus,
(48) R*utu = f(2")Frata.
From (46) and (48), we obtain
J(@)Frsru = f(&) 2 K*(forfru — foufre)s

or
(49) Fratu = F(forfru — foufre),
where

(50) F = fK*

is an absolute constant.
Now, we know that F and K* are both absolute constants. But, we are
assuming that the function f(x!) is not constant. Thus, we must have

F=0, K*=0
from which
(51) Fuw =10, Ry =0.
Moreover, the right-hand side of (47) being a constant, we put

12
1
4 f
k being a constant different from zero, from which we get
(52) f = a%*,

a? being an arbitrary positive constant.
Thus, the fundamental metric form (41) takes the form

(53) ds? = (dxV)? + a?e®**'f,(x7)dx*dx’,

where the form f,,(x7)dx*dx* is, as equation (51) shows, the fundamental
metric form of an (# —1)-dimensional Euclidean space.
Moreover, substituting (52) into (44), we get

Riiu = + kg, Restu = — k2(gatgru - gaugrt)o
which may be also written as
(54) Riju = — R giga — gagan)-

Thus, the space is of negative constant curvature.

Conversely, if an #-dimensional Riemannian space is of negative constant
curvature —k?, then it is well known [1] that its metric can be written in the
form (53), or
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(55) ds? = (da))? + a%?*3[(da?)? + - - - + (dx")?],

or, on putting

ger?! = —,
ku
in the form
B du? + (dx®)? + - - - + (dx")?

k*u?

(56) ds?

Thus, the space admits a group of motions of order n(z—1)/241 given
by

(57) % = au, z = a(a:x'+ a),

where « is a parameter and
*kr r s r
X = ax + a
represents a general motion in an (#—1)-dimensional Euclidean space. Thus
we have:

THEOREM 8. A necessary and sufficient condition that case (11) in Theorem 4
occur is that the space be of negative constant curvature.

7. Gathering all the results, we can state the following:

THEOREM 9. A necessary and sufficient condition that an n-dimensional
Riemannian space V, for n>4, n=8 admit a group G, of motions of order
r=n(n—1)/2 41 1s that the space be the product space of a straight line and an
(n—1)-dimensional Riemannian space of constant curvature (this is equivalent
to the fact that the space is conformally flat and admits a parallel vector field)
or that the space be of negative constant curvature.

The author wishes to express here his gratitude to Professor D. Mont-
gomery and to his colleagues, Professors K. Iwasawa, H. E. Rauch, and
H. C. Wang, discussions with whom were very valuable during this research.
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