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RICCI SOLITONS ON PSEUDO RIEMANNIAN
GENERALIZED SYMMETRIC SPACES

Amel BOUHARIS*!

Abstract

We study the geometry of four-dimensional pseudo Riemannian general-
ized symmetric spaces of type D; whose metric was explicitly described by
Cerny and Kowalski. After describing their curvature properties; we classify
the Killing vectors field of these spaces and more particularly, we study the
existence of non-trivial (i.e., not Einstein) Ricci solitons; we show that these
spaces are shrinking or expanding Ricci solitons but never steady. Moreover
this Ricci soliton is not a gradient one.
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1 Introduction

Ricci soliton are self-similar solutions of Hamilton’s Ricci flow, they can also
be viewed as its fixed points, they are a natural generalization of Einstein metrics.
A pseudo-Riemannian manifold (M, g) is said to be a Ricci soliton if there exists
a smooth vector field X on M such as the following equation is satisfied

Lxg+ 0= ag, (1)

where Lx denotes the Lie derivative with respect to X, g is the Ricci tensor and «
is a real number. Moreover, we say that a Ricci soliton (M, g) is a gradient Ricci
soliton if it admits a vector field X satisfying : X = grad h, for some potential
function h.

A Ricci soliton is said to be shrinking, steady or expanding if o > 0, = 0 or
a < 0 respectively.

Pseudo Riemannian Ricci solitons were severely studied from different per-
spectives, it has been shown that there are many essential differences between the
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Riemannian case [1], [15] and the Lorentzian case [3], [16]. In [12], the author have
proved that there are three-dimensional Riemannian homogeneous Ricci solitons
but in [17], it has been shown that there are no left-invariant Riemannian Ricci
solitons on three-dimensional Lie groups; although there are soliton metrics for
nilpotent Lie groups. Many other authors have investigated the Lorentzian case;
as the existence of non-trivial Ricci solitons on conformally flat pr-waves manifolds
[2], and on several classes of three-manifolds admitting a parallel degenerate line
field [7], as well as the existence of three-dimensional Lorentzian homogeneous left-
invariant Ricci solitons [6]. In the dimension 4; Calvaruso and Fino proved, the
existence of non-compact homogeneous pseudo-Riemannian Ricci solitons which
are not isometric to solvmanifolds [9].

A generalized symmetric space is a pseudo-Riemannian manifold (M, g) which
admits at least a regular s—structure, those spaces where studied by different au-
thors, from several different points of view. All 2—dimensional generalized sym-
metric spaces are symmetric. In dimension 3, they may be identified with R3
equipped with a metric with all possible signatures. Cerny and Kowalski proved
in [13] that four-dimensional proper (that is, non-symmetric) pseudo-Riemannian
generalized symmetric spaces may be identified with R* equipped with a particular
metric and are classified into four classes, named A, B, C and D, and the pseudo-
Riemannian metrics can have any signature: the metric of type A is either Rie-
mannian or neutral of signature (2,2), the metric of type C is Lorentzian and the
metrics of type B and D are of signature (2,2). In [14]; Kowalski has proved the ex-
istence of generalized symmetric Riemannian spaces of arbitrary order, in [8] Cal-
varuso and De Leo have studied their curvature properties on the algebraic side us-
ing the Lie algebras, with respect to suitable pseudo-orthonormal bases and in [11],
the authors showed that these spaces can naturally be equipped with some struc-
tures defined by their curvature tensors used to characterize symmetric spaces,
as the existence of almost Hermitian and almost para-Hermitian structures. A
complete classification up to isometry, of non-symmetric simply-connected four-
dimensional pseudo-Riemannian generalized symmetric spaces which are algebraic
Ricci solitons was been given in [4]; where unlike type B, only types A, C and D
are algebraic Ricci solitons. In [10], the authors proved that three dimensional
generalized symmetric spaces of any signature and four-dimensional generalized
symmetric spaces of type B are Ricci solitons and recently, a complete classi-
fication of Ricci solitons on Lorentzian four-dimensional generalized symmetric
spaces of type C was proved in [5]. In this paper we find the general solution to
the equation (1) for four-dimensional generalized symmetric spaces of type D.

The paper is organized in the following way, in Section 2, we will report
the basic description of four-dimensional generalized symmetric spaces. In Sec-
tion 3, the Levi Civita connection, the curvature tensor and the Ricci tensor
of pseudo-Riemannian four-dimensional generalized symmetric spaces of type D
will be described in terms of components with respect to coordinate vector fields

{f)i = 6%1}. This provides the needed information for the study, which we make
in Section 5. In Section 4, we shall introduce the system of 10 PDEs of Killing
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vectors and give it’s general solution.

In Section 5, Ricci solitons on generalized symmetric spaces of type D are
characterized by a system of 10 PDEs. In particular, we show that these spaces
admit different vector fields resulting in expanding and shrinking, but never steady
Ricci solitons. Finally, it is proved that those Ricci solitons are not gradient.

2 Four-dimensional generalized symmetric spaces

First, we recall the definition of a generalized symmetric space. Let (M, g)
be a pseudo-Riemannian manifold. A regular s-structure on M is a family of
isometries {s, | x € M} of (M, g) such that

MxM —

is smooth,
(IB, y) = SJJ(:U)

e the mapping

e for all z in M; s, has x as an isolated fixed point.
e for any pair of points z and y in M : s; 0 sy = Sz (y) © Sa-

The map s, is called the symmetry centered at x. The order of a regular
s-structure is the smallest integer k > 2 such that(s,)" = idy for all z € M. If
such an integer does not exist, we say that the regular s-structure has order infin-
ity. A generalized symmetric space is a connected, pseudo-Riemannian manifold,
carrying at least one regular s-structure. In particular, a generalized symmetric
space is a pseudo-Riemannian symmetric space if and only if it admits a regular s-
structure of order 2. The order of a generalized symmetric space is the minimum
of orders of all possible s-structures on it. Moreover, a generalized symmetric
space is homogeneous, that is, the full isometry group I (M) of M acts transi-
tively on it, such as (M, g) can be identified with (G/H,g), where G C I (M) is
a subgroup of I (M) acting transitively on M and H is the isotropy group at a
fixed point 0 € M.

In 1986, Cerny and Kowalski have completely classified generalized symmetric
spaces of low dimension. We recall the classification of non-symmetric simply-
connected four-dimensional pseudo-Riemannian generalized symmetric spaces by
the following theorem.

Theorem 1. (Cerny and Kowalski [13]) Non-symmetric, simply-connected gen-
eralized symmetric spaces (M, g) of dimension 4 are of order either 3 or 4, or
infinity. All these spaces are indecomposable, and belong, up to isometry, to one
of the following four types.

e Type A. The underlying homogeneous space is G/H, where

a b x3 cost —sint 0
G=| c d x4 |, H=| sint cost 0 |,
0 0 1 0 0 1
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with ad — bc = 1. (M, g) is the space R* (1, 12,23, 24) with the pseudo-
Riemannian metric

g = MN(1+23)dat + (1+27) dol — 22122 day das] / (1 + 27 + 23)
(= + 1+ 03+ 23) o} W
(a1 + /1 + a3 + 23) e} — 203des dey],

where A # 0 is a real constant. The order is k = 3 and the possible signatures

are (4,0), (2,2) and (0,4).
Type B. The underlying homogeneous space is G/H , where

elmtz2) 0 0

a 1 00 —w
0 e 0 b 01 0 —2w
G pr— 5 H pr—
0 0 e*2 ¢ 0 01 2w
0 0 0 1 0 00 1

(M, g) is the space R* (1, 2,73, 24) with the pseudo-Riemannian metric

g =\ (da} + da3 + drides) +e ™2 (2dwy + dxo) drg+e™ " (doy + 2dzs) das,
(2)

where A is a real constant. The order is k = 3 and the signature is always
(2,2).

Type C. The underlying homogeneous space G/H ‘s the matriz group

e 0 0 =
0 et 0 w9
G =
0 1 I3
0 0 1

(M, g) is the space R* (w1, x2, 3, 24) with the Lorentzian metric
g =c¢ (e **dx] + e**dx3) + drsdry with e = £1. (3)

The order is k = 4 and the possible signatures are (1,3),(3,1).

e Type D. The underlying homogeneous space is G/H where

a b 1 er4 0O 0
G=| c d zo |, H= 0 e ™ 0 |,
00 1 0 0 1
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with ad — bc = 1. (M, g) is the space R* (21, 2,23, 24) with the pseudo-
Riemannian metric

g = —2cosh (2z3)cos (2z4) dv1 dzs + A (da§ — cosh? (273) dz})
+ (sinh (2x3) — cosh (2z3) sin (224)) da? (4)
+ (sinh (2x3) + cosh (2z3) sin (214)) dz3,

where A # 0 is a real constant. The order is infinite and the signature is
(2,2).

3 Curvature of four-dimensional generalized symmet-
ric space of type D

Let (M, g) be a four-dimensional generalized symmetric space of type D and
denote by V and R the Levi-Civita connection and the Riemann curvature tensor
of M, respectively. Throughout this paper, we will always use the sign convention

R(X,Y)=Vxy] - [Vx, Vy].

The Ricci tensor of (M, g) is defined by o(X,Y) = tr{Z — R(X,Z)Y}.
We shall report the nonvanishing Levi-Civita connection, the Riemann curva-
ture tensor, and the corresponding Ricci tensor with respect to the coordinates

vector fields {81 =0 9y = iﬁS = ia&l = 8%4}'

Tm’  Oxo oxs

Lemma 1. Let M be a four-dimensional generalized symmetric space of type D.
Then the non-vanishing components of the Levi-Civita connection ¥V of M are
given by

Vo,00 = }(— cosh(2w3) + sinh(2z3) sin(224)) 9 — yomiet) S0,

Vo,00 = V,01 = 3 sinh(2x3) cos(2z4)05 + %%84,

Valag = VQ381 = — sin(2334)81 - COS(2$4)82,

V9,04 = V,01 = sinh(2x3) cosh(2x3) cos(2x4)0;
— cosh(2x3)(— cosh(2z3) + sinh(2x3) sin(2z4) )02,

Vo,0p = — (cosh(2w3) + sinh(2x3) sin(274))05 + yooizotss i,

Va,03 = Vg,02 = — cos(2x4)0; + sin(2z4)0s,

V9,04 = V,05 = — cosh(2x3)(cosh(2z3) + sinh(2x3) sin(2x4))0;
—sinh(2x3) cosh(2x3) cos(2x4)02,

V3384 = V3483 = 2tanh(2x3)84,

Va4a4 =2 COSh(QJUg) Sinh(2$3)ag.
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The only non-zero components of the Riemann curvature tensor R, are

R81,82 9, = [2(:osh(2x3) cos(2x4) ]81 + [2 sinh(2z3)—2 cosh(2z3) sin(2z4) ]62

Y

. . A
R81,62 Dy = [72 sinh(2z3)—2 c)(\)sh(2m3) sin(2x4) ]81 . [2 cosh(2x33\) cos(2z4) ]82

M
R, 0,03 = Sooan(amg) 04

—2cosh(2
R81,8284 = %837
Ral,ag 9 = = sinh(2z3)+cosh(2x3) sin(2z4) D3

by ’
_ cosh(2z3) cos(2z4) 1
Raha?»a2 - A 03 — )\cosh(2z3)84’
Ry, 5,03 = 0n,

R, 5,04 = cosh?(2x3) cos(224)0; +cosh (2x3) [sinh (223) —cosh (2x3) sin (214)] Oz,
_ [cosh(2z3) sin(2z4)—sinh(2z3)]
R81,84 61 - 847

R81,6482 _ - 0052(2373)83 + [cosh(2273;\cos(2x4)] 84,
Ry, 5,03 = — cosh?(2x3) cos(2x4)0; — cosh(2x3)(sinh(2x3)
— cosh(2x3) sin(2x4)) 09,

R81,34a4 = — COSh2(2x3)ah

R82,8381 = w&; _i_'m&h

R82,6382 _ —suah(21?3)—co}s\h(2:03)5111(2354)837

R52,8383 = 0y,

Ro, 9,01 = — cosh(2a3) (sinh(223) + cosh(223) sin(224))
—[cosh? (2z3) cos (224)]Da,

Ry, 5,01 = COSh§\2xg)83  [cosh(2z3) cos(24)] 0,

)

—sinh(2x3)—cosh(2z3) sin(2
R82,8482 _ inh(2x3) 2 (2z3) sin(2x4) O,

Ra,.5,03 = cosh(2x3) (sinh(223) +cosh(2x3) sin(224) )01 +cosh? (2x3) cos(224) s,
Ry,.5,04 = — cosh? (223) s,
Ry, 9,01 = —2cosh?(2z3) cos(2x4)01 — 2 cosh(2x3) (sinh(2x3)
— cosh(2x3) sin(2x4)) 0,
Ry, 5,02 = 2 cosh(2x3)(sinh(2z3)
4 cosh(223) sin(2x4))0; + 2 cosh?(223) cos(2x4)0s,
Ro,.0,03 = —404,
Ro,.9,01 = —4 cosh? (223) 03,

and the ones obtained by them using the symmetries of the curvature tensor.
The non-zero components of the Ricci curvature tensor are given by

033 = _6a 044 = 6COSh2(2[IJ3)_
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4 Killing vectors on four-dimensional generalized sym-
metric space of type D

In this section we give the Killing vectors on the four-dimensional generalized

4
symmetric spaces (M, g) of type D. Let X = Y f;0; be an arbitrary vector field

i=1

on (M, g), where fi, .., f1 are smooth functions on M of the variables x1, zo, x3, 4.

The Lie derivative of the metric (4) with respect to X is given by:

(LXg)ahal

(LXg)ahaQ

<LX9)81,83

(Lx9)a, 0,

(LXQ)aQﬁZ

(Lx9)s, 0,

(LX9)82734
(LX9)33733

(LX9)53734

(LX9)54794

2(sinh(2x3) — cosh(2x3) sin(2x4))01 f1
—2cosh(2x3) cos(2x4)01 fo+2(cosh(2x3) —sinh(2z3) sin(2z4)) f3
—2cosh(2x3) cos(2z4) f4,

—cosh(2z3) cos(2x4)01 f1+ (sinh(2z3) —cosh(2x3) sin(2x4)) 02 f1
+(sinh(2x3) + cosh(2x3) sin(2x4))01 fo — 2sinh(2x3) cos(2x4) f3
— cosh(2x3) cos(2x4)0 f2 + 2 cosh(2z3) sin(2x4) f4,

A0 f3 + (sinh(2x3) — cosh(2z3) sin(2z4)) 05 f1
— cosh(2x3) cos(2x4)0s fa,

—Xcosh?(2x3)0; f4 + (sinh(2x3) — cosh(2x3) sin(2x4))04 f1
— cosh(2x3) cos(2x4)04 fa,

—2 cosh(2x3) cos(2x4)0a f1 + 2(sinh(2x3)
+ cosh(2x3) sin(2z4))02 f2 + 2(sinh(2x3) sin(2x4)
+ cosh(2x3)) f3 + 2 cosh(2x3) cos(2x4) f4,

AOa f3 — cosh(2x3) cos(2x4)0s f1
+(sinh(2x3) + cosh(2x3) sin(2x4))0s fa,

—-A cosh2(2x3)82f4 — cosh(2z3) cos(2x4)04 f1
+(sinh(2x3) + cosh(2x3) sin(2x4))04 fo,
Ay f3 — Acosh?(2x3)03 f4,

—2) cosh?(2x3)04 f4 — 4) cosh(2z3) sinh(2x3) f3.
(1)

So X is a Killing vector field on M if and only if the following system of 10

PDEs holds
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2(sinh(2x3) — cosh(2x3) sin(2x4))01 f1 — 2 cosh(2z3) cos(224)01 fo
+2(cosh(2z3) — sinh(2x3) sin(2x4)) f3 — 2 cosh(2x3) cos(2x4) f4 =0,

—cosh(2x3) cos(2x4)01 f1 + (sinh(2z3) — cosh(2x3) sin(2z4))02 f1
— cosh(2x3) cos(224)02 f2 + (sinh(2z3) 4 cosh(2x3) sin(2x4))01 fa
—2sinh(2x3) cos(2z4) f3 + 2 cosh(2x3) sin(2z4) f4 =0,

)\alfg + (Sinh(QIg) - cosh(2x3) sin(2x4))83f1
— cosh(2x3) cos(2x4)0s fo =0,

—cosh?(223)0y f4 + (sinh(2x3) — cosh(2x3) sin(2z4))d4 f1

— cosh(2x3) cos(2x4)04 fo =0,

—2 cosh(2x3) cos(2x4)02 f1 + 2(sinh(2z3) 5
+ cosh(2x3) sin(2x4))02 fo + (sinh(2x3) sin(2x4) (2)
+ cosh(2x3)) f3 + cosh(2x3) cos(2x4) f4 =0,

A f3 — cosh(2x3) cos(224)0s f1 + (sinh(2z3)
+ cosh(2x3) sin(2x4))0s f2 =0,

—Acosh?(223)02 f4 — cosh(2x3) cos(224)04f1 + (sinh(2x3)

+ cosh(2x3) sin(224) )4 f =0,

03 f3 =0,
My f3 — Acosh?(2x3)03 f4 =0,

| —Acosh?(223)04 f4 — 2) cosh(223) sinh(223) f3 =0.

Therefore, we give the solution of this system by:

f1=cix1 + (c2 + ¢3) T2 + ¢,

fo = —cixa + (c2 — ¢3) T1 + ¢,

f3 = c18in(2x4) + cg cos(2zy),

fa = [c1 cos(2x4) — cosin(2z4)] tanh (2z3) + cs3.

with cq, ..., c5 real constants.
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Then the general solution of Killing vectors field system (2), holds for the
vector field

X = [clxl + (02 + 03) Tro + 04] 924 -+ [—61332 + (CQ — 63) xr1 + 65} 37@
+ [c1 8in(2x4) + 2 cos(224)] 52a
+[[e1 cos(2x4) — cosin(224)] tanh (2x3) + 03}%, (3)
4

with cq, ..., c5 real constants.

Hence, the following vectors form a basis of the Lie Algebra of Killing vector
fields ¢ (M) on generalized symmetric spaces of type D, whose dimension is 5.

Wi = xla%l — an%g + Sin(2x4)a%3 + cos(2z4) tanh (223)

3
Vo = :Ega%l + xlaim + cos(2x4)8%3 — sin(2z4) tanh (2x3)

0
o b P Ora?
Vs =255~ Mg T o
V4:87:L“1’

5

5 Ricci solitons on four-dimensional generalized sym-
metric space of type D

In this section we study the existence of Ricci solitons on the four-dimensional
generalized symmetric spaces (M, g) of type D. Let X = f101 + fo02 + f305 + f104
be an arbitrary vector field on (M, g), where fi, .., f4 are smooth functions of the
variables x1, x9, 13, 4.

By using (4) and (1) in (1), a standard calculation gives that a four-dimensional
generalized symmetric space of type D, is a Ricci soliton if and only if the following
system of 10 PDEs holds,
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2(sinh(2z3) — cosh(2x3) sin(2z4))0:1 fi — 2 cosh(2z3) cos(2x4)0 fo
—2 cosh(2x3) cos(2x4) fs + 2(cosh(2z3) — sinh(2x3) sin(2z4)) f3
+a(cosh(2x3) sin(2z4) — sinh(2x3)) =0,

— cosh(2x3) cos(2x4)01 f1 + (sinh(2z3) — cosh(2x3) sin(2x4))02 f1
+(sinh(2x3) + cosh(2x3) sin(2x4))01 fo — cosh(2z3) cos(2x4) 0 fo
—2sinh(2x3) cos(2x4) f3 + 2 cosh(2x3) sin(2x4) f4
+a cosh(2z3) cos(2x4) =0,
A0 f3 + (sinh(2z3) — cosh(2x3) sin(2z4))03 fi — cosh(2x3) cos(2x4)03f2 =0,

—Xcosh?(223)01 f1 + (sinh(223) — cosh(2z3) sin(224))94 f1
— cosh(2x3) cos(2x4)04 fo =0,

—2cosh(2x3) cos(2x4)02 f1 + 2(sinh(2z3) + cosh(2x3) sin(2x4))02 f2

+2 cosh(2z3) cos(2x4) f1 + 2(sinh(2x3) sin(2z4)

+ cosh(2x3)) f3 — a(cosh(2x3) sin(2x4) + sinh(2x3)) =0,
A2 f3 — cosh(2x3) cos(224)05 f1 + (sinh(223) + cosh(2x3) sin(224))05f2 =0,

—Acosh?(223)0s f4 — cosh(2x3) cos(224)0s f1 + (sinh(2x3)

+ cosh(2x3) sin(2x4))04 fo =0,
N3 f5 — A\ — 6 — 0,
04 f3 — cosh®(223)03 fa =0,
2) cosh?(2x3)04 f4 + 4) cosh(2x3) sinh(2x3) f3 — cosh?(2z3) (aX + 6) = (z |

1

The eight equation in (1) yields

f3 (21,22, 73, 24) = pw3 + F3 (1,72, 24) (2)

where F31 is a smooth function depending on x1,x2,z4 and p = 0‘2‘;6. Deriving

the nineth equation in (1) with respect to x3, we obtain the following differential
equation of second order

8§f4 + 4 tanh (2563) O3fs =0,

hence, integrating we get

1
fa(x1,20, 23, 24) = §F41 (21,22, v4) tanh (2z3) + F7 (21,72, 74) (3)

where F41 and F42 are smooth functions depending on x1, x2, 4.
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Next, from the tenth equation in (1), we get

84f4 = U — 2tanh(2w3)f3, (4)

and deriving the nineth equation in (1) with respect to x4, we have
02 f3 — cosh?(223)0304f1 = 0, (5)

so replacing (2) and (4) into equation (5); we find the following differential equa-
tion of second order

OIF} + 4F3 = p[—4x3 — 2sinh(2z3) cosh(2z3)] (6)
but F31 is depending on x1, x2, x4 only, then this is only possible if

w=20, (7)

then we deduce that 6
a=—. 8
A (8)

Therefore, a four-dimensional pseudo-Riemannian generalized symmetric space
of type D, can be shrinking or expanding Ricci soliton but never steady one, be-
cause «a # 0.

Replacing p into (6) then integrating; we find

F31 (x1,x2,24) = F32 (z1,x2) cos (2x4) + Fg’ (z1,x2)sin (2z4) , (9)

where F32 and F33 are smooth functions depending on x1, z2 and since p = 0 then
f3 is independant of x3 and we have

f3 (x1, T2, 24) = F3 (21, 22) cos (2z4) + F3 (21, 29) sin (224) , (10)

and (4) becomes
O4f1 = —2tanh(2x3) f3, (11)

which by derivation with respect to x3 gives

4 1

0304 fy = —————Fj3.
5044 cosh?(2x3) 3

(12)

On the other hand; deriving f4 twice from (3) with respect to x3, then to x4

we obtain
OLF)

cosh?(2x3)’

so, substituting (9) and (13) into (12), hence integrating we get

8483f4 = (13)

F41 (r1,29,24) =2 [Fg’ (1, x2) cos (2x4) — F32 (1, x2) sin (2934)] + H (21, x2),
(14)
where H is a smooth function depending on z1, xs.
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Deriving f4 from (3) with respect to x4, then replacing into (11) and by taking
(10) and (14) into account; we have

O4F% =0,
SO F42 is depending only on 1, z2, then because of (14) we get
fa (21,72, 23, 24)
= <F33 (z1,22) cos (2x4) — F2 (21, x2) sin (2z4) + %H (21, 332)) tanh (2z3)
+F2 (x1, 1)
We replace in the ninth equation in (1), by using (10), we have
H =0,
S0)

fa(z1,22, 23, 24) = [Fg’ (z1,x2) cos (2x4)—F32 (21, 22) sin (2;1:4)] tanh (223)(15)
—I—F42 (:L‘l, 132) .

We combine the first, the second and the fifth equation of the system (1),
hence we get

01f1 + 0afs = a. (16)
By using the third and the sixth equation of the system (1), we have

03 f1 = A[sinh (2x3) + cosh (2x3) sin (2x4)] 01 f3 + A cosh (2x3) cos (224) Do f3, (17)

03 fa = Acosh (2z3) cos (2x4) 01 f3+ A [sinh (2x3) — cosh (2z3) sin (224)] D2 f3, (18)
and by using the fourth and the seventh equation of the system (1), we get

d1fi = —Acosh? (2z3) [(sinh (2x3) + cosh (2z3) sin (224)) O f4
+ cosh (2x3) cos (224) 02 f4], (19)
Osfs = —Acosh? (2x3) [cosh (223) cos (224) D1 f4
+(sinh (2x3) — cosh (2z3) sin (2x4) D2 f1)]. (20)

Then, deriving (17) with respect to x; and (18) with respect to x2; next
replacing f3 and taking into account (16); we obtain

OO F3 (21, 2) (2cosh (2x3) cos? (224))
+0102F3 (21, 22) (2 cosh (213) cos (274) sin (2z4))
+03F2 (21, 72) cos (2z4) (sinh (223) + cosh (223) sin (274
+02F§ (w1, x2) sin (2x4) (sinh (223) + cosh (

+03F2 (21, 12) cos (2z4) (sinh (2z3) — cosh

+03F§ (w1, 12) sin (224) (sinh (2z3) — cosh (223) sin (224

si

)
(223)
21‘3)
(23)

)
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for any values of x3, 4. Since FZ, F§ are independent of z3 and x4 and since the
family

{cosh (2x3) cos? (2x4) , cosh (2x3) cos (2x4) sin (2x4) ,
cos (2x4) (sinh (2x3) + cosh (2x3) sin (224)),
sin (2x4) (sinh (2z3) + cosh (223) sin(2z4)),
cos (2x4) (sinh (2z3) — cosh (2z3) sin (224)),
sin (2z4) (sinh (2z3) — cosh (2x3) sin(2x4))} is linearly independant, we have
then
6162F32 (1‘1, 1‘2) = 6%F32 (1131,1,‘2) 62F3 (ZE1,$2) 0
8182F§5 (.’L’l, xg) = 8%F§’ (xl, :CQ) 82F3 (acl,wg) = 0
therefore

f3 (z1,22,24) = (a1 + a3zs + a) cos (2z4) + (ajz1 + a3za + b) sin (2z4), (21)

with a, b, a%, a%, a%, a% real constants.
Next, replacing f4 and deriving the fourth and the seventh equation of the
system (1), with respect to z1 and with respect to z2; we get

8182F42 (fEl,.TQ) = 8%F3 (£1,J,‘2) = 822F42 (561,2?2) = 0,

therefore

fa(x1, 22,73, 24)
= [(ag:pl + CL§IE2 + b) cos (2z4) — (aéxl + a%azQ + a) sin (2:1:4)] tanh (2z3)
+ (byz1 + bjzs + ¢, (22)

with b}, b7 and c real constants.
Now, by using (21), (22) and deriving (17), (18), (19) and (20) with respect
to 1 and with respect to zs, a standard calculation yields

0103 f1 = 0203 f1 = 0,
0103 f2 = 0203 f2 = 0,
0104f1 = 0204f1 = 0,
0104 f2 = 0204 f2 = 0,

and deriving twice (17) and (18) with respect to x3, yields

OBfi = 403f1
Dfa = 403f

so, integrating gives
Osf1 = Ay (z4) €278 + Ag (m4) €72%

and
D3fo = By (4) €23 + By (14) e 72
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where A1, Ao, By and Bs are smooth functions depending on z4, hence integrating
we obtain

fi(z, oo, m3,20) = = [A1 (24) €23 + Ao (z4) 23] + Gy (z1,72),  (23)

N =N -

folz1,m0,23,24) = = [By(z4) ™ — By (z4) e 2] + Ga (21, 22)

with G1 and G2 smooth functions depending on x1, w9, which give by (16) that
01G1 + 002G = a, (24)

Adding the first and the fifth equation of the system (1) and using (23), we
obtain the following system

{ Gy + 0oGy = 2 (a1 + a3z +a) (25)

011Gy — % = a%xl + a§$2 +b.
The second equation in (25) yields
aj o, 4 @

G1(z1,22) = o1 +azri1xr2 + (b + 5) z1 + Hy (z2),
where H; is a smooth function. Next, in the system (25) deriving the first equation
with respect to x1 and the second equation with respect to zs, we get

2

x
Ga (x1,22) = (2a?1) — aé) ?1 + x1Hs (x2) + Hs (z2) ,

where Hs and Hj are smooth functions and by using (24) , it becomes

1 N 3 @ ag o
Go (z1,22) = (2a3 — a3) 3 + 6011 — azrirs + (5 — b) T2 5% +7, (26)
with v a real constant.
Replacing in the first equation of the system (25) gives
ag 2., 4 @ 2 3 3
G1 (z1,29) = ?xl—}—ag‘xlxg—#— (b + 5) 1+ (2a3 + a3) ?—l—(Qa —01) zo+p, (27)

with § a real constant.
Replacing f1 and fa, in the second equation of the system (1), by taking into
account of (26) and (27), we obtain

3 2
G1 (21, m0) = Bt + aéxlfg +(b+9)z1+ (203 +4a3) Z + (a+ clxz + 8,
G (w1, 22) = (203 — a3) 5 + (a — ¢) 21 — adz1mg + (§ — b) w2 — Fad + 1.
(28)
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Hence, replacing f3 in the equations (17) and (18), by taking into account
(28), we get
Aj(zg) = % [a3 cos (224) + aj sin (224) (1 + sin (224)) + a3 cos® (224)
+ (a3 + a3) cos (274) sin (224)]
Ag (z4) = % [a% cos (2x4) 4 a3 sin (2x4) (1 — sin (224)) — a3 cos? (2z4)
- (aé + ag) cos (2z4) sin (2z4)]

By (z4) = ;\ [cos (2z4) sin (2z4) (a3 - a3) + cos (2z4) (aé cos (2x4) + ag)

2

+-a3sin (2x4) (1 — sin (224))]
cos (274) sin (2z4) (a3 — a3) + cos (224) (a3 cos (2z4) — a3)

By (z4) = 2[

—a3 sin (2z4) (1 + sin (21’4))}

Therefore, we have

A
f1(z1, 20,23, 24) = Z{[aé cos (2x4) + a3 sin (2x4) (1 + sin (224)) + a3 cos? (2z4)

+ (aé + a3) cos (214) sin (2z4)]e*** + [aj cos (224)

+-a3 sin (2x4) (1 — sin (224)) — a3 cos? (224)
a3 2
x
— (a3 + a3) cos (24) sin (2z4)]e ™7} + at + aguiwy =

+ (b—l-%) 21 + (203 + a3) +(a+c)x2+ﬂ,
A .
fo (z1, 20,23, 24) = Z{[COS (224) sin (224) (a3 —a3) +cos (224) (af cos (224)+a3)
+aj3sin (2z4) (1—sin (224))]e*** —[cos (224) sin (2z4) (a3 —a3)
+ cos (224) (aj cos (224) —a3)

4
—ajsin (224) (1 4 sin (224))]e 23} — %x%

2
o
—l—(2a3 )—1+(a—c)x1—a§x1z2+(§—b>azg+'y,
1
3

a3z + a3332 + a) cos (2z4) + (agml + CL%.’ITQ + b) sin (2z4) ,
(a3:1:1 + a3:1:2 + b) cos (2z4)

— (a3x1 + ajzs + a) sin (2z4)] tanh (2z3)

+ [(a% - aé) T+ (a% + ag) 1) —|—c] .

fs3(z1,22,24) = (
Ja(x1, 20,23, 24) = |

Finally, by replacing in the fourth and the seventh equation of the system (1),
we prove that
a3 + (a3 — a3) cos (2z4) sin (2z4) — (a3 + a3) (sin (224))> =0
a3 — (a3 + a3) cos (2z4) sin (2z4) — (a3 — a3) (sin (224))* =0
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which gives since the family {1, cos (2z4) sin (2x4) , (sin (2954))2} is linearly inde-
pendant that

a%,:a%:ag:agzo.

The calculations above proved that the general solution of the Ricci soliton
system (1) is explicitly given by X = f101 + fo02 + f303 + f4104 where

fi = (b—l—%) x1+ (a+c)x2 + B, (29)
f2 = (a—C):r1+<%—b>x2+’y,

fs = acos(2z4) + bsin (2x4),

fa = [bcos(2z4) — asin (2x4)] tanh (2z3) + ¢,

for arbitrary real constants a, b, c, 3,7.
Then, the Ricci soliton equation (1) holds for the metric g described in (4)
with the vector field

X=[3(a+2b)z1+ (a+c)aa+ B+ [(a—c)a1 + 5 (a—2b) 2+ | Ds
+ [acos (2z4) + bsin (2x4)] 03 + [(bcos (2z4) — asin (2x4)) tanh (223) + ¢| 04,
(30)
for arbitrary real constants a, b, c, 3,7.
Therefore, the four-dimensional pseudo-Riemannian generalized symmetric
spaces of type D, admit appropriate vector fields for which (1) holds.
For any value of a not zero, we have the following result :

Theorem 2. A four-dimensional pseudo-Riemannian generalized symmetric space
of type D is expanding and shrinking Ricci solitons but never steady.

Comparing between the general solution (3) of the Killing vectors field system
and the general solution (30) of the Ricci soliton system; we notice that this last
one can not be a Killing vector field, otherwise @ = 0; while four-dimensional
pseudo-Riemannian generalized symmetric space of type D can not be a steady
Ricci soliton.

Now, let X = grad h be an arbitrary gradient vector field on four-dimensional
pseudo-Riemannian generalized symmetric space of type D with potential function
h.

X is then given by

grad h=[ (cosh (2z3) sin (2x4)+sinh (2x3)) (01h) —cosh (2z3) cos (2z4) (02h)] 01
+ [— cosh (2x3) cos (2x4) O1h + (cosh (2z3) sin (2z4) — sinh (223)) O2h] 02
—I—% (63h) 03 — m (84h) Oy
(31)
By a standard calculation we prove, using (29) that the four-dimensional
pseudo-Riemannian generalized symmetric space of type D is gradient Ricci soli-
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ton, if and only if the following system yields

( — (cosh (2x3) sin (2z4) + sinh (2x3)) 01h
— cosh (2z3) cos (2x4) Doh — (b+ §) 21 — (a+ )z — B =0,
(cosh (2x3) sin (2x4) — sinh (2x3)) O2h
— cosh (2x3) cos (2z4) O1h — (a —c)z1 — ($ —b) 22—y =0, (32)
O3h — Aacos (2x4) + bsin (2z4)] =0,
Osh + X cosh (2x3) sinh (22:3) [bcos (224) — asin (2x4)]
L +cAcosh? (223) = 0.

Hence, by using the derivative of the last equation in (32) with respect to z3
and the derivative of the third one with respect to x4, we obtain

asin (2x4) — beos (2z4) — ctanh (2x3) =0,

for every x3 and x4, which gives since the family {sin (2x4) , cos (2z4) , tanh (2z3)}
is linearly independant, that
a=b=c=0,

consequently, we obtain that
Osh = 04h = 0,

thus, h is independant of x3 and x4, so the first and the second equation in (32),
become

[cosh (223) sin (224) +sinh (223)] d1h+cosh (223) cos (224) Doh+5az1+8 =0,
cosh (2z3) cos (224) Oy h—[cosh (2x3) sin (2z4) —sinh (223)] oh+ 5020 +v = 0.

Finally, by using the derivative of the two equations above with respect to x3,
we prove that

O1h = 02h = 0.

We deduce that h is a real constant, but in this case; h does not verify the first
and the second equation in (32). Thus, we have shown the following corollary.

Corollary 1. A four-dimensional pseudo-Riemannian generalized symmetric space
of type D is not a gradient Ricci soliton.

Conclusion

Generalized symmetric spaces has been studied by different authors, and in
this paper we were interested by the four-dimensionnal ones of type D, equipped
with a pseudo-Riemannian metric g. We described their curvature properties as
the Levi-Civita connection, the Riemann curvature tensor and the Ricci curvature
tensor, next we classify the Killing vectors field of these spaces then we studied
the existence of non-trivial, i.e., not Einstein Ricci solitons; we showed that these
spaces are shrinking or expanding Ricci solitons but never steady. Moreover we
proved that this Ricci soliton is not a gradient one.
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