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Abstract

This paper introduces a tensor that contains the Riemannian curvature tensor and the conformal
curvature tensor as special examples in the Riemannian space (M", g), and by using this tensor we
define C’-semi-symmetric space. In this paper, we have the following main result: if there is a
non-trivial concircular transformation between two C’-semi-symmetric spaces, then both spaces are of
quasi-constant curvature.
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1. Introduction and preliminaries

It is well known that if a curvature tensor in Riemannian space (M", g) satisfies
R*, eim = R, jk,mi» then (M7, g) is said to be S-manifold or semi-symmetric
space (here the comma “,” followed by a Latin index denotes covariant derivative
with respect to g). If the conformal curvature tensor

1
ho_ A A A h
Chin = Rhijk + —) (8 "Ry — 8% R, +g,R" — g R k)

R
T2y (88— 88w)

of (M", g) satisfies C",»jk,,m = C" x.mp» then (M", g) is said to be a conformally
semi-symmetric space. In order to treat a semi-symmetric space and conformally
semi-symmetric space simultaneously, we introduce the following tensor in the

© 1986 Australian Mathematical Society 0263-6115/86 $A2.00 + 0.00

218

https://doi.org/10.1017/51446788700027191 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700027191

(2] Concircular transformations 219

Riemannian space (M", g):
(1.1) Ch’ijk = Rhijk + a(sthik - 8hkRij + githj - ginhk)

+bR(8hkgij - 8hjgik)

where a and b are constants (a # -1). It is obvious that if a = b = 0, then
C" «=R"y;ifa=0,b=-1/n(n— 1), then C¥,, = Z" , is the concircular
curvature tensor; if a=1/(n—2), b=0, then C¥, ,=2Z", =R", +
1/(n — 2)(8" R, — 8" R,; + g,R" — g, ,R") is the conharmonic curvature
tensor; if a=1/(n—2), b=1/(n — 1)(n - 2), then C"’ijk = C",-jk is the con-
formal curvature tensor.

It is easy to verify that the tensors C*,, and C’;, ; = g,,C",;, satisfy the
following identities

(1.2) C"’,-jk = —C"’ikj,

(1.3) C¥ =0,

(1.4) C"’,.jk + C"’jki + C"’kij =0,
(1-5) CI:ijk = C},khi == i'hjk = ”C;:ikj,

(1.6) C,=C";,=1~-(n-2)a)R,;+(b(n—1)~a)Rg,.

If tensor (1.1) satisfies

(1-7) Ch,ijk,lm = Ch,ijk,ml

then we say that (M", g) is a C’-semi-symmetric space. If the Ricci tensor R;;
satisfies

(1.8) Rijim = Rijm

then (M", g) is called a Ricci semi-symmetric space.

In 1940 to 1942 K. Yano [1] introduced the concept of a concircular transfor-
mation between two Riemannian spaces (M”", g) and (M", g). A concircular
transformation between two Riemannian spaces (M”", g) and (M" g) is by
definition a conformal transformation of (M", g) to (M" g) which carries
geodesic circles in (M ", g) to geodesic circles in (M ", g). K. Yano showed that a
conformal transformation g,; = e?”g,, is a concircular transformation if and only
if the equation p ;; — p;p ; = ¢g;; holds. Using the change 1 /0 = e?, it is easy to
verify that a conformal transformation g;, = o g, ; is concircular if and only if
the equation ¢ ;; = yg;; holds for a certain function y. We shall use this simple
form. It is obvious that if ¢ = constant, then the concircular transformation

(19) §ij=0_28ij, o,ij=¢gij
are the homothety or trivial transformation. In this paper, we only study
non-trivial transformations.
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It is easy to verify that, under the concircular transformation (1.9), the
Christoffel symbols, the Riemannian curvature tensors, the Ricci tensors, the
scalar curvature and tensor (1.1) of (M ", g) and (M ", g) are related as follows:

(1.10) {IT;} = {z} - %(8"1“’,1 + 8%, — g,0"),
(1.11) RM =R, + a8 g, — 8%.8,,),
(1.12) R, =R, ~(n—1)ag,,

(1.13) R, = o?(R, —(n - 1)as"),
(1.14) R =06%R - n(n-1)a),

(1.15) Eh,ijk Ch,ijk + alB(shjgik - Shkgij)
where o* = gkho

¥,

(1.16) a=— Ao,

1

o2
Ala = gaba,ao,b’

(1.17) B=1-2a(n—-1)+b(n-1n.

We know that when n > 3 a space of quasi-constant curvature is a Riemannian
space whose curvature tensor satisfies
(1.18) Rhijk = p(shkgij - Shjgij) + ‘I((Shkvj - thvk)vi +(ngij - Ujgik)vh)
where p and g are scalar functions and v; is a unit covariant vector field. The
vector field v’ is called the generator of the space ([4] and [5]).

The purpose of this paper is to study the non-trivial concircular transforma-
tions of C’-semi-symmetric Riemannian spaces. In Section 2 we study concircular
transformations of a C’-semi-symmetric space to a Riemannian space; in Section
3 we study concircular transformations between two C’-semi-symmetric spaces.
In this paper we always assume that n > 3, the metrics are positive definite and
the indices A, i, j, k, I, m,... run over the range 1,2,..., n.

2. Concircular transformations of a C’-semi-symmetric
space to a Riemannian space

It is obvious that a semi-symmetric space is C’-semi-symmetric. Conversely, a
C’-semi-symmetric space is semi-symmetric if it is Ricci semi-symmetric.

LEMMA 1. If there is a concircular transformation of a space (M" g) of

quasi-constant curvature to a Riemannian space (M", g), then (M", g) is also of
quasi-constant curvature.
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PROOF. Substituting (1.18) into (1.11) and from g;; = ¢~ %g,; we get
Rhijk = (P - a)oz(ahkg-ij - 8hjg_ik)
+q°2((8hk51 - Shjl_)k)ﬁi + (5kgij - 5jgik)l_)h)

where 0, = o"vj is a unit covariant vector field under the metric g. Consequently
(M", g)is also of quasi-constant curvature.

LEMMA 2. If a Riemannian space (M", g) admits a concircular transformation
(1.9), then there is a scalar function K such that the following equations hold:

(2.1) K(o,kgik - o,jgik) - o,aRaijk’
(2.2) (n— 1)Ko , = 6 ,R",.

ProOF. If a Riemannian space (M", g) admits a concircular transformation
(1.9), then we have

(2'3) 0;;= ‘Pgij-
Covariant differentiation of (2.3) with respect to g;; and Ricci’s identity give us
(2.4) \I",kgij - \P,jgik = ",aRaijk-

Transvecting (2.4) with ¢/, we obtain
‘I/,ka,j - ‘P,jo,k = 0.

Consequently there exists a function K such that

(2.5) V= Ko .
Substituting (2.5) into (2.4), we get (2.1). Again contracting (2.1) with g*/ we get
(22).

Now we study non-trivial concircular transformations of a C’-semi-symmetric
space (M", g) to a Riemannian space (M ", g). Twice covariant differentiation of
(2.1) with respect to g, ;, and (2.3) and (2.5) give us that

(2.6) K, (0,8~ 0,8+ K,/‘P(gkmgij - gjmgik)
+o,mK2(gklgij - gjlgik) + \PK,m(gklgij - gjlgik)
= ‘P,mank + tI/R/uk,m + ‘PRmijk,l + o,aRaijk,lm'
Interchanging the place of the indices / and m in (2.6), and subtracting equation
(2.6) from the obtained relation, we get

(2~7) Ko,l(Rmijk - K(gkmgij - gjmgik)) - Ko,m(Rlijk - K(gklgij - gjlgik))

= o,a(Raijk,lm - Raijk,ml)'
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On the other hand, from (1.1) we obtain easily that
Ch,ijk,lm - C*
= Rhijk,lm - Rhijk,ml + a(ahj(Rik,lm - Rik,ml) - shk(Rij,lm - Rij,ml)

+ gij(th,lm - th,ml) - gij(th,Im - th,ml))'
Assume that (M", g) is a C’-semi-symmetric space. Consequently the above
mentioned equation becomes

(2.8)

Rh

’
ijk,mi

- Rhijk,ml = a(shk(Rij,lm - Rij,ml) - 8hj(Rik,1m - Rik,ml)

+gij(th,1m - th,ml) - gik(th,Im - th,ml))'
Substituting (2.8) into (2.7) and using the Ricci identity, we get
(2.9)

KO,I(Rmijk - K(gkmgij - gjmgik)) - Ko,m(Rlijk - K(gklgij - gjmgik))
= a(o,k(RajRailm + R,,R° ) - o,j(RakRailm + R,,R%,,)

Jim

ijk,Im

+gijo,a(RabRbklm - Rkaablm) - giko,a(Rabijlm - ijRablm))’
From (2.1) and (2.2), equation (2.9) becomes
(2.10) KU,I(Rmijk + dK(gmkgij - gikgjm) - a(ginmk - gikij)>
_Ka,m(Rlijk + dK (g8, — 8u8j1) — a(ginlk - gilej))
= ao,k(Ralemai + Raileaj) - ao,j(Ralemai + Raileak)
where
(2.11) d=a(n-1)-1.
Transvecting (2.10) with o/, we obtain X = 0 or
(2.12) Alo(Rmijk + dK(gmkgij - gikgjm) - a(ginmk - gikij))
= a{",k“,i(ij ~(n- 1)Kgmj) - o,jo,i(Rmk —(n- 1)Kgmk)}'
If X =0, then from (2.5) we have y = constant. If (2.12) holds, contracting
(2.12) with g™* we get
(2.13)
A6(1 + a)R,;=Ajo(aR —(n —1)dK)g,; + a(n(n — 1)K - R)o ;0 ;.
We put
(2.14) v,=06,/JAo.
Then it is obvious that v; is a unit vector field under the metric g. Substituting

(2.14) into (2.13), we get

1
(215) R, =1

a
1+a

(aR ~(n —1)dK)g,; + (n(n -~ 1)K - R)vu,.
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Substituting (2.14) and (2.15) into (2.12), we finally obtain
Rmijk = p(gmkgij = gmjgik) + q(vi(gmkvj - gmjvk) + (ngij - Ujgik)vm)
where

_ 1
p 1+a

Therefore (M", g) is of quasi-constant curvature, and from Lemma 1 (M", g) is
also of quasi-constant curvature. Thus we have

“—(n(n - 1)K - R).

(a®R—(an+1)(an —a - 1)K), gq= 1

THEOREM 1. If there is a non-trivial concircular transformation (1.9) of a
C’-semi-symmetric space to a Riemannian space, then both spaces are of quasi-con-
stant curvature or = constant.

In particular, different values of a and b must be considered, and then from
Theorem 1 we have

THEOREM 2. If there is a non-trivial concircular transformation (1.9) of a
semi-symmetric space to a Riemannian space, then both spaces are of constant
curvature or Y = constant.

THEOREM 3. If there is a non-trivial concircular transformation (1.9) of a
conformally semi-symmetric space to a Riemannian space, then both spaces are of
quasi-constant curvature or y = constant.

3. Concircular transformations between
two C’-semi-symmetric spaces

Now we further investigate the case iy = constant. In this case (2.1), (2.2)
become respectively

(3.1) o,R% k=0,

(3.2) o ,R% =0.

Again assume that (M", g) is also C’-semi-symmetric, namely that
(3.3) 6h’ijk|lm = Ch,ijk|ml

where “|” denotes covariant differentiation with respect to g,,. Applying the Ricci
identity to (3.3), we have

(34) 5h,ajkﬁai1m + Eh,iakﬁa + Eh/ijaﬁaklm - 6a,ijk§ha1m =0.

Jim
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Substituting (1.11) and (1.16) into (3.4), we have
(35) Chlaijailm + Ch,iakRa + ChlijaRakIm - Ca/iijhaIm

jim

+a(gimch,ljk - gilchlmjk + gjmch,ilk - gjlch,imk
+gkmchlijl - gklch’ijm - 8MC it shmcllijk) = 0.

Since (M", g) is a C’-semi-symmetric space, from (3.5) we have a = 0 or

(3.6) gimchlljk - gilch,mjk + gijh’ilk - gjlch’imk

+gkmCh,ij1 - glkch,ijm -G+ 6th1,ijk =0.

If a = 0, then in consequence of (1.14), we have

(3.7) 2y0+ Ao =0 (¢ = constant).

Differentiation (3.7), we get

(3.8) 2¢0 , =0.

Since the transformation is non-trivial, equation (3.8) does not hold, and therefore
a # 0. Next we investigate the case where (3.6) holds. It will be contracted for A
and /, and from (1.3), (1.4) and (1.5), we obtain

(3.9) 8k ,ij - gjmclik —(n-— 1)Clmijk = 0.
Substituting (1.6) in (3.9), we get
(310)  (n=DCpu +(1 = (n = )a)(gmRik ~ BmR;)
+(b(n — 1) — a)R(8,,;8ik — 8im8&:j) = 0.
Transvecting (3.10) with o,", and considering (1.1), (3.1) and (3.2), we obtain
(3.11) (1+a)o,R,;=(n-1)ao R, +aR(0 .8~ 0,8,)
Again transvecting (3.11) with o/, and considering (2.14), we get
(3.12) aR,,, = n%lR(gjm — VU,).
On the other hand, transvecting (3.11) with 6 ™, and considering (2.14), we have

a

R;; = 1+ aR(gij - vivj)'

Again transvecting the above equation with g*/, we find
a R

(3.13) R

Substituting (3.12) and (1.1) into (3.10), and considering (3.13), we finally obtain

a

a
= R((gkmvivj — 8;mbiV;) + (800 = Zulmb;))-
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Therefore (M”, g) is of quasi-constant curvature, and from Lemma 1 (M", g) is
also of quasi-constant curvature. Thus we have

THEOREM 4. If there is a non-trivial concircular transformation (1.9), where
Yy = constant, between two C’-semi-symmetric spaces, then both spaces are of
quasi-constant curvature.

In particular, we have

THEOREM 5. If there is a non-trivial concircular transformation (1.9), where
Y = constant, between two semi-symmetric spaces, then (M", g) is locally Euclidean
and (M", g) is of constant curvature.

THEOREM 6. If there is a non-trivial concircular transformation (1.9), where
Y = constant, between two conformally semi-symmetric spaces, then both spaces are
of quasi-constant curvature.

From Theorems 1 and 4, we have the following theorem.

THEOREM 7. If there is a non-trivial concircular transformation between C’-semi-
symmetric spaces, then both spaces are of quasi-constant curvature.

REMARK. Applying the method of this paper to the study of concircular
transformations of Ricci semi-symmetric spaces we may get the following conclu-
sion: if there is a non-trivial concircular transformation between Ricci semi-sym-
metric spaces, then both spaces are Einstein spaces.
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