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1. Introduction

A Ricci soliton is a triple (M, g, X), where (M, g) is a pseudo-Riemannian manifold and X a smooth
tangent vector field on M, such that

Lxg+0=Ag, 1)

with Lx, 0 and A respectively denoting the Lie derivative in the direction of X, the Ricci tensor and
a real constant. The Ricci soliton is respectively called shrinking, steady or expanding, depending on
whether A > 0, A = 0 or A < 0. Trivial solutions of the Ricci soliton Equation (1) are given by an
Einstein manifold (M, g) together with a Killing vector field X.

Ricci solitons have been originally introduced in the Riemannian case [1,2] and then investigated
in pseudo-Riemannian settings. Several studies have been made in the Lorentzian case, with particular
regard to spacetimes, because of their relevance in Theoretical Physics. Some examples of these studies
may be found in [3-16] and references therein.

In a given system of local coordinates, the Ricci soliton equation is equivalent to an overdetermined
system of nonlinear second order PDEs, whose resolution is in general very hard, and often hopeless.

When trying to solve completely the Ricci soliton equation, it is natural to consider manifolds
admitting some Killing vector fields. In fact, the solutions of the Ricci soliton Equation (1) are
determined up to a Killing vector field: if Y is a Killing vector field and X satisfies (1), then also X + Y
satisfies the Ricci soliton equation. This fact can make somehow easier to determine solutions of the
Ricci soliton equation. Indeed, several examples of complete classifications of Ricci solitons have been
obtained for Lorentzian manifolds which, being homogeneous (at least, spatially), admit a large Lie
algebra of killing vector fields (see for example [4,8,9,11,14]).

The purpose of this paper is to study and solve the Ricci soliton equation for conformally flat Siklos
metrics, that is, for Siklos metrics which are in the conformal class of a flat metric. Siklos metrics [17]
are a class of spacetimes, solving Einstein’s field equations with an Einstein-Maxwell source. They are
of Petrov type N with cosmological constant A < 0 and always admit a null non-twisting Killing field.
The whole class of Siklos metrics, in global coordinates (v, u, x,y) = (x1, X2, X3, X4), is given by

3
$=hg <2dx1dx2 + Hdx3 + dad + dxﬁ) ) )

where H = H(xy, 3, X4) is an arbitrary smooth function (see [17,18]). Such metrics have been studied
under several different points of view. As proved in [18], they are exact gravitational waves propagating
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in the anti-de Sitter universe. Moreover, they coincide with the Kundt spacetimes belonging to the
subclass (IV)q [19].

In [11], the author investigated the Ricci soliton equation for the one-parameter class of
homogeneous Siklos spacetimes determined by H = :I:x%k, where k is a real constant. We shall now
make a corresponding study for the large class of locally conformally flat Siklos metrics, which depend
on four arbitrary functions of one variable. After describing explicitly these metrics, we completely
solve the Ricci soliton equation, proving the following main result.

Theorem 1. All non-Einstein conformally flat Siklos metrics are expanding Ricci solitons. These Ricci solitons
are not of gradient type.

We recall that a gradient Ricci soliton satisfies Equation (1) for some vector field X = grad o (f),
where f is a smooth function.

The paper is organized in the following way. In Section 2 we shall report some needed information
on the curvature of Siklos metrics and determine explicitly the general form of the locally conformally
flat examples. In Section 3 we shall prove that all these metrics are Ricci solitons, also proving that
the solutions are never of gradient type. Completely explicit solutions are obtained in Section 4 for all
conformally flat Siklos metrics admitting some additional Killing vector fields. Calculations have been
checked using the software Maple 16 (©.

2. Locally Conformally Flat Siklos Spacetimes

We may refer to [11,18] for the description of the Levi-Civita connection and curvature of an
arbitrary Siklos metric g. We shall report below the information we need to write down the Ricci
soliton equation and to identify the locally conformally flat cases.

With respect to the system of global coordinates (x1,xp,x3,x4) used in (2), the Levi-Civita
connection V of g is completely determined by the following possibly non-vanishing components:

Vi, 02 = %33, Vi, 05 = _x%al/

Va,02 = 3(02H)d1 + ;- (2H — x303H)93 — 3 (94H)ds, V5,03 = 5(93H)d1 — 502, @
Va,d1 = 3(34H)dy, Viyd3 = — 103,

Voy04 = — 304, Va,04 = +93.

In particular, as proved in [11], Siklos metrics do not admit any parallel vector field. Consequently,
they are neither locally reducible, nor strictly Walker manifolds (i.e., Lorentzian manifolds admitting a
parallel null vector field).

The possibly non-vanishing components of the Riemann-Christoffel curvature tensor R of g are
the following:

Ripip = —-2; Rizs = -2 Rigps = -2
1212 Al 1828 = v 124 = 0
Roorn — 3(2H—x3(d3H)+x%(93;H)) Roers — 3(a3,H) Rowns — 3(2H—x3(d3H)+x%(93,H)) @)
2323 = 28 o R = gt R = 284 y
—_3
Ragzq =

TAA
Ax3
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and the Ricci tensor of g, defined by o(X,Y) = tr(Z — R(Z, X)Y), is completely described by the matrix

0 —3x32 0 0
_ 3x§2 _ 6H72x3(a3H)+x2§ (93;,H+03,H) 0 0
0= 2x5 (5)
0 0 —-3x;2 0
0 0 0 —3x3°

in terms of its components with respect to {9,}. Consequently, the Ricci operator Ric, defined by
condition ¢(X,Y) = g(Ric(X),Y), is described with respect to {9, } by the matrix

A —3}Ax3{2(03H) —x3 (95,H+093,H)} 0 0

, A 0 0
Ric = (6)

0 0 A0

0 0 0 A

In particular, the scalar curvature of a Siklos metric is then given by T = 4A. Moreover, the
following result holds (see [11,17,18]).

Proposition 1. For an arbitrary Siklos metric g, as described in (2), the following conditions are equivalent:

(i) g is Einstein. More precisely, 0 = Ag;
(ii) g is Ricci-parallel (that is, Vo = 0);
(iii) the defining function H = H(x, x3, x4) satisfies the PDE

2
—(9sH) — 03,H — 934H = 0. )
3
Whenever H does not satisfy (7), a Siklos spacetime (being not Ricci-parallel) is not locally symmetric,
and its Ricci operator is of Segre type (11,2), having an eigenvalue of multiplicity four associated to a
three-dimensional eigenspace.

Next, we briefly recall that a pseudo-Riemannian manifold (M, g) is said to be (locally)
conformally flat when there exits (at least, locally) some smooth function ¢, such that g = ¢? - g,
where g is a flat metric. Locally conformally flat metrics are an important topic both in Riemannian and
pseudo-Riemannian (in particular, Lorentzian) geometry. It is well known that in dimension greater
than three, a pseudo-Riemannian manifold (M, g) is conformally flat if and only if its Weyl conformal
curvature tensor W vanishes. The Wey! conformal curvature tensor field C of (M, g) is defined by

S
(n—1)(n—2)

where R, Q and S respectively denote the curvature tensor, the Ricci operator and the scalar curvature,
and (XAY)(Z) = (Y,Z)X — (X, Z)Y. It is well known that because of Equation (8), if C = 0 then the
Ricci curvature completely determines the curvature of (M, ).

By (2), (4) and (5), a standard computation shows that for an arbitrary Siklos metric, the Weyl
conformal curvature tensor W is completely determined by the following possibly non-vanishing
components Wi, with respect to {9; }:

C(X,Y)Z =R(X,Y)Z — ﬁ(QXAY—l—XAQY)Z—i— (XAY)Z, ®)

_ _ 3 (3 2 _ 3 3
Wasos = —Waaps = e (05:H — 0, H),  Wospy = M%AH. )
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Thus, integrating the system of PDEs

S

4Ax2

3
92.H—-9%H)= ——0303H=0,
3(33 44 ) 2Ax§ 34

we obtain the following.

Proposition 2. A Siklos metric g, as described in (2), is locally conformally flat if and only if the defining
function H = H(xy, x3, x4) satisfies the system of PDEs

03,H — 93, H = 0,
33 44 (10)
03,H =0,
that is, when H is explicitly given by
1
H(xy,x3,x4) = 5 T(x2) (x% + xﬁ) + L(x2) x3 + M(x2) x4 + N(x2), (11)

where T, L, M, N are arbitrary smooth functions.

It is easy to check that an arbitray conformally flat Siklos metric, as described by Equation (2)
with H given by (11), is Einstein (that is, satisfies condition (7)) if and only if L(x;) = 0. In this case
H = T(x7)(x} + x7) + M(x2)x4 + N(x2) and one gets the Anti-De Sitter space [17].

3. The Ricci Soliton Equation for Conformally Flat Siklos Metrics

With respect to the system of global coordinates (x1, x2, x3, x4) used to describe Siklos metrics
in (2), consider an arbitrary vector field X = X;0;, where X; = X;(xq,x2,x3,%4), i = 1,...,4,
are smooth functions. The Lie derivative L£xg is completely determined by the components
(£x8)ij = (£x8)(9;,0;),i < j = 1,...,4, and can be obtained by direct computation using (3).
Explicitly, we get:

o
>
oQ
=
=
|

6
= g Xy

1= ,A%g {x301X1 + x3HO1 Xo + %302 Xp — 2X3},

13 = —A%% {03X2 +01X3},
1% = *A%% {04X2 + 01 X4},
) = _Aix% {2x30, X1 + x302H Xp + 2x3H 0, X — 2H X3 + x303H X3 + x304H X4},

(12)
= 7/\%% {03X1 + Ho3Xz +02X3},

24 = —Aix% {04X1 + H04Xp + 02X4},
33 = *A%g {x305X3 — X3},
—Aix% {04X3 + 93Xy},

Lxg)u = —A%g {x304X4 — X3}

— — — — — — — — — —
o o
> >
oq [
SN— N— SN— N~— SN— SN— SN— N~— SN— N~—
(e8] N
> (e8]
Il |

Using the above components of Lxg, together with the ones of the metric tensor g and the Ricci
tensor ¢ with respect to the basis {0;}, we find that an arbitrary Siklos metric g, together with the
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vector field X, satisfies the Ricci soliton Equation (1) if and only if the components X; of vector field X
satisfy the following system of ten PDEs:

01Xy =0,

X301 X1 + x3H01 Xo + x302Xp — 2X3+ (A — A)x3 =0,
03Xp +91X3 =0,

04Xp + 01Xy =0,

12x30, X1 + 6x302H Xo + 12x3H 9, Xy — 12H X3 4 6x303H X3 4 6x30,H X4
—2Ax303H + Ax3(93,H + 93, H) + 6(A — A)x3H =0, (13)

03X1 + Hd3X, +0,X3 =0,
04 X1+ H9gXo + 02Xy =0,
ZX363X3 — 2X3 + (A - /\)X3 =0,

04 X3 +03X, =0,

ZX364X4 — 2X3 + (A - /\)X3 = 0.
We start integrating the first equation in (13), obtaining
Xy = B> (x2,x3,x4), (14)

for some smooth function F,. Substituting from (14) into the third and fourth equations of (13) and
integrating, we respectively get

(15)

{ X3 = —x103F; (x2, x3,x4) 4+ F3 (x2,Xx3,%4),
X4 = —x104F> (x2,x3,%4) + Fy (X2, X3, X4),

where F;3, F; are smooth functions. Because of (15), the ninth equation of (13) becomes
203, F> (x2,x3,%4) X1 — (04F3 (x2, X3, x4) 4 03Fy (x2,x3,x4)) = 0,
which, as a polynomial equation in the variable x;, implies at once
93, F> (x2,x3,X4) = 04F3 (x2, X3, X4) + 03Fy (x2, x3,%4) = 0.
In particular, integrating 8541-"2 (x2,x3,x4) =0, we get

E> (x2,x3,x4) = Go (x2,x3) + Ha (x2,x4), (16)

for some smooth functions Gy, Hy. We apply the same argument and use the above expressions into
the eighth equation of (13), which becomes a polynomial in the variable x;. Setting equal to zero the
coefficient of x1, we get

x3933G2 (%2, %3) — 9362 (x2,%3) = 0

whence, by integration,
Ga (x2,x3) = Az(x2) + Ba(x2)%3, (17)

for some smooth functions Ay, By. The eighth equation of (13) then reduces to

2x303F3 (X2, x3,%4) — 2F3 (xp, x3,x4) + (A — A)x3 =0,
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which by integration gives

A—A
F3 (x2,x3,%4) = < 7 In(x3) + Gs(x2, x4)> X3, (18)

for some smooth function Gs. Next, applying the above expressions, the ninth equation in (13) becomes
x304G3(x2, X4) + 93F4(x2, x3,%4) =0,

whence ,
Fy(x2,x3,%4) = —§x§ 04G3(x2, x4) + Gyg(x2,x4), (19)

for a smooth function G4. The sixth equation in (13) now reduces to
—0d3X; —2HB, (XQ) + 2x1x3Bé(x2) - x382G3(x2, X4) =0
and integrating we get

1
X = > (2x1B5(x2) — 02G3(x2, x4)) X3 — 2B, (x7) /(x3H)dx3 + Fi(x1, x2, x4), (20)

for a smooth function F;. We then substitute the above expressions into the last equation of (13) and
write it as a polynomial in x1, obtaining

2(2By(x2) — 93, Ha (x2, x4) ) x1

(21)
— (263(3(2, X4) + xg 8246'3()(2, X4) — 284G3(X2, X4) + ()\ — A) (11‘1(3(3) + 1)) =0.
Since the coefficients of such polynomial must necessarily vanish, by integration we find
H (x3,x4) = X By (x2) + x4Ca(x2) + Da(x2), (22)

with Cp, D, smooth functions, and (21) reduces to
x5 03,G3(x2, x4) + (A — A) In(x3) + (2G3(x2, x4) — 204G4(x2,x4) + (A — A)) =0,

which is a linear combination of linearly independent functions x2, In(x3) and 1 = xg. Therefore,
their coefficients must vanish, so that we get A = A,
Gs (x2,x4) = x4 A3(x2) + B3(x2),

(23)
Gy (x2,x4) = 2x3 A3(x2) + x4B3(x2) + As(x2),

for a smooth function A4. By the above equations, the second equation of (13) reduces to the following
polynomial equation in x3:
*2X§B§(X2) — {811:1 (X1, X7, X4) + AIZ(XQ) =+ xiBé(xz) + X4C£(X2) =+ Dé()Q)

(24)
+4X1B2(X2) — 2X4A3(X2) — 233(3(2)} =0,

which yields at once B} (x;) = 0. Thus, By(x) = b; is a real constant, and the remaining part of (24) by
integration gives

Fi (x1, X2, %4) = —2bpx? — (A5(x2) + x4Ch(x2) + Dy (x2) — 2x4A3(x2) — 2B3(x2)) x1 + Gy (x2, x4), (25)
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where G; is a smooth function. Next, we substitute from the above expressions into the seventh
equation of (13). Writing it as a polynomial in the variable x;, we find

4{ A3(x2) — Ch(x2) }x1 + {204G1(x2, x4) + (x3 — 2x3) A (x2)
—4by [ (x304H)dxs +2(Ca(x2) + 2byx4) H + 2x4B5 (x2) + 2A)(x2) } = 0.

In particular, Az(x2) = C)(xp).

Remark 1. Replacing from all the above expressions, the system (13) now reduces to its fifth and seventh
equations. Observe that in so far we did not make any assumption on the defining function H, so that
calculations above are valid for any metric (2) in the Siklos class.

In particular, whenever a Siklos metric satisfies the Ricci soliton equation, necessarily A = A, so that the
cosmological constant A < 0 naturally appears in such equation, and the Ricci soliton is necessarily expanding.

In the remaining part of this paper we shall focus on the conformally flat cases. Thus, following the
result of the previous section, we shall assume that the defining function H of the Siklos metric is
given by (11), depending on four arbitrary smooth functions T, L, M, N. Moreover, we shall assume
L(x;) # 0 everywhere, in order to exclude (even locally) the Einstein case.

We use the description (11) of H into the two remaining equations of (13). The first of such
equations now gives a first order polynomial function in the variable xj, that is, one of the form
P(x3,x3,x4)x1 + Q(x2,x3,x4) = 0, so that necessarily P = Q = 0. In particular, as

P(xp,x3,x4) = —12bL(x2)x3 4 6 {(T(x2)Ca(x2) — 262 M(x2) — 2C5 (x2)) x4

26
+M(X2)C2(X2) - 4b2N(X2) — 4B§(x2) + ZA/ZI(Xz) + ZDQI(Xz)} =0, ( )

which we have written down as a polynomial equation in x3, taking into account L(x;) # 0 we
have by = 0. Instead of integrating the remaining part of (26), we now replace from the above
expressions into the seventh equation of (13) and write it as a second order polynomial in the variable
x3. The coefficient of x3 in such polynomial equation yields 3L(x2)Cz(x2) = 0, whence we get

Cz(Xz) =0.
The seventh equation in (13) then reduces to
041Gy (x2,x4) + X4B§(XZ) + AZ;(XZ) =0,

from which by integration we find

1
Gq (X2, X4) = —ExﬁBé(xz) — X4Ai(9€2) + Ay (XQ), (27)

for some smooth function A;. We are now left with the fifth equation of (13), which we write down as
a first order polynomial equation in the variable x1. From the coefficient of x; in this equation we find

A3 (x2) + Dy (x2) — 2Bz (x2) = 0.
Thus, there exists some real constant b3, such that
1, 1.
B3 (x2) = EAz(xz) + EDz(xz) + bs. (28)

We set the integration function Dy (x;) = —Ajz(x2). By this expression and taking into account
Equation (28), the fifth equation of (13), written now as a polynomial in the variable x3, takes the form
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P(x7)x3 + Q(x2,x4)x3 = 0, whence P = Q = 0. In particular, as P(x;) = —(A + 3b3)L(x2) and we

assumed L # 0, we find

1
by = —=A
3 3

Thus, also using the above condition for b3, we are left with the equation

Q(x2,xs) = {6A](x2) —3T(x2)Ag(x2) — AM(x2) } x4
*{614/1()(2) + 3M(X2)A4(X2) + ZAN()Q)} =0,

which we wrote down as a first degree polynomial equation in x4, whose coefficients only depend on
the variable x;. By setting equal to zero such coefficients we determine A1 (x;) and A4(x;) in function
of terms T (x), M(x2), N(x2) occurring in the defining function H. Explicitly, we get

Al(XQ) = —/ (;AN(XZ) + ;M(xz)A4(x2)> dx, + Cq, (29)

with A4 completely determined as solution of
1
Z(Xz) = ET(XQ)A;;(XQ) + AM(x7). (30)

Observe that the above Equation (30) is of type A} (t) = f(t, A4), with f a smooth function of ¢
and a4. Therefore, the standard existence theorem yields that a solution exists for all values of t = x;.

Once Ay is determined as a solution of (30), all equations of (13) are satisfied. The explicit
description of the components X; of vector field X with respect to {0;} are now obtained substituting
all the previous formulas into (14), (15) and (20). We get that an arbitrary conformally flat Siklos
metric (2), with H determined as in (11), is an expanding Ricci soliton, for which Equation (1) holds
with A = A < 0and X = X'9; of components

X! = —%Axl — f (%AN(Xz) + %M(xz)A4(x2)) dxy — A/4(x2)x4 + Cy,
X? =0,

(31)
X% = —1Ax;,

X4 = A4(x2) — %AX4,

The above conclusion is confirmed by computing separately (£xg);; and Ag;; — g;; for all indices
i,j=1,...,4 Infact, by (2), (11), (5) and (31), taking into account (30) we find

(£x8)2 = =% L(x2) = Agn — 0,
(ﬁxg)ij =0 = Agij — 0jj in the other cases,

so that Equation (1) holds with A = A. It may be noticed that the Einstein case is characterized by
condition L(x2) = 0, in which case the above equations hold trivially for a Killing vector field X
(Lxg = 0) and ¢ = Ag. Thus, we obtained the following result, which proves the first statement of
Theorem 1.

Theorem 2. Conformally flat Siklos metrics g, as described by (2) with the defining function H given by (11),
are expanding Ricci solitons, which satisfy Equation (1) with A = A for a vector field X = X;0; described
by (31), where Ay is a smooth function satisfying (30).
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We end this section checking that conformally flat Siklos metrics are not gradient Ricci solitons.
As already recalled in the Introduction, a Ricci soliton is said to be gradient when it satisfies Equation (1)
for a vector field X = grad, (f), where f is a smooth function. In this case, Equation (1) becomes

Hess(f) +0 = Ag,

with Hess( f) the Hessian of f. It is worthwhile to remark that the existence of a gradient Ricci soliton
yields some strong restrictions in several classes of Lorentzian manifolds, and this is particularly true
for the locally conformally flat ones. In fact, locally conformally flat Lorentzian gradient Ricci solitons
have been completely described. As proved in [6], they are locally isometric

e toRobertson-Walker warped products of a real interval with a space of constant sectional curvature
in the nonisotropic case (||grad N (N #0);
e toaplane wave in the isotropic case (||grad,(f)|| = 0).

Locally conformally flat Siklos spacetimes do not fit in the above cases, but this does not yield
to any contradiction, as they are Ricci solitons but not of gradient type. In fact, consider the solution
of the Ricci soliton equation described in the above Theorem 2. If such Ricci soliton were gradient,
then there would be some smooth function f = f(x1, x2, X3, x4), such that vector X = gradg( f).

We use (2) to determine the inverse matrix g~! = (g%) of the matrix describing the metric tensor
g in coordinates (x1, x2, x3, x4) and then calculate gradg( f) = Y, gl %Bi. We find that X = X;0; =
grad, (f), with X; described as in (31), if and only if the following system of 4 PDE:s is satisfied:
AxZ (x3T(x2) 4 2x3L(x2) + x3T(x2) + 2x4M(x2) +2N(x2)) 01 f — 2Ax30, f
+4Ax1 + 6X4A2(X2) + 2A f N(X2)dX2 +3 f (M(XZ)A4(JC2))dJC7_ —6C; =0,
Ax29if =0, (32)
AX3 (Xgagf — 1) = O,
Ax§84f — Axy +3A4(x2) =0,

The second equation in (32) yields

f=rp(x2,x3,x4), (33)

for some smooth function p. Replacing from the above Equation (33) into the third equation of (32)
and integrating, we get

P(XZ/ X3, x4) = ln(x3) + q(x2/ X4),
where g is a smooth function. We now replace the above expressions into the last equation of (32) and
write it as a polynomial equation in the variable x3, of the form

A (a4q(x2, X4)) JC% + (3A4(X2) - AX4) =0,

for all values of x3. Therefore, d4q(x2,x4) = 0 and 3A4(xp) — Axqg = 0, for all values of xy,
whence A = 0, which can not occur. Therefore, we proved the following result, which completes the
proof of Theorem.

Proposition 3. The expanding Ricci solitons on conformally flat Siklos metrics, as described in Theorem 2,
are not gradient.
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4. Siklos Metrics with Additional Killing Vector Fields

We observe that the results of the present paper hold for a very large class of spacetimes. In fact,
as showed by Equation (11), conformally flat Siklos metrics depend on four arbitrary smooth functions
of one variable, namely, T(x2), L(x2), M(x2), N(x2). We can measure the generality of these results
by comparison with the corresponding study carried out in [11] for a one-parameter family of Siklos
metrics, which were also homogeneous and, as such, admitted many additional symmetries.

The small price to pay for the generality of the actual results is that, as it could be expected,
the explicit solutions we found, which exist for all conformally flat Siklos spacetimes, depend on the
functions occurring in (11). Indeed, also Einstein examples within the class of Siklos metrics are not
explicitly described, but identified through Equation (7).

All Siklos metrics admit at least one Killing vector field. In its pioneering paper [17] (p. 262),
Siklos completely described, in terms of the defining function H, all metrics of the form (2) admitting
one or more additional Killing vector fields. We shall report these special metrics below and give for
each of them the explicit solutions of the Ricci soliton equation.

In each of the following cases we first write down the special form of the defining function H
for which additional Killing vector fields occur, following the notation we used in this paper for the
global coordinates and the gravitational constant. We then write the conditions on functions T, L, M, N
occurring in Equation (11) (L(x2) # 0 in order to exclude the Einstein cases), ensuring that H is of such
required form; in other words, we completely determine the locally conformally flat examples within
the special subclass we are considering.

Finally, we completely integrate (29) and (30) in these special cases, writing explicitly the forms of
smooth functions A; and A4 for the corresponding metrics. Such explicit forms, together with (31),
completely describe the Ricci solitons on these conformally flat metrics. Following [17], A(x;) is an
arbitrary smooth function of variables x;, while the notation A, (x;) stands for a homogeneous function
of degree « of the specified variables.

(1) H = x; 2 Ax3,x4).
By Proposition 2, such defining function H determines a conformally flat metric if and only if H
is given by (11) with
T(xp) = Tx;%, L(x2) = Lx;%, M(xp) = Mx;%, N(x2) = Nx,?,

for some real constants T, L(# 0), M, N. Equations (29) and (30) can now be integrated. We treat
separately the cases T = 0 and T > 0 (the case T < 0 being similar to the latter).
For T = 0 we find
Ay(xp) = ,%AM In(x2) + c1x2 + ¢,

where, here and in the remaining part of the paper, ¢; denote some real constants. Substituting the
above into (29) and integrating, we get

2
A1(x2) = — 355 (In(x2) +1) — M in(x) + o5 (3c2M +2AN) + cs.

By integration of (29) and (30), the same argument for T > 0 yields the explicit solutions

1-V142T 1+V1+2T AM
— 2 2
A4(x2) — C]xz + C2x2 - 37]"

and
1—V142T 1+142T

A1(x2) = —g75 {3aM(1 = V1 +2T)x, 2 +3cM(1+V1+2T)x, ?
+A(M? —2TN)} + cs.

(2) H = A(x3,x4).
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It is easily seen that such defining function H is of the form (11) if and only if
T(x2) =T, L(x2)=L, M(x2)=M, N(x2)=N,

where T, L(# 0), M, N are some real constants. We first integrate Equation (30) and then Equation (29).

If T =0we get
Ay(xp) = %AMx% +c1x0 + 0o
and
Ai(xp) = —A7—]\§szg —aM,2 (% + %) X2 + C3.
For T > 0 we find
Ay(x2) = cre” by cze\/éx2 — 4M
and

T T
Aq(xp) = %{BQMe_\/;JQ — 3c2Me\/;x2 +V2TA(M? — 2TN)x, } + c3.

(3) H = Ap(x2,x3,x4).

Since H must be a a homogeneous function of degree 2 of variables xy, x3, x4, Equation (11) holds
if and only if
T(x2) =T, L(xp) =Lxy, M(xy) = Mxa, N(x2) = Nax3,

for some real constants T, L(# 0), M, N.
For T = 0 we find
Ay(xp) = %AMJC% +c1xp +co

and
Ai(x2) = —/})Tj%zxg — (6Mcy +9NA)x3 — iczMx% +c3,

while for T > 0 by integration we get

T T
Ay(x2) = 0167\/;62 + Cze\/;x2 — 51x

and
T T
Aq(xp) = 9M (ﬁxz + 1) e_\/;’(2 - aM (\/2962 - 1) eV22 4 B (M2 —2TN)x3.

(4) H= A(x2, X3).

The function H of a conformally flat Siklos metric is of the above form if and only if (11) holds
with T(x;) = M(xz) = 0, for arbitrary smooth functions L(x;)(# 0) and N(x7). Then, integrating (30)
we obtain

Ay(x2) = c1x2 +¢2, (34)

which, replaced into (29) yields

Aq (.‘)Cz) = —% fN(xz)dXQ + c3.

(5) H = Ay(x3,x4), & £ —2.

If H, as described by (11), is a homogeneous function of order « of variables x3, x4, then one of the
following cases must occur:

(@ a=2T(x2) =Tand L(xp) = M(x2) = N(x2) = 0. But then, as L(x,) = 0, the metric is Einstein.
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(b) a=1,T(x;) = N(xp) =0and L(x3) = L, M(x2) = M, for some real constants L(# 0), M.
In the latter case, A4(x7) is of the form (34) and A1 (x2) = c3.

(6) H = A(xs3)e*.
This form of H is not compatible with (11).

(7) H=A_5(x3,x4).
This form of H is not compatible with (11).

(8) H = A(x3).

Clearly, this may be treated as a special case of the above case 4). explicitly, we get that A4(xy) is
described by (34) and A1 (x;) = c3.

(9) H = A(xp)x3.
This form of H is not compatible with (11) (as the coefficients of x% and xi in (11) must coincide).
(10) H = x%ﬁfz A(x3x§).

In order of the above H to be compatible with the form (11), we must have
T(x2) = M(x) =0, L(x2) = x" ’L1(x;),  N(x2) = x2P°N1(xp),

for some smooth functions L1, N1. However, being such functions arbitrary, this means that functions
L(x7), N(x,) are arbirtrary. Hence, we get the same explicit solutions of the above case 4).

(11) H = +x%.

This is the homogeneous case already treated in [11] for arbitrary values of the parameter . In the
notation of this paper, we have that H = £x5 corresponds to a conformally flat Siklos metric if and
only if « = 1 and (11) holds for T(x;) = M(x2) = N(x) = 0and L(xp) = £1. Then, A4(x7) is given
by (34) and A1 (x;) = c3.

—2
(12) H = +x;2.

This form of H is not compatible with (11).

5. Conclusions

The study of Ricci solitons in Lorentzian settings is an active field of research in Differential
Geometry and Theoretical Physics. On the one hand, this investigation led to determine some strong
restrictions on the geometry of a Lorentzian manifold satisfying the Ricci soliton equation when the
Ricci soliton is of gradient type. This fact is particularly evident in the case of locally conformally
flat Lorentzian manifolds. On the other hand, such rigidity results make natural to ask whether they
extend to the case where the Ricci soliton is not gradient.

The present paper gives a contribution in this line of work, providing a large class of locally
conformally flat Lorentzian examples, all of which are Ricci solitons, but whose geometry is not
strongly restricted by the Ricci soliton equation. Consequently, they do not fit into the classification
obtained in [6] for Lorentzian gradient Ricci solitons.

Funding: Author partially supported by funds of the University of Salento and INDAM (GNSAGA).

Conflicts of Interest: The author declares no conflict of interest.



Axioms 2020, 9, 64 13 of 13

References

1 Cao, H.-D. Recent progress on Ricci solitons. Adv. Lect. Math. 2009, 11, 1-38.

2. Hamilton, R.S. The Ricci flow on surfaces. Contemp. Math. 1988, 71, 237-261.

3. Akbar, M.M.; Woolgar, E. Ricci solitons and Einstein-scalar field theory. Class. Quantum. Grav. 2009,
26, 055015. [CrossRef]

4. Batat, W,; Brozos-Vazquez, M.; Garcia-Rio, E.; Gavino-Fernandez, S. Ricci solitons on Lorentzian manifolds
with large isometry groups. Bull. London Math. Soc. 2011, 43, 1219-1227. [CrossRef]

5. Brozos-Vazquez, M.; Calvaruso, G.; Garcia-Rio, E.; Gavino-Fernandez, S. Three-dimensional Lorentzian
homogeneous Ricci solitons. Israel ]. Math. 2012, 188, 385—403. [CrossRef]

6. Brozos-Vazquez, M.; Garcia-Rio, E.; Gavino-Fernandez, S. Locally conformally flat Lorentzian gradient Ricci
solitons. J. Geom. Anal. 2013, 23, 1196-1212. [CrossRef]

7. Brozos-Vazquez, M.; Garcia-Rio, E.; Gavino-Fernandez, S.; Gilkey, P. The structure of the Ricci tensor on
locally homogeneous Lorentzian gradient Ricci solitons. Proc. Roy. Soc. Edinb. Sect. 2018, 148, 461-482.
[CrossRef]

8.  Calvaruso, G. Oscillator spacetimes are Ricci solitons. Nonlinear Anal. 2016, 140, 254-269. [CrossRef]

9. Calvaruso, G. The Ricci soliton equation and the structure of homogeneous Godel-type spacetimes. |. Math.
Anal. Appl. 2018, 465, 1112-1133. [CrossRef]

10. Calvaruso, G. On semi-direct extensions of the Heisenberg group. Collect. Math. 2020, in press. [CrossRef]

11. Calvaruso, G. Siklos spacetimes as homogeneous Ricci solitons. Class. Quantum Grav. 2019, 36, 095011.
[CrossRef]

12.  Calvaruso, G.; Fino, A. Ricci solitons and geometry of four-dimensional non-reductive homogeneous spaces.
Canad. ]. Math. 2012, 64, 778-804. [CrossRef]

13. Calvaruso, G.; Fino, A. Four-dimensional pseudo-Riemannian homogeneous Ricci solitons. Int. . Geom.
Methods Mod. Phys. 2015, 12, 1550056. [CrossRef]

14. Calvaruso, G.; Zaeim, A. A complete classification of Ricci and Yamabe solitons of non-reductive
homogeneous 4-spaces. |. Geom. Phys. 2014, 80, 15-25. [CrossRef]

15. Case, ].S. Singularity theorems and the Lorentzian splitting theorem for the Bakry-Emery-Ricci tensor.
J. Geom. Phys. 2010, 60, 477-490. [CrossRef]

16. Pina, R; Tenenblat, K. On solutions of the Ricci curvature and the Einstein equation. Israel ]. Math. 2009, 171,
61-76. [CrossRef]

17.  Siklos, S.T.C. Lobatchevski plane gravitational waves. In Galaxies, Axisymmetric Systems and Relativity;
MacCallum, M.A H., Ed.; Cambridge University Press: Cambridge, UK, 1985.

18. Podolski, J. Interpretation of the Siklos solutions as exact gravitational waves in the anti-de Sitter universe.
Class. Quantum Grav. 1998, 15, 719-733. [CrossRef]

19. Ozsvath, I.; Robinson, I.; R6zga, K. Plane-fronted gravitational and electromagnetic waves in spaces with

cosmological constant. J. Math. Phys. 1985, 26, 1755-1761. [CrossRef]

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/0264-9381/26/5/055015
http://dx.doi.org/10.1112/blms/bdr057
http://dx.doi.org/10.1007/s11856-011-0124-3
http://dx.doi.org/10.1007/s12220-011-9283-z
http://dx.doi.org/10.1017/S0308210517000464
http://dx.doi.org/10.1016/j.na.2016.03.008
http://dx.doi.org/10.1016/j.jmaa.2018.05.051
http://dx.doi.org/10.1007/s13348-019-00277-y
http://dx.doi.org/10.1088/1361-6382/ab10f6
http://dx.doi.org/10.4153/CJM-2011-091-1
http://dx.doi.org/10.1142/S0219887815500565
http://dx.doi.org/10.1016/j.geomphys.2014.02.007
http://dx.doi.org/10.1016/j.geomphys.2009.11.001
http://dx.doi.org/10.1007/s11856-009-0040-y
http://dx.doi.org/10.1088/0264-9381/15/3/019
http://dx.doi.org/10.1063/1.526887
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Locally Conformally Flat Siklos Spacetimes
	The Ricci Soliton Equation for Conformally Flat Siklos Metrics
	Siklos Metrics with Additional Killing Vector Fields
	Conclusions
	References

