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ON GENERALIZED COMPLEX SPACE FORMS SATISFYING CERTAIN CURVATURE
CONDITIONS

We study Ricci soliton (g, V,A) of generalized complex space forms when the Riemannian,
Bochner and W, curvature tensors satisfy certain curvature conditions like semi-symmetric, Ein-
stein semi-symmetric, Ricci pseudo symmetric and Ricci generalized pseudo symmetric. In this
study it is shown that shrinking, steady and expansion of the generalized complex space forms de-
pend on the solenoidal property of vector V. Also we prove that generalized complex space form
with conservative Bochner curvature tensor is constant scalar curvature.
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stein semi-symmetric, pseudo symmetric.
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1 INTRODUCTION

A Kahler manifold with constant holomorphic sectional curvature is a complex space form
and it has a specific form of its curvature tensor. More generally an almost Hermition manifold
M is called a generalized complex space form M(fy, f») if its Riemannian curvature tensor R
satisfies,

R(X,Y)Z = fi{g(Y, 2)X = g(X, Z)Y} + f2{g(X, JZ)]Y
—8(Y, JZ)JX +23(X,]Y)]Z},

for all X,Y,Z € TM, where f; and f, are smooth functions on M [21]. In [21], an impor-
tant obstruction for such a space was presented by Tricerri and Vanhecke: if M is connected,
dim > 6 and f; is not identically zero, then M is a complex-space-form (in particular, f; and
f» must be constant). Olszak [16] proved the existence of generalized complex space form. The
authors Alegre and Carriazo studied structures on generalized Sasakian space forms [1]. The
authors De [7], Kim [12], Atceken [13], Nagaraja [14], et. al., have contributed to the study of
Sasakian space forms in which they put different symmetric conditions on projctive curvature
tensor etc.

A Riemannian manifold (M, g) is called locally symmetric if its curvature tensor R is par-
allel [5],i.e. VR = 0, where V denotes the Levi-Civita connection. As a proper generalization
of locally symmetric manifold the notion of semi-symmetric manifold was defined by

(1)

(R(X,Y)-R)(U,V,W) =0, X,Y,UV,W e x(M)
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and it is studied by many authors [15,17]. A complete intrinsic classification of these was given
by Szabo [20].

For a (0, k)-tensor field T on M, k > 1, and a symmetric (0,2) tensor fields ¢ and S on M,
we define the (0, k + 2) tensor fields R- T, Q(A, T) and Q(B, T) by

(R-T)(Xy,..., X, X,Y) =

CT(R(X,Y)X1, Xay ooy Xp — - — T(X1, Xa, .., X1, R(X, Y) X3),
Qe T)(X1,..., X, X,Y) =

—T((X AgY)X1, X, oo, Xg— oo — T(X1, Xa -, Xe_1, (X Ag Y) Xg),
Q(S,T)(Xq,..., Xy, X,Y) =

—T((XNsY)X1, X0, oo, X — -+ =T (X1, X2, ..., X1, (X A5 Y) Xy),

where (X Ag Y) and (X Ag Y) are the endomorphism given by
(XNAY)Z =3g(Y,Z)X-g(X,Z)Y, (XNsY)Z=5(Y,Z2)X—-S5(X,2)Y.
A Riemannian manifold is said to be pseudo symmetric (in the sense of Deszcz [6,9]) if

R-R=LgQ(gR)

holds on the set Ug = {x € M | R — 11(+—1)G # 0 at x}, where G is the (0,4)-tensor defined
by G(Xl, Xz, X3, X4)=g((X1 N Xz)Xg, X4> and LR is some function on UR.
A Riemannian manifold is said to be Ricci generalized pseudo symmetric (in the sense of

Deszcz [6,9]) if
R-R=LzQ(S,R)

holds on the set U = {x € M : Q(S,R) # 0 at x}, and Ly is some function on Ur. A
Riemannian manifold is said to be Bochner Ricci generalized pseudo symmetric if

R-B=LzQ(S,B)

holds on the set Uy = {x € M : B # 0 at x}, and Lp is some function on Up and B is
the Bochner curvature tensor. If Ly = 0 on Up, then a Bochner Ricci generalized pseudo
symmetric manifold is Bochner semisymmetric. But Lp need not be zero, in general and hence
there exists Bochner Ricci generalized pseudo symmetric manifolds which are not Bochner
semisymmetric manifolds. Thus the class of Bochner Ricci generalized pseudo symmetric
manifolds is a natural extension of the class of Bochner semisymmetric manifolds.

Also we need the notion of Ricci solitons. It is a natural generalization of an Einstein metric
and is defined on a Riemannian manifold (M, g). A Ricci soliton is a triple (g, V,A) with g a
Riemannian metric such that

Lyg+25+2Ag =0, (2)

where V is the potential vector field, A a real scalar, S is Ricci tensor of M and Ly denotes the
Lie derivative operator along V. The Ricci soliton is said to be shrinking, steady and expanding
accordingly as A is negative, zero and positive respectively [10].
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In the context of generalized complex space forms, the authors Bharathi and Bagewadi [3],
Bagewadi and Praveena [2,19] extended the study to W, curvature, H-projective, Bochner and
pseudoprojective curvature tensors. Motivated by these ideas, in this paper, we extend the
study of Ricci soliton in which curvature tensor on generalized complex space forms satisfy
several semi-symmetric and pseudo-symmetric conditions. The paper is organized as follows.
In the section 2 we give definitions, notions and basic results for generalized complex space
forms. In sections 3 and 4 we study Bochner semi-symmetric and Einstein semi-symmetric on
generalized complex space forms. In sections 5 and 6 we find the characterizations of general-
ized complex space forms satisfying the pseudo-symmetric conditions like R - B = LgQ(S, B).
and B - W, = L1Q(g, W»). Finally we obtain generalized complex space form with conservative
Bochner curvature tensor is of constant scalar curvature.

2 PRELIMINARIES

Let M be a complex n-dimensional Kahler manifold, with a complex structure | and a
positive—definite metric ¢ which satisfies the following conditions [4]

J?=—1, g(JX,JY)=g(X,Y) and V]=0,

where V means covariant derivation according to the Levi-civita connection. The scalar cur-
vature r = X5(e;, ¢;), therefore

(sz)(ei, 61') = VXr = d}’(X)
Let Q be the Ricci operator defined by g(QX,Y) = S(X,Y). Then

(Vz8)(X,Y) = g((VzQ)(X), Y).

Taking Y = Z = ¢; and taking summation over i in the above equation we get

(Ve S) (X e1) = 8((Ve,Q)(X), ei),
(divQ)(X) = tr(Z — (V2Q)(X)) = }_&((Vo,Q)(X), &)
But it is known [8, 18] that (divQ)(X) = 3dr(X). Hence (V.S)(X,e;) = 3dr(X) and
(Ve,S)(JX,e;) = dr(JX). It is known [11] that in a Kihler manifold the Ricci tensor S sat-
isfies
(dioR)(X,Y)Z = (VzS)(X,Y) = (VxS)(Z,Y) = (V)xS)(X, Z). ®)

Using equation (1) we have

S(X,Y) ={(n=1) 1 +3f}8(X,Y), (4)
QX =[(n-1)fi+3f]X, (5)
r=mn[(n—1)f1+3fa, (6)

where S is the Ricci tensor, Q is the Ricci operator and r is scalar curvature of the space form

M(f1, f2).
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Given a complex n-dimensional Kghler manifold M, the Bochner curvature tensor and W,
curvature tensor are given by [11]

B(X,Y,Z,U) = R(X,Y,Z,U) — ﬁ[g(Y,Z)S(X, U) — S(X,2)g(Y,U)
+8(JY, Z)S(JX,U) — S(JX, Z)g(JY, U) + S(Y, Z)g(X, U)

_g<X/Z>S(Y/ U) + S(]Y/Z)g(]X/ U) —g(]X,Z)S(]Y, U)

—25(Y,1X)3 (12, U) - 25(JZ, U)g(JX, Y)) 7
G 820U — (X 2)5(1, ) + (1Y, 2)g (X, U)
—8(X, Z2)g(JY,U) —2¢(JX,Y)g(JZ, U)],
Wa(X,Y)Z = R(X,Y)Z + ﬁ[g(X,Z)QY —¢(Y,2)QX]. (8)
Definition 1. The Einstein Tensor denoted by E is defined by
E(X,Y)=S(X,Y) - %g(X,Y), )

where S is a Ricci tensor and r is the scalar curvature.
Definition 2 ( [9,20]). A n-dimensional generalized complex space form is said to be:
1) Bochner-Semi-symmetric if it satisties

(R(X,Y)-B)(U,V,W) =0 forall X,Y € x(M);

2) Einstein-Semi-symmetric if it satisties

(R(X,Y)-E)(U,V,W) =0 forall X,Y € x(M).

3 BOCHNER SEMI-SYMETRIC GENERALIZED COMPLEX SPACE FORMS

Let generalized complex space form M(f1, f») be Bochner semi-symmetric and by defini-
tion it satisfies the equation R - B = 0, i.e. for any tangent vectors X, Y, U, Z and W, this implies

(R(X,Y)-B)(U,Z,W) = 0.
Therefore
R(X,Y)B(U,Z)W — B(R(X,Y)U,Z)W — B(U,R(X,Y)Z)W — B(U, Z)R(X, Y)W = 0.
Taking inner product with T we have,
¢(R(X,Y)B(U,Z)W,T) — g(B(R(X,Y)U, Z)W, T) — ¢(B(U,R(X,Y)Z)W, T) )
— ¢(B(U,Z)R(X, Y)W, T) = 0.

Using equations (1) and (7) in (10) and putting X = Z = ¢;, further again puttingY = T = ¢; to
the simplified equation, where e; is an an orthonarmal basis of the tangent space at each point
of the manifold and taking summation overi,1 <i < n, we get

2n —8 5n+2
f2{2n+45(u’w) - (2n+4)(2n+2)rg(U,W)} =0
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If fo #0, then

2n—8 5n+2
{Zn 23w - (2n + 4;2” T z)rg(u’ W>} =0.
This implies,
5n+2
=8 an+2) 8

That is M( f1, f2) is an Einstein manifold. Hence we can state the following result.

S(U,W) = U, W). (11)

Theorem 1. A generalized complex space form M( f1, f») is an Einstein manifold provided by
f2 # 0 if Bochner curvature tensor satisties R - B = 0.

Using equation (11) in (2), we get

5n+2
EDIEEI
setting U = W = ¢; in (12) and then taking summation over i, 1 < i < n, we obtain

. Sn+2
divV + (2n—8)(2n+2)m+)m_0' (13)
If V is solenoidal then divV = 0. Therefore the equation (13) can be reduced to
5n +2

T T 2n—8)2n+2)

(Lyg)(U,W)+2 Uu,w)+2xg(U,w) =0, (12)

Thus, we can state the following.

Corollary 1. Let (g,V,A) be a Ricci soliton in a generalized complex space form satisfying
Bochner semi-symmetric. If V is solenoidal then it is shrinking, steady and expanding accord-
ingly scalar curvature is positive, zero and negative respectively.

4 EINSTEIN SEMI-SYMMETRIC GENERALIZED COMPLEX SPACE FORM

Let R and E satisfy the equation R - E = 0 in M(f1, f2). Then this equation leads to
(R(X,Y)-E(U,W)) =0,
where X, Y, U and W are any tangent vectors. The above equation can be expressed as
E(R(X,Y)U, W)+ E(UR(X,Y)W) =0. (14)
In view of (9) equation (14) becomes
S(R(X, Y)U,W) — %g(R(X,Y)U, W) + S(U, R(X, Y)W) — %g(U,R(X,Y)W) —0. (15

Using equation (1) in (15) and by replacing X = U = e¢;, where {¢;} is an orthonormal basis of
the tangent space at each point of the manifold and taking summation overi,1 <i < n, we get

fil-nS(Y, W) +rg(Y,W)] = 0.
If f1 # 0, then
S(Y,W) = %g(Y, W). (16)

Then we can state the following.
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Theorem 2. If generalized complex space form is Einstein semi-symmetric then it is an Einstein
manifold provided f; # 0.

Using equation (16) in (2), we get
(Lvg) (Y, W) +2-g(Y, W) +2Ag(Y, W) = 0. (17)

Let {¢; : i = 1,2,...,n} be an orthonormal basis of the tangent space at each point of the
manifold. Then setting Y = W = ¢; in (17) and then taking summation over i,1 < i < n, we
obtain

r
(Lvg) (e, ei) + ZEg(ei, e;) +2Ag(e;, e;) = 0.
This implies
divV+r+An = 0. (18)

If V is solenoidal then divV = 0. Therefore the equation (18) can be reduced to

P
n

Thus we can state the following.

Corollary 2. Let (g,V,A) be a Ricci soliton in a generalized complex space form satisfying
Einstein semi-symmetric condition. Then V is solenoidal if and only if it is shrinking, steady
and expanding accordingly scalar curvature is positive, zero and negative respectively.

5 BOCHNER RICCI-GENERALIZED PSEUDO-SYMMETRIC GENERALIZED COMPLEX SPACE
FORMS

Let us consider the Ricci-generalized Bochner pseudosymmetric generalized complex spa-
ce form M(f1, f2). Then we have

(R(X,Y)-B)(U,Z,W) = Lg((XAsY - B)(U, Z,W).
This implies
R(X,Y)B(U,Z)W — B(R(X,Y)U,Z)W — B(U,R(X,Y)Z)W — B(U, Z)R(X, Y)W
= Lp[(XAsY)B(U,Z)W — B((XAsY)U,Z)W — B(U, (XAsY)Z)W — B(U,W)(XAsY)W].
Taking inner product with T we have,
¢(R(X,Y)B(U,Z)W,T) — ¢(B(R(X,Y)U,Z)W,T) — ¢(B(U,R(X,Y)Z)W, T)
— g(B(U, Z)R(X, Y)W, T) = Ly[g((XAsY)B(U, Z)W, T) — g(B((XAsY)U, Z)W,T) (19)
— g(B(U, (XASY)Z)W, T) — g(B(U, Z)(XAsY)W, T)].
Using equations (7), (4) and (5) in (19) and substituting X = Z = ¢;, further again substituting

Y = T = ¢; in the resulting equation, where {¢;},i,1 < i < #n, is an orthonormal basis of the
tangent space at each point of the manifold and taking summation over i, we get

2n—8 5n+2
h{EFIZﬂuﬂN%'Qn+®an+2fﬂuﬂm}

L [4((11 —Dh +23;lfi—41) —n(r+1) S(U,W) + r((;;fg)zz(nnjf))r u,wy.
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This implies that
{fz(Zn —8) — Lp(4((n ;nl)fl;t 3f—1)—n(r+ 1))] S W)
fa(bn+2)+ Lg(r(n+2) — (n+4))
- { 2 (2n f4)(2n+z) }Vg(U,W) =0.

The above equation implies

[aS(U, W) — Brg(U,W)] =0,

where & — f2(2n78)fLB(4((11;111_)':72+3f271)7n(r+1 :| and ,B [ 2(5n+2) 24;15534 ;ifz)) (n+4)):| This im-

plies
S(U,W) = ﬁr o(U, W). (20)

Theorem 3. A Bochner Ricci-generalized pseudo-symmetric generalized complex space form
is an Einstein manifold.

Using equation (20) in (2), we get
(Lyg) (U, W) +2E g, W) + 2081, W) =0, @

Contraction of (21) over U and W gives

"
(Lvg) (e, ei) + 2%g(ei, e;) +2Ag(ej, e;) = 0.
This implies
divV + %n +An = 0. (22)

If V is solenoidal then divV = 0. Therefore the equation (22) can be reduced to

A=_F
o
Thus we can state the following.

Corollary 3. Let (g,V,A) be a Ricci soliton in a generalized complex space form satisfying
Bochner Ricci-Generalized pseudo-symmetric generalized complex space forms. Then V is
solenoidal if and only if it is shrinking or steady or expanding depending upon the sign of
scalar curvature.

6 GENERALIZED COMPLEX SPACE FORM SATISFYING B - W, = L1Q(g, W»)
We assume that B - W, = L1Q(g, W») hold on M(fi, f2), then we have

(B(X,Y) - Wa)(U, V, Z) = L [((X A Y) - Wa) (U, V) Z].
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This implies,
B(X,Y)Wo(U,V)Z —Wo(B(X,Y)U,V)Z —W,(U,B(X,Y)V)Z - W, (U, V)B(X,Y)Z
= Li[(XAY )WL (U, V) Z = Wo((XAY)U, V) Z — Wo (U, (XAY)V)Z — W (U, V) (XAGY)Z.
Taking inner product with T we have,
gB(X,Y)Wo(U,V)Z, T) —g(Wa(B(X,Y)U,V)Z,T) — g(Wo(U,B(X,Y)V)Z,T)
— g (Wa(U, V)B(X,Y)Z,T) = Ly[g((XAY)Wa(U, V)Z, T) — g(Wa((XAgY)U, V)Z,T) (23)
—§Wa(U, (XAY)V)Z, T — g(Wo (U, V)(XAgY)Z,T)).

Applying equations (1), (7) and (8) in (23) and putting X = V = ¢;, further again putting
Y = T = ¢; in the resulting equation and taking summation over i,1 < i < n, we get

ﬁsw,m + (n;il)rg(U,Z) = L[ nS(U, Z) ~ rg(U, 2)] (24)
where
_ (2n+2)[(6n® —8n? —39n —22)f, —2(n> +4n* +7n — 18)(n+ 1) f1] + rn(2n + 4)
N (2n +2)(2n +4) ’
5= —f1(2n+2)(4n+2)+6L(2n+2)(n+1) +r
B (2n+2)(2n+4) ‘
Equation (24) implies

[YyS(U, W) +drg(U,W)| = L1[nS(U, Z) — rg(U, Z)].
The above equation implies

S(U,wW) = Arg(U,W), (25)

where A = (Lth‘S). Thus we can state.
mn—y

Theorem 4. A n-dimensional generalized complex space form satisfying B - Wy = L1Q(g, W)
is an Einstein manifold.

Using equation (25) in (2), we get
(Lyg)(U, W) +2Arg(U, W) +2Ag(U, W) = 0. (26)
Taking U = W = ¢; and summing over i = 1,2, ..., in (26) we obtain
(Lvg)(ei e;) +2Arg(e; ) +2Ag(ei €;) = 0.
This implies
divV + Arn+ An = 0. (27)
If V is solenoidal then divV = 0. Therefore the equation (27) can be reduced to
A= —Ar. (28)
Thus we can state the following.

Corollary 4. Let (g,V,A) be a Ricci soliton in a generalized complex space form satisfying
B-W, = L1Q(g, W2). Then V is solenoidal if and only if it is shrinking or steady or expanding
depending upon the sign of scalar curvature.
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7 GENERALIZED COMPLEX SPACE FORM WITH divB = 0

Assume that the Bochner curvature tensor of a generalized complex space form is conser-

vative that is divB = 0. Using equations (4) and (5) in (7), then we obtain

B(X,Y,Z) = R(X,Y,Z) —2 [(n _21n)ﬁ Z 3 [g(Y,Z)X — ¢(X,Z)Y +g(JY, Z)] X

—8UX, Z)]Y —28(JX,Y)]Z]

oy 2;(211 oy 82X =X 2)Y +8(JY, Z)]X

—8(X,2)]Y =28(JX,Y)]Z],

Differentiating (29) covariantly, contracting and our assumption yields.
d{(n —1)fi +3f]
2n+4
—8(X, 2)Y +8(JY, 2)]X — g(JX, Z)]Y — 28(J X, Y)]Z]

(2n + 2?2271 +4) 8(Y, 2)X = (X, Z)Y +¢(JY, Z)]X

—-8(UX,2)]Y —2¢(]X,Y)]Z],
Using equation (3) in (30) we obtain

0 = (divR)(X,Y)Z —2 [g(Y,Z)X

+

0= (VxS)(Y,Z) - (Vy8)(x,2) - 22 DA 30 0y 7% o(x, 2)

2n +4
+9(JY, 2)]X —g(UX, Z2)]Y —2g(JX,Y)]Z]
T e(v,2)X — g(X,2)Y + (Y, Z)]X

(2n+2)(2n +4)
—8UX, 2)]Y = 28(JX,Y)] Z].

Taking [(n — 1) f1 + 3f2] = constant = kj # 0 in equation (31) we obtain
dr
(2n+2)(2n +4)

+8(Y, 2)]X = ¢(JX, Z)]Y = 28(]X, Y)] Z].
Again using equation (3) in (32) we get
dr
(2n+2)(2n+4)
—8UX, 2)]Y —28(JX,Y)] Z].
Replace Z by JZ in the above equation we get
dr
(2n+2)(2n+4)
-8(X,2)JY +28(JX,Y)Z].

0= (VxS)(Y,Z) = (V¥$)(X,Z) + 8(Y, 2)X - g(X,Z2)Y

0= (VyzS)(JY, X) +

[8(Y,Z)X —g(X,Z2)Y +g(JY,Z)]X

(VzS)(JY, X) = [8(Y,JZ)X = 8(X,JZ)Y +3(Y, Z)] X

(29)

(30)

(31)

(32)

(33)

Contraction of (33) over Y and Z after simplification we get dr(JX) = 0. If dr(JX) = 0 then

dr(X) = 0so r is constant. Using r = constant in (32) we get
(VxS)(Y,Z) = (VyS)(X, Z).

We can state the following.
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Theorem 5. A n-dimensional generalized complex space form with conservative Bochner cur-
vature tensor is constant scalar curvature provided [(n — 1) f1 + 3f2] = kq(constant).

Theorem 6 ( [8]). Let M be a Kaehler manitfold of dimension n > 4. Then div R=0 and div C=0
are equivalent.

Using above Theorem we can state the following.

Theorem 7. Let M be a generalized complex space form of dimension n > 4. Then div R=0,
div C=0 and div B=0 are equivalent provided [(n — 1) f1 + 32| = ki (constant).
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Mu BuBUaemo coritor Piudi (g, V, A) Ha y3araapHeHNX pOpMax B KOMIIAEKCHOMY IIPOCTOP] Ipu
yMOBax, IO TeH30pu 3 KpusBuHOWO Pimana, boxuepa i W, 3aA0BiABHSIOTH IIeBHI YMOBU KPUBUHIA,
a caMe HaIiBCMMeTPMUHOCTI, EHINITelTHOBOI HaIliBCMMEeTPMYHOCTI, TICeBAOCUMETPUYHOCTI Piuu Ta
y3araabHeHOI IICeBAOCMMETPUIHOCTI Pigui. Y poboTi moxasaHO, IITO CTUCHEHHSI, BUIPSIMACHHS i
PO3LIMpeHHs! y3araAbHEHNX (POPM B COMITA€KCHOMY ITPOCTOPi 3aA€XKNUTD BiA COAEHOIAAABHMX BAA-
ctuBocTeit BekTopa V. TakoX AOBeAeHO, IO y3araabHeHa popMa y KOMIIAEKCHOMY IpOCTOpi 3
3BMYAlHIM TeH30POM KpMBI3HM BoxHepa Mae cTaay cKaAsSIpHY KPUBU3HY.

Kntouoei cnosa i ¢ppasu: y3ararbHeHi pOpMU Y KOMIIAEKCHOMY TIPOCTOPi, MHOTOBUA EifFinTeliHa,
HaIiBCMMEeTPUUHICTD EVHINTelHA, ICeBAOCHMETPIYHICTD.



