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Abstract. In order to give a new proof of a theorem concerned with
conformally symmetric Riemannian manifolds due to Roter and Derdzin-
sky [8], [9] and Miyazawa [15], we have adopted the technique used in a
theorem about conformally recurrent manifolds with harmonic conformal
curvature tensor in [3]. In this paper, we also present a new proof of a suc-
cessive refined version of a theorem about conformally recurrent manifolds
with harmonic conformal curvature tensor. Moreover, as an extension of
theorems mentioned above we prove some theorems related to quasi con-
formally recurrent Riemannian manifolds with harmonic quasi conformal
curvature tensor.

M.S.C. 2010: 53C40, 53C15.
Key words: conformal curvature tensor; quasi conformal curvature tensor; confor-
mally symmetric; conformally recurrent; Ricci recurrent; Riemannian manifolds.

1 Introduction

Let M be a non flat n(> 4) dimensional Riemannian manifold with metric g;; and
Riemannian connection V. It is said to be conformally recurrent if the conformal
curvature tensor satisfies V;Cjre™ = X\iCire™ (See [1], [3] and [11]), where )\; is some
non null covector and the components of the conformal curvature tensor [16] are given

by :

1
Cire™ = Rjie™ 72(5}"31% — 6" Rje + Ry gre — Ry gje)
(1.1) -
)

n—
— O gre — 05 gje)-

(n—l(n—Q)(JgM kgje)
Here we have deﬁned the Ricci tensor to be Rgy = —Rpmke™ [23] and the scalar
curvature R = g" R;;. The recurrence properties of Weyl’s tensor has been analized
alsoin [13]. If V;Cj™ = 0, the manifold is said to be conformally symmetric (See [5],

[8],[10] and [18]). If V,,,Cjre™ = 0, the manifold is said to have harmonic curvature
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tensor (See [4]). If Cjre™ = 0, the manifold is called conformally flat (See [16]). In
[13] the properties of some class of conformally flat manifolds are pointed out. It may
be scrutinized that the conformal curvature tensor vanishes identically if n = 3 and if
M is a space of constant curvature. A manifold is said to be Ricci recurrent if its non
null Ricci tensor is recurrent, ie. if ViR;; = BrR;; (See [11]) where (; is another
non null covector.

Recently a theorem concerning conformally recurrent Riemannian or semi-Riemannian
manifolds with harmonic curvature tensor was introduced in [3] (Theorem 3.4) and [19].
We refer to it as:

Theorem 1.1. Let M be an n(> 4) dimensional Riemannian manifold with Rieman-
nian connection V. Assume that M is conformally recurrent and has the harmonic
conformal curvature tensor. If the scalar curvature is constant (V,;R = 0), then M is
conformally symmetric, conformally flat or Ricci recurrent.

This theorem was used in [3] to give a complete classification of conformally re-
current Riemannian manifolds with harmonic curvature tensor. In the same reference
it was stated another Theorem ([3], Theorem 3.6) that refines Theorem 1.1. We refer
to it as:

Theorem 1.2. Let M be an n(> 4) dimensional Riemannian manifold with Rieman-
nian connection V. Assume that M is conformally recurrent and has the harmonic
conformal curvature tensor. If the scalar curvature is non zero constant, then M is
conformally flat or locally symmetric.

In [19] the authors extended Theorem 1.2 to the case of semi-Riemannian man-
ifolds. Moreover they also pointed out that the assumption of a constant scalar
curvature may be dropped in the case of a definite metric and stated the following
(see [19] Remark 3.3) :

Theorem 1.3. Let M be an n(> 4) dimensional Riemannian manifold with Rieman-
nian connection V. Assume that M is conformally recurrent and has the harmonic
conformal curvature tensor. Then M is conformally symmetric.

In this paper we give a new proof of a classical theorem about conformally symmetric
Riemannian manifolds using a technique adopted in [3] for Theorem 1.1. Now we
assert the following :

Theorem 1.4. An n(> 4) dimensional conformally symmetric manifold is confor-
mally flat or locally symmetric.

This result is fulfilled on a manifold with positive definite metrics. Miyazawa proved
this statement with the extra assumption of n > 4 in [15]. A proof of the general
case n > 3 was pointed out by Derdzinski and Roter in [9]. In section 2 of this paper
we reobtain Theorem 1.4 by a correction of the procedure employed in the proof of
Theorem 1.1 used in [3]. In section 3 we give an alternative proof of Theorem 1.3 and
provide extensions of Theorems 1.1, 1.3 and 1.4 related to quasi-conformal symmetric
or quasi-conformal recurrent Rimannian manifold.

Moreover, combining the results of Theorems 1.3 and 1.4, we can state another the-
orem as follows:
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Theorem 1.5. Let M be an n(> 4) dimensional Riemannian manifold with Rieman-
nian connection V. Assume that M is conformally recurrent and has the harmonic
conformal curvature tensor. Then M is conformally flat or locally symmetric.

2 The proof of Theorem B

In this section the procedure adopted in [3] is pursued to obtain a proof of The-
orem 1.4. It is worth to notice that the assumption of constant scalar curvature
mentioned in Theorem 1.1 and employed in [3] is not used here in the proof of The-
orem 1.4. Let M be an n dimensional conformally symmetric manifold. Then the
following relation is fulfilled :

1
ViRjkem = —m((S;RVZsz — 5]TVZRJ€ + VZ-R;-"QM - viRZ’Lgﬂ)
(2.1)
ViR m m
+ (n — 1)(7’L — 2) (63 Gke — 5]@ gjé)'

From the previous result we can state the following

Remark 2.1. Any conformally symmetric manifold with parallel Ricci tensor is sym-
metric in the sense of Cartan, that is, V;Rjie™ = 0 ( See [12], [16] and [18]).

From the notion of conformally symmetric manifold one easily gets (VyV, —
VaV)Cjkem = 0. Then by the Ricci identity [23], we can write the following equation:

(22) Rbajp Cpklm + Rbakp ijém + Rba€p Cjk:pm + Rbamp Cjk@p =0.

Performing the covariant derivative of equation (2.2) and taking account that V;Cjx,™ =
0, one obtains:

(23) vi-Rbajp Cpk@m + Vinakp ijZm + vi]%baép Cjkpm + vinamp Cjklp =0.
From (2.3) and the fact that the manifold is conformally symmetric we obtain :

(VinjCakZm + vinijaém + vinECjkam + vinijkZa)

—(ViRa;jCokem + ViRakCivom + ViRaeClikom + ViRamCiken)

1
+mviR(gaijk£m + 9akCjvem + 9atCikom + GamCiren)

1
_mviR(gbjCakém + 96k Ciaem + 95¢Cjikam + 9omCirta)

7viR§(gaijkém + gakcjpém + gaZCjkpm + gaijkZp)

+ViRE(gb;Cpkem + 9ok Clipem + 9eClikpm + gomCirep) = 0.

Now transvecting the last equation with ¢7° taking account of the first Bianchi identity
for the conformal curvature tensor we have:
(n —2)V; RapCrner” + Vi RprCrmea” + Vi RpeCrnar” + Vi Rpm Carr”

(2.5) ) S
- (gaZCmpk + game[k )leb = 0.
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Again the previous equation is transvected with ¢'™ to obtain:

1
(n = 2)V"™"RapConer” + V™ R Crta” + V™ Ry Crnare” + i(va)Caékb
- gagC’mpkang - CpgkaaRi’ =0.

(2.6)

Now it is well known that the divergence of the conformal curvature is given by ([8]
and [9]):
n—

. 3 1
(2.7)  VaCip™ = oy ViRjs — VR + m{(ij)gke - (VkR)gjf}]

So if the manifold is conformally symmetric, it is easily seen that :

(2.8) V,;Rie — ViR = ViR)gre — (ViR)gje}-

1
2(n — 1){(

This result allows us to examine the last two terms contained in equation (2.6). The
first term vanishes; in fact :

1
9atCrmp”’ V™ RY = = gaCrpi” (V™ RY — VP R}

2
1
(2 9) = igalcmpkb(vapb - vamb)
' 1
= mgalcmpkb{(va)gpb - (va)gmb}
= 0.

Moreover with similar procedure the last term results to be:
Coek"VoRY = CP 4"V o Ry,

=CPy0 [vaab + {(VaR)gp, — (VPR)gab}}

1
2(n—1)

2.10
(2.10) C? k" (Vp R) gab

— (P, b _ _
C 125 Vp]:iab 2(n — 1)
1

bom
= Coutr"’ V" Ry — ————

(Vi R)C™ kg
So equation (2.6) can be rewritten in the following form:

1
(n = 3)V" RapCrntr” + V"™ Rk Crnta” + V™ Ryt Crar” + i(va)CaEkm
(2.11) )
— R)C™ e = 0.
+ 2(n — 1) (Vm ) Lka
Now in [3] an interesting Lemma is pointed out (See also [9]):

Lemma 2.2. Let M be an n dimensional conformally symmetric manifold. Then the
following equations hold :

RapCrat” + R Crak” + Ry Cami” = 0,
(2.12)
vsRameZk:b + vsRmbCKakb + vsRébCamkb = 0.
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Transvecting the last of the previous relations with g™ one obtains:
1
(2.13) V"™ RatCrner” = V"™ RiyCrnar” = §(va)Ca€km-

The equivalent relation —2V" Ry Cruer? = —2V™ RptCrnar’ — (Vi R)Cogr™ is then
substituted in equation (2.11) to obtain:

1
s (VmR) Cafkm

(n — D)V™RapCrnor” + V™ RpkCrnta” — V™ Ryt Crar” — 3

1 m -
JFQ(T_D(VWLR)C tka = 0.

(2.14)

Again employing Lemma 2.2 with indices k£ and a exchanged gives:
1

(2.15) VmRbkagab — VmRbngkab = §(VmR)CMam.

So equation (2.14) takes the form:

1
(n — D)V RapConer” + V™ Rt (Cra” — Crnar”) + i(va)(Ckéam + Crar™)

1 m _
+ m(va)C tka = 0.

(2.16)

Recalling that Cpra® + Cram® + Cami? = 0, the previous equation may be written in
the following form :

(2.17)
1 1
(n - l)vaameZkb + VmRbZOakmb + §(V7rLR)Cka€m + 2(TL — 1) (VmR)Cmfka =0.
1
Now recalling that V,, Ryr — VyRine = m{(va)gbg — (VyR)Ggme}, the second

term of the previous equation satisfies the following identities chain :

1
V" Ry Caterm® = Vi RpeCot™ = 3 Cor™ (Vo Ry — Vi Rong)

1
= mcakmb(vagbé - VbRng)
(2.18) 1 .
- Q(T—l) [(V R)Cakme - (VbR)Cakz }
_ 1 m _ (VTYLR)
- m(v R) |:Cak:m€ Cak@mi| - 2(77, — 1)Cak:m€-
So equation (2.16) takes the form:
1
_ m b - m
(’I’L ].)V Rameek + 2(71 — 1) (v R)Cakml
(2.19) 1
+ §(VmR)Cka£ + m(v R)Cméka = Oa
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or better :

(2.20) (1= 1)V™ RapContr® + %(va)ckafm —o.

Now one can observe that V,,Rep = VaRmp + {(VinR)gab — (VaR)gms } and

2(n—1)

thus we can write:

V" RapConer” = Vi RapC™ 01"

(2.21) VR bcmzkb%_# (Vi R)C™ 01 gy, — (Vo R)C™ 110y b]
allm Z(Tl—l) " ‘ ‘ "

This fact implies that :

1
m b __ m b m
(222) Vi RapC™" ok’ = Vo Ry C™ or” + 72(71 — 1) ( V R)Cmgka.

If the equivalent relation (n—1)V,, RypC™ei” = (n— 1)VaRmme2kb+%(va)Cmgka
is substituted in equation (2.20), one obtains that the following holds:

(2.23) (n —1)VoRmpC™ pi® = 0.

At last equation (2.5) takes the form :

(2.24)  (n—=2)ViRatCrmek” + ViRpkCrnta” + ViRt Crnar” + ViRym Casi” = 0.

Now Lemma 2.2 is again employed in the form V; R, Curr®+ Vi Rap Comi® +Vi Ry Conar? =
0 to equation (2.24) to obtain:

(2.25) (n = 1)ViRapCrntk” = =V Ry Crna” -

Now exchanging the indices k and a in the previous result gives immediately :

(2.26) (n = )ViRiCrta” = =ViRapCrne”

This implies that (n — 1)2V; RapCruer® = Vi RapCrmer” and so as in [3] and [19] that :
(2.27) ViRp:Crnea® = 0.

Transvecting the previous result with ¢g?* it follows immediately that :
1 b
(2.28) ivaCmga =0.

Transvecting (2.4) with V;Ry; or with Cogen and applying (2.27), one can obtain the
following results :

ViRy; VR Copom =0 or  V;Ry;CopemC™™ = 0.

In fact if equation (2.4) is transvected with VR one obtains:

. ) 1 X
(2.29) (V'RYV,Ry; — — V' RViR)Capem = 0.
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On the other hand if equation (2.4) is transvected with C?*“™ one easily obtains:

1
. . akim 2 4
(230) Vsz]CakémC + " 1V1R{gajcbk€m

— b Carem — 9ok Claem — 9oeCikam — GomCikea JCH™ = 0.

Transvecting this last result with g%/ and making use of equation (2.28) one comes to
the following:

n

-3 akmtl __
(231) meRCakmzc = 0

Thus we obtain that the manifold is conformally flat or the manifold has constant

scalar curvature and employing (2.30) it is Ricci symmetric. In this way we have
proved that the following Theorem holds:

Theorem 2.3. Let M be an n dimensional conformally symmetric manifold. Then
it is Ricci symmetric or conformally flat.

Now recalling Remark 2.1 and Theorem 2.3, we have just proved that V; R;z,™ = 0
or Cjkgm =0.

Remark 2.4. [t is worth to notice that from Theorem 2.3 we recover a result of
Tanno ([20], Theorem 6): any non conformally flat conformally symmetric manifold
has constant scalar curvature. This result was used in [9] for the proof of Theorem 1.4.
In the present paper it has been recovered in our main argument.

3 An alternative proof of Theorem 1.3 and gener-
alizations of Theorems 1.1, 1.3 and 1.4

In this section we provide an alternative proof of Theorem 1.3 given in [19] and
consider a possible generalization of Theorems 1.1, 1.3 and 1.4.

Theorem 1.3. Let M be an n(> 4) dimensional Riemannian manifold with Rieman-
nian connection V. Assume that M is conformally recurrent and has the harmonic
conformal curvature tensor. Then M is conformally symmetric or conformally flat.

Proof. 1t is well known ([1] eq. 3.7) that the second Bianchi identity for the conformal
curvature tensor may be written in the following form :

ViCike™ + V;iCrit™ + ViCije™
1

(3.1) = n_3 [6;”VPCWP + 6,2"V,,Cijgp + 6;”V,,Cjkgp

+ gk VpCii™ + 9ieVpCii™ + 950V Cik™ |.

Thus on a manifold with harmonic conformal curvature tensor [4], the second Bianchi
identity reduces to:

(3.2) ViCire™ + ViCri™ + Vi Cije™ = 0.
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If the manifold is also conformally recurrent, i.e. V;Cjre™ = X;Cjie™, the last equa-
tion takes the form:

(3.3) AiCire™ 4+ XjCrie™ + M Cij™ = 0.

We note also that if the manifold has the harmonic conformal curvature tensor, i.e.
VimCike™ = 0, then \,,Cjre™ = 0. Now equation (3.3) is multiplied by A\’ to obtain
the following result :

(3.4) NXiCle™ + NN Crie™ + XX\ Cije™ = 0.

In the previous equation the second and the last terms vanish. In fact for example
one easily obtains )\i)\jCkigm = gmp)\inCMgp = gmp)\inCgpM = 0. Then equation
(3.4) give the following result :

(3.5) NN Cjpe™ = 0.

We have thus obtained that the manifold is confromally flat. In the same manner
equation (3.3) is multiplied by C7*¢,, and the following is fulfilled :

(3.6) NiClre™ O + X Crie™ O™y + X Cij ™ CIRE L, = 0.

Thus following the same procedure employed previously we have that the relation :
(3.7) ANiClr™CIM L, = 0.

So we have A\; = 0 and the manifold is conformally symmetric. O

It is worth to notice that the class of conformally symmetric spaces includes the
class of conformally flat spaces. The version of Theorem 1.3 proved in the present
paper is slightly different from [19].

Now we consider a possible generalization of Theorems 1.1, 1.3 and 1.4 in the direction
of quasi-conformal symmetric or quasi-conformal recurrent Riemannian manifold. In
order to do this, first we need the definition of the concircular curvature tensor (See
[17] and [21]), that is:

~ m m R m m
(3.8) Cire™ = Rjpe™ + m(éj gke — 01" gje)-
Contracting m with j gives the so called Z tensor, i.e. Zyp = — k™, that is:
R
(3.9) Zre = Rre = —ghe-

It may be noted from (3.8) that the vanishing of the concircular tensor implies the
manifold to be a space of constant curvature and from (3.9) that the vanishing of the
Z tensor implies the manifold to be an Einstein space. So the concircular tensor is a
measure of the deviation of a manifold from a space of constant curvature and the Z
tensor is a measure of the deviation from an Einstein space (See [14]).

In 1968 Yano and Sawaki [22] defined and studied a tensor Wjx,™ on a Riemannian
manifold of dimension n, which includes both the conformal curvature tensor Cjz¢™
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and the concircular curvature tensor Cj;,™ as particular cases. This tensor is known
as quasi conformal curvature tensor and its components are given by :

(3.10) Wjum = —(TL — Q)ijkgm + [a + (n — Q)b] éjkgm.

In the previous equation a # 0, b # 0 are constants and n > 3 since the conformal
curvature tensor vanishes identically for n = 3. A non flat manifold is said to be
quasi-conformally recurrent if V; W™ = a; W™ for a non null covector a;. It is
said to be quasi-conformally symmetric if V;W;,™ = 0 and has the harmonic quasi
conformal curvature tensor if V,,Wji™ = 0. Z recurrency or Z symmetry are de-
fined in analogous ways. Clearly the class of quasi conformally recurrent Riemannian
manifolds includes all the class of quasi conformally symmetric and quasi conformally
flat manifolds. In [2] Amur and Maralabhavi proved that a quasi conformally flat
Riemannian manifold is either conformally flat or Einstein. A similar remark can be
proved for quasi conformally symmetric manifolds.

Remark 3.1. Let M be an n(> 4) dimensional quasi conformally symmetric Rie-
mannian manifold. Then it is either conformally symmetric or Ricci symmetric.

Proof. In fact the condition V;W;z,™ = 0 implies:
(3.11) (n — 2)bViCMm = [a + (n — 2)b] Viéjkgm.

Contracting m with j in the previous equation gives [a +(n— Q)b] =0or V;Zx =0,
that is, by the equation (3.11) the manifold is conformally symmetric or Z symmetric.
Now Z symmetric implies V; Ry = +(V;R)gy, and transvecting with g'* one gets
ViR =0 and thus V;Ri, =0 O

We note that the class of Z symmetric spaces includes the class of Einstein spaces.
The previous remark allows us to state a modified version of Theorem 1.4 whose proof
follows immediately from Remark 3.1 and Theorem 1.4 itself:

Theorem 3.2. Let M be an n(> 4) dimensional quasi-conformally symmetric man-
ifold. Then it is conformally flat or locally symmetric.

The statement of the previous theorem is due to the fact that local symmetry
implies Ricci symmetry. We can also state the following modified version of Theo-
rem 1.1.

Theorem 3.3. Let M be an n(> 4) dimensional Riemannian manifold of with Rie-
mannian connection V. Assume that M is quasi-conformally recurrent and has the
harmonic quasi conformal curvature tensor. Then M is conformally symmetric, con-
formally flat or generalized Ricci recurrent [6].

Proof. If ViWje™ = a;Wjge™, then one has:
(3.12) R ~
—(TL—Q)bViCjkzm—l— [a+(n—2)b] ViCjkzm = —(n—2)baiCjk5m+ [a—&—(n—?)b] aiCij.

Contracting m with j in the previous equation gives:

(3.13) [a+ (n—2)b]V;Zy = [a+ (n—2)b|a; Zye.
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That is, the manifold is Z recurrent or [a + (n — 2)b] = 0. In this case we get from
(3.10) that :

(3.14) Vi Wikd™ = —(n — 2)bV,,Cin™ + [a + (n — 2)b] Vi Cipe™.

This fact implies that V,,,W;xe™ = —(n—2)bV,,Cjre™ and hence that V,,,Cjr/™ =0
because V,,, Wjre™ = 0. From (3.12) we have also in the same case [a+ (n—2)b] =0
that :

(3.15) —(n = 2)bV;Cjre™ = —(n — 2)ba;Cjpe™.

That is the manifold is conformally recurrent.
On the other hand, if the covariant derivative with respect to the index m is applied
on the definition of quasi conformal curvature tensor, one obtains straightforwardly

2a — b(n —1)(n —4)
2n(n —1)

(3.16) Vo Wjre™ = [a+ bV, Rje™ + (ViR)gr — (ViR)gji |-

Now if V,,, Wji™ = 0, transvecting the previous equation with gF* after some calcu-
lations it follows that

(3.17) (n—2) V,R=0.

a+b(n—2)
n

This means that V;R = 0 if a 4+ (n — 2)b#0 or a + (n — 2)b = 0. Inserting the latter

case in (3.16) we obtain the following

(3.18) VimRjp™ = (ViR)gji — (V;R)gri |-

2(n—1)

From this, we recover obviously VmC’JT'}M = 0. Now if the conditions Vin’ZE = aiwjﬁg
and V,, Wi, = 0 are taken in conjunction, we have two cases. One is obtained from
(3.12) that V;CJ}; = ;O with V,,C7) = 0 when a + b(n — 2) = 0. The other case
can be given by (3.13) that V;Zi; = a; Zj; with V;R = 0 when a + (n — 2)b#0.

In the first case we are in the hypothesis of Theorem 1.3. Accordingly, M is
conformally symmetric or conformally flat.

In the second case, we have a Z-recurrent manifold with V;R = 0 and thus
ViR = a;(Ry — % gki1), that is, a generalized Ricci recurrent manifold [6]. |

Combining the results of Theorems 3.3 and 1.5, we can state the following modified
version of Theorem 1.3:

Theorem 3.4. Let M be an n(> 4) dimensional Reimannian manifold of with Rie-
mannian connection V. Assume that M is quasi-conformally recurrent and has the
harmonic quasi conformal curvature tensor. Then M is conformally flat, locally sym-
metric, or generalized Ricct recurrent.
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