OSCILLATOR SPACETIMES ARE RICCI SOLITONS

GIOVANNI CALVARUSO

ABSTRACT. We consider the four-dimensional oscillator group, equipped with a well-
known one-parameter family of left-invariant Lorentzian metrics, which includes the bi-
invariant one [15]. In a suitable system of global coordinates, the Ricci soliton equation
for these metrics translates into a system of partial differential equations. Solving such
system, we prove that all these metrics are Ricci solitons. In particular, the bi-invariant
metric on the oscillator group gives rise to infinitely many Ricci solitons (and so, also to
Yamabe solitons).
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1. INTRODUCTION

The oscillator group is a four-dimensional connected, simply connected Lie group, whose
Lie algebra (known as the oscillator algebra) coincides with the one generated by the
differential operators, acting on functions of one variable, associated to the harmonic
oscillator problem. This group is given by R x C x R, with the product

1 A A
(x1,21,y1) - (w2, 22,92) = (21 + 22 + ilm(z‘le’ylzz), 21+ ez, y1 + y2).

After its introduction [22], the oscillator group has been extended to a one parameter
family G, (1 > 0), then generalized in any even dimension 2n > 4, and proved several
times to be an interesting object to study both in differential geometry and in mathematical
physics. Among others, the following aspects of the geometry of the oscillator group(s)
have been investigated: Yang-Baxter [2] and Einstein-Yang-Mills equations [14], compact
quotients by lattices [3], parallel hypersurfaces [9], Ricci collineations and other curvature
symmetries [11], homogeneous structures [15], electromagnetic waves [19], the Laplace-
Beltrami operator [20].

The four-dimensional oscillator group is a well known homogeneous spacetime [13]. Its
bi-invariant metric gg has been generalized to a one-parameter family g,, —1 < a < 1,
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of left-invariant Lorentzian metrics, of which gg is the only bi-invariant and symmetric
example [15]. Equipped with these left-invariant Lorentzian metrics, the oscillator group
is “one of the most celebrated examples of Lorentzian naturally reductive spaces” [1].

It is natural to investigate the curvature properties of these renowned examples of
homogeneous spacetimes. For example, it is well known that the bi-invariant metric gg is
symmetric and conformally flat. The aim of the present paper is to prove that (G, g.) is
a Lorentzian Ricci soliton, for any —1 < a <1 (and g > 0).

A Ricci soliton is a pseudo-Riemannian manifold (M, g) admitting a smooth vector field
X, such that

(1.1) Lxg+o0=Ag,

where Lx and p respectively denote the Lie derivative in the direction of X and the Ricci
tensor and A is a real number. A Ricci soliton is said to be shrinking, steady or expanding,
according to whether A > 0, A = 0 or A < 0, respectively.

Ricci solitons are the self-similar solutions of the Ricci flow. As such, they are essen-
tial in understanding its singularities. We may refer to the recent survey [12] for more
information and further references on Ricci solitons. Introduced by Hamilton [16] on
Riemannian manifolds, Ricci solitons have recently been studied by several authors in
pseudo-Riemannian settings, and in particular on Lorentzian spaces. Some examples of
the study of Lorentzian Ricci solitons may be found in [4]-[8],[10].

In a setting of local coordinates, the Ricci soliton equation (1.1) translates into a system
of partial differential equations, which in general is not possible to deal with. For this
reason, when one considers a pseudo-Riemannian homogeneous space (in particular, a Lie
group equipped with a left-invariant pseudo-Riemannian metric), the first approach in
studying the Ricci soliton equation (1.1) is algebraic. A homogeneous Ricci soliton is a
homogeneous space M = G/H, together with a G-invariant metric g, for which equation
(1.1) holds. An invariant Ricci soliton is a homogeneous one, such that equation (1.1)
holds for an invariant vector field.

Algebraic Ricci solitons, introduced by Lauret [18] for Riemannian manifolds, have been
successively extended to pseudo-Riemannian settings [21]. An algebraic Ricci soliton is a
simply connected Lie group G, equipped with a left-invariant pseudo-Riemannian metric
g, such that

Ric=cld + D,
where Ric denotes the Ricci operator, ¢ is a real number, and D € Der(g). An algebraic
Ricci soliton on a solvable Lie group is called a solvsoliton.

Any algebraic Ricci soliton metric ¢ is also a Ricci soliton [18],[21]. Moreover, it is
relevant to observe that all known examples of homogeneous Riemannian Ricci soliton
metrics on non-compact homogeneous manifolds are isometric to some solvsolitons ([17,
Remark 1.5]).

By the above definitions, when we are concerned with the Ricci soliton metrics on a
homogeneous space G, it is clear that invariant and algebraic Ricci solitons are subclasses
of the class of homogeneous Ricci soliton, which in general do not exhaust the whole class.
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Moreover, an invariant Ricci soliton need not be algebraic [21]. As we shall see, neither
does the converse hold: an algebraic Ricci soliton need not be invariant.

Algebraic Ricci solitons on oscillator groups of every even dimension were investigated
in [21], proving that go is a steady algebraic Ricci soliton (nontrivial, since the metric
is not Einstein). In this paper, we focus on the four-dimensional case, also because of
its greater physical motivation. We completely solve the system of partial differential
equations, which translates (1.1) in a suitable set of global coordinates on (G, g,). The
main result is the following.

Theorem 1.1. Fvery left-invariant metric g,, —1 < a < 1 on the four-dimensional
oscillator group G, is a Ricci soliton. More precisely,

(a) The bi-invariant metric go is a Ricci soliton (expanding, steady and shrinking, as
it satisfies equation (1.1) for any real value of \);

(b) The left-invariant metric gq, for any a # 0, is a Ricci soliton, which is expanding
when a > 0 and shrinking when a < 0.

A pseudo-Riemannian manifold (M, g) is said to be a Yamabe soliton if it admits a
vector field Y, such that

(1.2) Lyg = (1 =)y,

where 7 denotes the scalar curvature and p is a real constant. Clearly, a Yamabe soliton is
nontrivial when equation (1.2) holds with 7 # p, otherwise it just reduces to the equation
for Killing vector fields. As we shall explain at the end of Section 3, the result listed in
point (a) of Theorem 1.1 has the following consequence.

Corollary 1.2. The bi-invariant metric go on the four-dimensional oscillator group G,
is a Yamabe soliton.

The paper is organized in the following way. In Section 2 we shall report the description
of a set of global coordinates (x1, 2, x3,x4) on the oscillator group and explicitly compute
all the curvature information with respect to the corresponding basis {B%i} of coordinate
vector fields. In Section 3 we shall introduce the system of ten PDE that express the
Ricci soliton equation (1.1) in these global coordinates, and we shall solve it in the case
of the bi-invariant metric gg. The case of the remaining left-invariant Lorentzian metrics

Ja,a 7 0 is dealt with in Section 4.

2. THE OSCILLATOR GROUP

The four-dimensional oscillator algebra is the real Lie algebra g, with generators
X,Y, P,Q, whose non-vanishing Lie brackets are

(2'1) [X7 Y] =P, [Q?X] = pY, [QaY] = —pX,

where > 0 is a real constant (with respect to the standard notations used for example
in [9] and [21], here we use p instead of A, to avoid confusion with equation (1.1)). The
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corresponding connected simply connected Lie group is called the (four-dimensional) os-
cillator group, and we shall denote it by G,. In [9], generalizing the argument used in [22]
for the case u = 1, equation (2.1) was proved to hold for matrices

0010 0 -1 0 0
0001 0 0 00
X=loooo|" Y=o o 01l
000 0 0 0 00
000 2 00 0 0
o000 oo —uo
P=loooo|l" 9 |owu 0 o0
0000 00 0 0

Then, the oscillator group corresponds to the four-dimensional subgroup of GL(4,R)
GM = {Mu(l‘l,xg,x:g, .’E4) € GL(4,R) | T1,22,T3,%4 € R},
having as typical group element

M, (x;) = exp(x1 P) exp(x2X) exp(z3Y) exp(24Q),

that is,
1 xzgsin(uxy) — xzcos(pury) x2cos(ury) + xrgsin(uxy) 21 + xoxs3
0 cos(pxya) —sin(uxy) T
Mu(ﬂfz) = .
0 sin(paq) cos(pxyq) x3
0 0 0 1

More precisely, M, provides a diffeomorphism between G, and R3 xR/ %”Z.

Throughout the paper, we shall denote by 0, := 0/0,, the coordinate vector field
corresponding to the xzj-coordinate. As a matrix in gl(4,R), this corresponds to
%]Zf‘ (x1,x9,x3,24). With respect to coordinate vector fields 0;, a basis {ej,e2,e3,e4}
of left-invariant vector fields on G, is explicitly given by

€1 = 81)

eg = —x3cos(pxy)dr + cos(uxs)O2 + sin(uxy)0os,
(2.2) : .

es = xgsin(pwry)01 — sin(uxy)ds + cos(pwy)0s,
eq4 = O4.

For this basis, one has (e;)r = (0z,)1, where I = M,,(0,0,0, 2k /1), for any integer k, is the
identity matrix. By equation (2.2), a direct calculation yields that the only non-vanishing
Lie brackets [e;, €] are given by

(2.3) le2, e3] = ex, lea, e4] = —pes, [e3, e4] = pea,
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so that the above Lie algebra coincides with the oscillator Lie algebra g,,, via the identifi-
cations X = e9, Y = e3, P = e; and Q = e4. Further details on this description may be
found in [9], and in the original paper [22] for the classic case u = 1.

In [15], the oscillator group G, has been equipped with the one-parameter family of left-
invariant Lorentzian metrics g, = (, ), described by having as the possibly nonvanishing
products

(2.4)  (e1,e1) = (e, eq) = a, (€9, e9) = (e3,e3) =1, (e1,e4) = (eq,€1) = 1,

for any real constant with —1 < a < 1. The case when ¢ = 0 and g = 1 gives the
bi-invariant metric on the classic oscillator group G [15]. When a # 0, g, is only left-
invariant. As proved in [9], with respect to the coordinates (x1, 9, 3, z4) described above,
the metric g, is explicitly given by

(2.5)  ga = adx% + 2azxgdridrs + (1 + ax%)dm% + dajg + 2dz1dzs + 2x3dx0dTs + ad:vi.

It may be observed that the above explicit description (2.5) is the same for any value of
i, since this parameter is used in (2.2) for the description of the left-invariant basis.

The explicit description of these metrics makes possible to explicitly compute their
Levi-Civita connection and curvature. With respect to the basis {9, } of coordinate vector
fields, the Levi-Civita connection V is completely determined by the following possibly
non-vanishing components:

Vo, 0 = =505, Vo, 05 = =95201 + 502, Vy,02 = —ax303,

(2.6) =
Vouds = *5 200 + %20y, Vo,d1 = 505, Vo, 01 = — %501 + 300.

Remark 2.1. The above description of the Levi-Civita connection of (G, g,) yields that
if a # d/, then (G, g,) is not homothetic to (G, gq/) (in particular, they are not isometric).

In fact, for the Levi-Civita connections V and V' of g, and g, respectively, we have
Vo,0p = —305 # —% 03 = V) Da.

We can then describe the Riemann-Christoffel curvature tensor R of (G, g,) with re-
spect to {0, }, computing R(9,,0,)0, = Vo, Vaj 0, — Vaj V.0, for all indices i, j, k. Denot-
ing by R;; the matrix describing R(0;,0;) with respect to the basis of coordinate vector
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fields, we have

2.2

2
_a _a’z3 g _a
R = 4 4 4 Ry3 =
12 o 0 0 0 | v s R B
0 0 0 0 0 0 0 0
0 0 ars 0
0 0o =3 0
R4 =0, Ra3 = _a%xy  3a—a’z} 0 _az3 ’
4 4 4
0 0 0 0
ar?+1 1
R al 0 0 0
Ros = 1 4 1 , Rsa=
“ 0 0 0 0 O S
0 0 0 0 0 0 0 O

Next, the Ricci tensor of (G, ga) is obtained as a contraction of the curvature tensor, by
the equation o(X,Y) = tr(Z — R(Z,X)Y). With respect to {0, }, the Ricci tensor is then
described by the matrix

% 50°x3 0 5a
ta’xs fa(axd —1) 0  axs
(2.7) 0= i
0 0 Lo 0
%a %CLZL‘:; 0 %

and the Ricci operator @, defined by g(QX,Y) := o(X,Y), is determined by the matrix

%a ars 0 %

0 0 —3a 0 0
o 0o -lao

0 0 0

Comparison between equations (2.7) and (2.5) easily yields that these metrics are never
Einstein (see also [21]). Moreover, the Ricci eigenvalues are 0, %a and —%a (twice), and so,
the Ricci tensor is degenerate, for any value of a. Finally, the Weyl conformal tensor W
is completely determined by the following possibly non-vanishing matrices W;;, describing
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W (0;,0j) with respect to the coordinate vector fields {0, }:

(2.8)
2 2 a
a’xy a(1+6a:c3) 0 4 0 0 a0
_a®  _a’zy g _a 0 0 0 0
Wiz = 6 6 61, Wiz = o a?x o |
0 0 0 0 -5 ~%5 0 —%
0 0 0 0 0 0 0 0
_a __azxr3 O ,ﬁ 0 0 ars 0
3 3 3 2
0 0 0 0 0 0 -2 0
Wa=1 9 0o o o |’ Wos = | ooy aC-asd) g _am |
[1.2 (l2$ a 0 0 o
@ dmog g 0 0 0 0
_em o _an g _d’m 0 0 0 0
a azs 0o < 0 0 0 0
Was = 6 6 6 ;o Way = 2
0 0 0 0 N
2 a
a2§03 a(2aoé371) 0 % 0 0 - 0

In particular, by (2.8), g, is locally conformally flat if and only if a = 0. Starting from
the above equations, it is also easy to check the well-known fact that VR = 0 (that is,
(G, ga) is locally symmetric) if and only if a = 0.

Remark 2.2. Using equation (2.2), we can easily determine the components u’ of a vector
field X with respect to the basis of left-invariant vector fields {e1,€2,€e3,€e4}, in terms of
its components X' with respect to the basis of coordinate vector fields {01, 92, 03,04} (and
conversely). Explicitly, if X = X'0; = u’e;, then by (2.2) we have

gy ()

' = (X! 4+ 23X2?, cos(purg) X2 + sin(purs) X3, cos(urs) X3 — sin(urs) X2, X1).

In particular, X is a left-invariant vector field if and only if the above Eq. (2.9) holds for
some constants u*, ¢ =1,...,4.

3. THE GENERAL SYSTEM OF EQUATIONS AND THE SOLUTIONS FOR ¢g

With respect to the coordinate system (1, z2, x3, 74), let X = X*0; denote an arbitrary
vector field on (G, ga), Where Xt = X%(x1,29,23,74), i = 1,...,4 are arbitrary smooth
functions. We now determine the Lie derivative Lxg, of the metric g,, as explicitly
described in (2.5), with respect to X. To do so, we calculate (L£xgq4)(0;, 0;), for all indices
i < j. These components of Lxg,, together with (2.5) and (2.7), yield that the left-
invariant metric g,, together with the smooth vector field X, is a solution of the Ricci
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soliton equation (1.1) if and only if the following system of 10 PDE is satisfied:
(3.1)
(2001 X' +2ax30, X%+ 201 X* + %ag —aX =0,

arzsO X' 4+ ade X' + 0, X% + axgalXQ + ax30 X2 + aX3 + 130, X1 + 0, X4
—F%CLQIEg —alrg =0,

a3 X! + ax305 X% + 01 X3 4+ 03 X* =0,

NX' + a0s X + 2301 X% + ax30, X% + ah X + 04X + 2a— X =0,

2ax30o X1 + 20, X% + 2ax§82X2 +2ax3X5 + 2230, X% + %a2x§ — %a - A= a)\mg =0,

axs03 X' + 03 X2 + ax§83X2 + 0o X3 + 230: X4 =0,

"X + axz0, X" + 230, X2 + 0, X2 + a;v%&;XQ + X3 4+ a0 X + 230, X + %a:vg
—Ax3 =0,

20;X3 —ta—A=0,

O3 X1 + 2305 X2 + 0, X3 + a0 X* =0,

20, X' + 22304 X2 +2a0s X4+ 5 —aX = 0.

We will completely solve the system of PDE (3.1), determining the Ricci solitons of the
four-dimensional oscillator group.

Integrating the eight equation of (3.1), and the first equation of (3.1) with respect to
X4, we find

X3 = (da+ IN a3 + F3(zy, 2, 24),
52) { (1a+37) ( )

X4 = —CLXl — angQ + (%a)\ — %GZ) T + F4 ($2,$3,ZC4) s
for some smooth functions F3, Fy. Replacing into the third equation of (3.1), it becomes
(3.3) 61F3 (l’l, x2, :L'4) — CLX2 + (93F4 ($2, x3, 1'4) = 0.

It is now evident that the Eq. (3.3) (and so, the whole system (3.1)) will have different
sets of solutions, depending on whether a = 0 or a # 0. In the remaining part of this
section, we shall continue assuming a = 0, while in the next one we shall solve (3.1) for

a # 0.
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Taking into account a = 0 and (3.2), system (3.1) now reduces to
O1X? + 0o Fy (9, 3,14) = 0,
O Fs3(x1,x9,4) + O3Fy (x2,23,24) = 0,
01X + 230, X2 + O4Fy (w0, 73, 24) — A = 0,
202 X2% + 22300 Fy (22,73, 24) — A = 0,
03 X2 + 09 Fs(w1, w2, v4) + 1303 Fy (32,73, 74) = 0,
0o X1 + 1300 X2 + 0, X2 + F3(x1, w9, 24) + 230, Fy (29, 73, 24) — %/\mg =0,
O3 X! + 2305 X2 + 04 F3(21, w9, 14) = 0,

[ 204X + 2230, X% + § = 0.

In the second equation of (3.4), function Fj depends on (z1,z2,z4), while Fy depends
on (x9,x3,x4). Therefore, this equation implies that there exists some smooth function
K (x2,24), such that

O F3(x1,x9,4) = —03Fy (22, 23, 24) = K(x2,24).

Integrating, we get

Fs (z1,29,24) = K (29,24) 21 + G3 (22,24) ,

Fy(zo,x3,24) = —K (v2,24) x3 + G4 (2, 24) ,
for some smooth functions G, G4. Substituting the above into system (3.4), it becomes
01X? — 2305 K (12,74) + 02Gy (T2, 74) = 0,
N X!+ 2301 X2 — 2304 K (w9, 24) + 014Gy (22, 24) — X = 0,
20, X2 — 237:2), 0K (x2,24) +22302G4 (x2,24) — A =0,
03X2 + 210K (29, 14) + %Gg (w2, x4) — 3K (v2,24) = 0,
0o X1 + 2305 X2 + 0, X? + 11K (29, 14) + G3 (29, 74) — x% 04K (22, 4)
+ 304Gy (z2,24) — % Axrg =0,
03Xt + 1305 X% + 2104K (22, 24) + 4G5 (22, 24) = 0,
201X + 22304 X% + 1 = 0.

We now integrate the first two equations in (3.5) and we get
(3.6)
{ X! = ((3:384 — w%ag)K (xg, CU4) + (37382 — 84)G4 (xg, x4) + )\) x1 + I (xg, 3, a;4) ,

X? = (230K (22, 4) — 02Gy (22, 34)) w1 + Fa (22, 23, 24)
for some smooth functions Fi, F>. Replacing into the fourth equation of (3.5), it gives

2 (82K (.CUQ, a;4)) x1 + O3 Fy (xg, xs, 334) + 0G5 (.1:2, .CU4) —x3K (xg, 334) =0.

(3.5)
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The above equation must be satisfied for any value of x;. Therefore, it yields
" K (x9,x4) = 0, that is, K (x9,z4) = H(z4), where H is a smooth function, and then
reduces to
O3 (w2, 23, 24) + 02G3 (22, 74) — 13K (22,24) = 0,
which easily yields
F2 (1'2, I3, 1‘4) = %l’g H (1’4) - 1‘382G3 (1'2, 1'4) + F5 (:UQ, 1'4) y

for a smooth function F5. Replacing into (3.5), it reduces to
¥ 7% 002G (w2, 74) — 2110%,Gy (2, T4) — 2030%,G3 (72, 74) + 22300Gy (72, 24) — A = 0,
—22103,Gy (72, 14) + O I (22,73, 74) — :v% 02,G3 (12, 74) + 1302Go (72, 14)
— 223 04H (24) — 2303,G3 (22, x4) + O4Ga (x2, x4) + 21 H (24) + G3 (32, 24)
+2304G4 (z2,24) — § Az =0,
(09G4 (w2, 24) + 204H (24)) 21 + O3F) (22, 23, 04) — 2302G3 (w2, 24) + 23 H (14)
+ 04G3 (22,24) = 0,
1120305, H (34) — 22103,G4 (T2, 24) + 204 F) (72,73, 74) + 23 ﬁH (x4)
| 223 03,G3 (w2, 74) + 22304G2 (w2, 74) + % =0.

The third equation in (3.7), holding for all values of x;, implies that
020Gy (x2,24) + 204 H (24) = 0.
Integrating, we then find
Gy (w2, 14) = —229H' (14) + Hy (74) .
The third equation in (3.7) now reduces to
O3 Fy (22,3, 24) — x302G3 (T2, 14) + m% H (z4) + 04G3 (z2,24) =0
and integrating we get
Fy (x9,x3,14) = —%x% H (xz4) + %x% 02G3 (29, 4) — x304G3 (x2,24) + Gy (T2, 24) .
Substituting the above expressions of F} and G4 into (3.7), it becomes
(3.8)( 200Ga (w9, 14) — 21305G3 (w2, 24) — 4w3H' (24) — X =0,
4z H" (24) — %x% 02,G5 (w2, 14) — 22302,G3 (72, 14) + 02G1 (72, 74)
+ 302G (z2, 24) — %x% H' (z4) + 04G2 (22, 24) + 21 H (24) + G3 (22, 24)
—2xoxsH" (x4) + x3H) (24) — % Axz3 =0,
2wia3H" (24) + dziwoH" (x4) — 221 HY (24) + § 23H] (24) — 2303,G3 (22, 24)
-2 x3824G3 (x2,x4) + 204G1 (22, 24) + 22304G2 (x2, 1) + % =0.
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Since the first equation in (3.8) must hold for all values of z3, it is equivalent to requiring
that
8%26*3 (1‘2, 1’4) +2H' (1‘4) = 20yGo (1'2, 1‘4) —A=0.

Thus, integrating we obtain
G3 (w2, 24) = —23 H' (24) + Us (24) 2 + W3 (24) ,
Gy (x2,$4) = %)\LEQ + Ho (:134) .

We then replace into (3.8) and it gives
(3.9)
411 H" (24) + %x% H' (z4) + 2xoxsH" (x4) — 223U5 (x4) + 02G1 (22, 24) + H) (24)

+ :EIH ($4) - LU% H/ ($4) + U3 (1'4) T2 + W3 (1'4) + 1"3Hz/1 (:L‘4) = 07

2aagH" (24) + 4 212o H" (24) = 200 HY (1) + 503 H' (20) +2 w35 H (34)
—Ig Ué (.734) + 21;% 1‘3HW ($4) — 2$2$3Ué’ ($4) — QxQxSWé/ (x4)

[ 204G (22, 24) + 23 H) (24) + 5 = 0.

By the same argument already used several times, collecting the terms with z; in the
second equation of (3.9), we find that necessarily

2w3H" (x4) + 4wo H" (24) — 2H] (24) = 0,

and the above equation must hold for all values of zo and z3. Henceforth, it yields
H"(x4) = Hj(x4) = 0 and integrating we get

H(zy4) = Ciaq + P, Hy(x4) = aqxy + by,

for some real constants C1, Py, aq, bs. We replace into system (3.9) and it reduces to

02G1 (1‘2, x4) — 21’3U§ (1'4) + %Cl 51332 + Hé (a;4) + Cyx124 + Pray
-4 :E22 + xoU;3 (564) + W3 (x4) + agx3 =0,

g C1a3 — Us (24) 23 — 2 (22U (24) — 2W (24) + 2H (24)) 23
+204G1 (2,24) + 5 = 0.

We wrote the last equation in (3.10) as a polynomial in x3. Since this equation must hold
for any value of x3, it yields

C1=0, Ul(xs) =0, 22U} (x4)—2W{ (z4) +2H) (z4) =0, 204Gy (22,24) + 5 =0,
which, integrating, gives
C1 =0, Us(z4) =as, Hy(zs)=Wi(zs)+bs, Gi(z2,24)=—%124+ Hi(22) = 0.
Replacing the above expressions into (3.10), it reduces to
(3.11) Hy' (z2) + Wi (24) + Py + ag z2 + W3 (24) + agz3 = 0.
From (3.11) we get at once P, = a4 = 0 and the equation becomes
Hy' (z2) + W (z4) + azz2 + W3 (z4),

(3.10)
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which, since H; and W3 only depend on x5 and x4 respectively, yields
Hi (22) = —3a3a3 + Kag + by, Wi (24) = agsin(zy) + bs cos(z4) — K,

for some real constant K. Now, all equations in (3.1) are satisfied. Replacing the functions
we found by integration into X", we explicitly get

(3.12)
X=Xz + %a31‘32 — asx3cos (x4) + byrssin (x4) — %m — %a3x22 + K x9 + bo,
X? = —asxzs + % Axo + azcos (x4) — bz sin (x4) + ba,
X3 = a3 w2 + agsin (z4) + by cos (r4) — s K\ w3,
Xt=1p
= by.

As a check, if we compute £x gg, where X = X'9; with X* described by (3.12), we find
that Lxgo is completely determined by the following possibly non-vanishing components
(L£x90)ij = Lx90(05,05),i < j:

(Lxg0)1a = (Lxg0)22 = (Lxg0)33 = A,  (Lxgo)2a = Ax3, (Lxgo)aa = —3,

which, by (2.5) and (2.7), ensures that the Ricci soliton equation (1.1) is satisfied. Writing
X = u'e; as a linear combination of left-invariant vector fields {e;} and using (2.9), we
conclude that X cannot be left-invariant, as X' + 23 X? cannot be a real constant for any
choice of A\, K, by, as, bs.

Finally, we check that the above Ricci soliton is not a gradient one, that is, there does
not exist a smooth function f(z1,x2,23,24), such that X = grad(f) = >_,; g ggif)a:j,
except in the steady case. In fact, suppose that such a function exists. Then, by (3.12),
we have

2301 f — 2302 f + Ouf = Awq + % asw3? — agws cos (w4) + b3z sin (v4) — %m
—% a3x22 + K xo + bo,

(3.13) —x301f + Oof = —asgx3 + % Axa + ascos (x4) — by sin (x4) + ba,
O3f = agxa + azsin (z4) + bz cos (z4) + %)\333 - K,

Integrating the fourth equation in (3.13), we obtain
f(z1, 29,23, 24) = ba1 + Q (22,73, 74)
for some smooth function Q). Replacing into the third equation in (3.13), it gives
33Q (z2,23,74) = 5 A3 + ag s + agsin (v4) — by cos (z4) — K

and integrating we obtain

1
Q (zo, w3, 14) = 1 A3 + (a3 x2 + agsin (xq) + by cos (xg) — K) xg + W (22, 24) ,
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where W is a smooth function. The second equation in (3.13) then reduces to
oW (x2,x4) = (by — 2a3)x3 + % A9 + azcos (zg) — bz sin (z4) + ba,
which must hold for all values of x3. Hence, by = 2a3 and integrating the above we get
W (z2,24) = % Az2 + (ag cos (x4) — basin (z4) + bg)ZL'Q + S (z4),

where S is a smooth function. Finally, replacing into the first equation in (3.13) and
writing it as a polynomial in x3, we find
a3% ac% + (—b2 + cos (z4) az — sin (z4) by — % )\:L"g) T3 — AT

(3.14) . d 1 1 2 _
— agxasin (x4) — byxo cos (x4) + 7.0 (24) =ba+ 24 +50a322° — Ky =0

for all values of x3. Therefore, as = 0 and (3.14) reduces to
(—bg —sin (x4) bg — %)\562) x3 — Ax1] — bgxa cos (z4) + d%zlS (z4) — bo + %x4 — Ky =0.

The coefficient of x3 in the above equation must vanish for all values of x5 and x4 and so,
by = b3 = 0 and A = 0, that is, the Ricci soliton is necessarily steady. The above equation
now reduces to )
Sl($4)+1$4—K$2 :O,

which must hold for all values of z2 and so, it yields K = 0 and S (z4) = —%aji + R,
where R is a real constant. All equations in (3.13) are now satisfied. Therefore, this Ricci
soliton is gradient only when A = 0. Replacing into f(x1,x2,x3,x4) we then explicitly
have X = grad(f), where

1 1
X12—1x4, X2=X3=X*=0 and f(:vl,xg,mg,:m):—gxi—l—R.

Thus, we have the following result, which proves part (a) of Theorem 1.1.

Theorem 3.1. The bi-invariant metric go is a Ricci soliton, which satisfies equation (1.1)
for any real value of A\, where X = X'0; is a smooth vector field, whose components X'
with respect to {0;} are described by (3.12). This vector field X is never left-invariant,

and the Ricci soliton is gradient only in the steady case.

The bi-invariant metric gy gives rise to an algebraic Ricci soliton only when A = 0 [21].
On the other hand, we proved that gy satisfies equation (1.1) for any value of A. As a
consequence, go also gives rise to a Yamabe soliton. In fact, for any distinct real constants
A1, A2, let us consider two smooth vector fields X,,, X,,, with components of the form
(3.12) for A = \; and A\ = Ag respectively. Since X, X, satisfy the Ricci soliton equation
(1.1), vector field Y = X, — X, then satisfies

Lygo = Lx, 90 — Lx,,90 = (M — A2)go-

Since the scalar curvature of gy vanishes and A\; — A2 # 0, Y is a nontrivial solution of the
Yamabe soliton equation (1.2). This proves Corollary 1.2.
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4. THE SOLUTIONS FOR g4, @ # 0

We now restart from (3.1) and determine solutions to the Ricci soliton equation under
the assumption that a # 0. As we already observed, equations (3.2) are valid for any
admissible value of a. Since a # 0, equation (3.3) now gives at once

X2 (33‘1, 9,3, .7}4) = % (61F3 ($1,l‘2,$4) + 63F4 (332, xr3, x4)) .

Hence, multiplying by a when needed, system (3.1) now becomes

(4.1)
( 20%11F; (21,22, 24) + a®x3 + 20 F3 (21, T2, 24) + 2a02Fy (22, 3, 24) = 0,
4@381X1 —4 a81X1 — 4:[}38%1[73 (.%‘1, x9, $4) +4 a,2$3 8%1F3 (xl, x9, 1‘4)

—4a04Fy (x2,73,74) +a* —2a®> —2a3 X\ +4a )\ =0,
48%2F3 (x1,22,24) + 48223F4 (w2, 23, 24) + 203232 + 4023 F3 (21, 72, 24)

+4a 2300 F) (12,23, 24) — a® —2Xa = 0,

033 Fy (w2, 23, 74) + aO2F3 (w1, 22, 74) — ax3 D1 F3 (21,2, 24) = 0,

4a382X1 — 4(162X1 — 41’38%2173 (:L‘l, T, 1'4) — 4:1)38%3}74 (1‘2, xr3, 1134) — 48%4F3 (fL‘l, xTo, :L'4)
— 48§4F4 (w2, 23, 74) — 3a’x3 + 2 Naxs — 4aFs (11,12, 74) + 4a2m38%2F3 (1,2, 24)

+ 4 a2x38§3F4 ($2, xs3, .SC4) —4 a282F4 (SUQ, I3, fL‘4) —4a 56364F4 (fL‘Q, xIs3, 334) = 0,

a383X1 — aagXl — $38§3F4 (562, xrs3, 1‘4) — a84F3 (1‘1, xTo, 334) + (128ng (.Tl, o, x4)

+ a?x3033Fy (v2, 23, 14) = 0,

4a384X1 — 4a84X1 — 41‘38%4}?3 (.1‘1, 9, $4) — 41‘38§4F4 (.1‘2, I3, $4) — 4&284F4 ($2, I3, ZL’4)
+4a%xs 8124F3 (71,22, 74) + 4a’x3 8§4F4 (9,23, 24) —a+2Xa% = 0.

The argument we follow is then similar to the one used in the previous Section for the case
a = 0, that is, we integrate the equations in (4.1) one by one and each time we replace
the corresponding solutions into the system. For this reason, we shall skip a few details.

Integrating the first equation of (4.1) (in which we observe that Fj depends on
(1, x9,x4) while Fy depends on (x3,x3,x4)), by a standard calculation we find

Fs(x1,x9,24) = sin(ax1) G3 (x2,x4) + cos (ax1) Hs (2, 4) — %82634(3:2, x4),

Fy (3}2, x3, .%'4) = Gy (1'2, .%'4) + Hy (1‘3, $4) — % a2x2x3,

for some smooth functions Gs, G4, H3, Hy. We now substitute the above expressions to Fj
and Fj into (4.1) and it becomes
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(4.2)

N X! —a20, X! — axs sin (ax1) Gs (w2, 24) — axs cos (ax1) Hz (x2,14)

+ a3x3sin (ax1) G3 (29, 14) + a®x3 cos (axy1) Hs (22, 74)

— %a?’ + %)\a2 + 04Gy (22, 24) + OsHy (23, 24) + %a - A=0,

2 cos (ax1) DoGs (w2, 24) — 2 sin (ax1) Do Hs (x2,24) — 3 a + 2azs sin (az1) G (x2, 24)

+ 2axs cos (axy) Hs (x2,24) — A =0,

023Hy (w3, 24) + asin (azy) 02G3 (v2, 4) + acos (ax1) O Hs (w2, 24) — 035Gy (T2, 74)

— a%x3 cos (ax1) Gs (w9, x4) + a®z3sin (axq) Hs (12, 24) = 0,

4630 XY — 4005 X' — a’x3 + 2 Xaxs + 4ax3 cos (axy) + OoG3 (w9, 74)

—4a3x3sin (r1a) OoHs (12, 24) — 4asin (axy) Gs (w2, 24) — 4acos (axy) Hs (12, 24)

+ 402Gy (22, 4) — 4axs cos (x1a) 02Gs (z2,x4) + 4 axs sin (z1a) 02 Hs (z2, T4)

+ 4 asin (axl) O4H3 (1‘2, x4) — 4 acos (axl) 04G'3 (xg, I4) —4 (‘9§4H4 (.1,‘3, x4)

—40a%02Gy (72, 24) — 4ax3 041Gy (22, 4) — 4aw3 Oy Hy (73, 24) = 0,

ad9s X1 — a0z X1 — x5 832,3H4 (r3,24) — asin (ax1) 04G3 (x2,24) — acos (axy) Oy Hs (2, x4)
+ 02,G4 (z2,4) + a3 cos (ax1) G (w2, 24) — a®sin (azy) Hs (22, 4) + a*x3 033 Hy (x3,24) = 0,
4020, X' — 400, X" — 4axscos (ax1) 04G3 (v2,24) + 4x35in (ax1) O4H3 (22, 74)

— 4:1:38§4H4 (x3,24) +4 a’xs cos (z1a) 04G3 (29, 24) — 4 a’zs sin (az1) O4Hs (22, 24)

. +4 a2x38§4H4 (w3, 24) — 4020,G 4 (22, 4) — 40204 Hy (23, 74) — a+2Xa® = 0.

The second equation in the above system (4.2) is a linear combination of functions cos(ax1),
sin(ax1) and 33(1), with coefficients independent of variable z1, that is,

2 (82G3 (xg, :c4) + axsHs (r2,14) ) cos (ax1) — 2(82H3 (x2,24) — axg G (x2,14) ) sin (az1)
3

Since this equation must hold for any value of x; (and x3), it then easily implies A = —%a
and G3 (x9,24) = Hs (x2,24) = 0. Therefore, system (4.2) reduces to
(4.3)

81X1 — a281X1 —ad + 04G4 (1‘2, .%'4) + O04Hy (1‘3, 1‘4) +2a =0,

035Gy (2, 4) — 033 Hy (w3, 24) = 0,

a382X1 — a82X1 — a2x3 — 8§4H4 (1‘3, 1‘4) — a282G4 (332, .%‘4) — axrs (94G4 (xg, .%'4)
— ax3 O4Hy (73, 24) + 02Gy (72, 24) = 0,

a383X1 — aagXl — $38§3H4 (1173, .7}4) + 8§4G4 (:L’Q, 374) + a2x3 8§3H4 (373, 1174) =0,
4a384X1 —4 a84X1 — 4$38§4H4 (.7:3, 1’4) + 4(12:L’38§4H4 (:133, 1:4)

—4a%04Gy (72, 24) — 40?0, Hy (23,24) —a — 3a® = 0.

\
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Integrating the first equation of (4.3), we find
X, = 1 T (84G4 (r2,24) + OsHy (3,24) +20a — CL3) + Fy (x9,x3,14)

a?—1
and substituting the above into system (4.3), it becomes
(4.4)
03,Gy (z2,24) — 033 Hy (23, 24) = 0,
addy F) (r2,x3,24) — a205Gy (rg,x4) — axs — ads Fy (r2,x3,24) + axq 8224G4 (z2,x4)
— ax3 04Gy (z2,14) — azx3 OsHy (x3,24) + 02Gy (w2, 24) — 03 Hy (z3,74) = 0,
a383F1 (xg, xr3, $4) + a2:c3 8§3H4 (xg, $4) + axrq 8§4H4 (.7}3, $4) — a83F1 (xQ, xr3, x4)
— x38§3H4 (.’Eg, x4) + 8§4G4 (CCQ, x4) =0,
4a304Fy (w9, 73, 24) — 303 — 4a%04Gy (w2, 24) + 4 a2x38§4ﬂ4 (x3,24)
—4a%04Hy (23, 74) — a + dax OZ4H4 (z3,24) + daxy 8246’4 (z2,24)
— 4a84F1 ({/CQ, 3, x4) — 4x38§4H4 (xg, x4) =0.

By the second equation of system (4.4) (which must hold for any value of z1), we have
02,G4 (9, 74) = 0 and integrating we obtain

G4 (w2, 24) = Us(w2) + Vi (74).

Replacing into the first equation of (4.4), it gives
6§3H4 (.1'3, $4) — Ui’ (.’L‘Q) = 0,

where Hy only depends on (z3,24) and Uy only on z9. Therefore, there exists some real
constant Hy, such that

8§3H4 (1'3,1'4) = Ui’ ({L‘Q) = Hl.
Integrating, we get

Hy (z3,24) = $Hi23® + 23 Py (v4) + Qa (z4), Us(x2) = $Hy22* 4 agza + by,

for some smooth functions Py, ()4 and real constants a4, bs. Replacing the above expres-
sions of G4, Hy and Uy, system (4.4) becomes
—a382F1 ($2, xs, 1’4) + a2w3 + a2H1 To + a4a2 + a0y Fy (.7}2, xs, x4) + ax3V4’ (.7}4)
+ ax32P4 ($4) + angﬁl (1‘4) + Pzi (ZL‘4) — Hl T9 — Q4 = 0,
(4.5) (1383F1 (:L‘Q, xrs3, 1‘4) + a2H1m3 — a63F1 (xg, I3, $4) + (Il‘lpzi ($4) — Hl Ir3 = 0,
4a304Fy (22,73, 74) — 30 — 4a%Q)y (v4) — 4a?V] (z4) + 4 az173 Py (24)
+4ar1Q) (1) — a+4dax V] (x4) — 4a0s Fy (x2,x3,24) — 423 Py (24) = 0.
In the second equation of (4.5), the only term involving z1 is az1P) (z4), and a # 0.

Henceforth, Pj(z4) = 0, that is, Py (z4) = c4, for some real constant cs4. The second
equation in (4.5) then reduces to

a(a2 — 1)83F1 (azg,xg,m) + (CL2 — 1)H1$3 = 0,




OSCILLATOR SPACETIMES ARE RICCI SOLITONS 17

which, by integration, gives
Fy (z2,33,24) = —o-Hy 23% + G (22, 74)
so that (4.5) now reduces to
a0sG1 (x2,74) — a®0eGy (v2,74) + a>Hy 29 + a®x3 + a’ay
+ axsV) (z4) + axsQ) (v4) — Hy 2 —ag =0,
204Gy (w2, w4) — 2a204G1 (w2, 34) + 5 + 2aQ) (v4) + 2aV] (z4) — 221QY (74)
+ %CLQ =2z V" (x4) = 0.

The first equation in (4.6) is determined by a polynomial in the variable z3, where the
coefficients of 3 and 29 must vanish, that is,

a? + aV) (z4) + aQly(z4) = 0,
a0 G1 (l’z, 1’4) — a382G1 (332, $4) -+ a2H1 To + a2a4 —Hiz9— a4 =0.
Taking into account that a(a? — 1) # 0 and integrating, we then get
Qi (x4) = —Vi(wa) —azg+r4, Gi(x2,34) = Hixo? + L ao+ Py (24),

for some smooth function P; and a real constant r4. Replacing the above into system (4.6),
it reduces to the only equation

3 (1—a®) +2(1 - a?)P{ (1) = 0,
which, since a? — 1 # 0, yields
Py (z4) = = @4 + 54,

for some real constant s4. All equations in (3.1) are now satisfied. We replace the functions
we found above into X* and we find

X'=1L (—4a’z1 +2Hy 29® + daszo — 2 Hy 23 — azg + 4 asy)
X? =5, (2H123 — a2+ 2¢4)
X3 = -3 (2H 23 + a’x3 + 2a4)

X1 = —2azy — ass + by + 4.

(4.7)

Computing Lxgg, where X = X'0; with X; given by (4.7), we find that Lxgo is
completely determined by the following possibly non-vanishing components (Lxgo)ij =
Lx90(0;,0;),i < j:

(Lxgo)u = —2a?, (Lxgo)i2 = —2a*z3,  (Lxgo)1a = —2a,
(Lxgo)22 = —2a*z% — a, (Lx9g0)24a = —2ax3, (£xg0)33 = —a,
(Lxgo)as = —3a® — 5.

Therefore, by (2.5) and (2.7), the Ricci soliton equation (1.1) is satisfied.
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It easily follows from equations (2.9) (4.7) that X is never left-invariant. In fact, writing
X = u'e; as a linear combination of left-invariant vector fields {e;}, we see that uy = X* =
—%au — as4 + by + r4 cannot be constant, since a # 0.

We now prove that this Ricci soliton is never a gradient one. In fact, suppose that there
exists a smooth function f(z1,x2,x3,24), such that X = grad(f). Then, (4.7) yields

aTl—l (a@lf + (a2 - 1)1’% o1f — (CL2 — 1):E3 Oaof — (94f)
= t (—4a2x1 + 2 H;y 1‘22 +4da4x9 — 2H1{E32 —axry + 4@34) ,
(4.8) —x301f + Oof = % (2 Hi x5 — a’zy + 204) ,
Osf = —i (2H1 T + a3 + 2(14) ,
7a27171 (81f — a84f) = *%CLQM — as4 + b4 —+ ry.

Integrating the third equation in (4.8), we find

f(@1, @0, 23, 34) = —gaxs? — 1 (Hizo + aq) 23 + Q(21, 22, 24),
for some smooth function ). We replace into the second equation in (4.8) and obtain
(4.9) —2301Q(x1, 2, 4) — éH1£L'3 + 2Q(x1,x2,14) = ﬁ (2 Hy x5 — a?zg + 204) .

Since (4.9) must hold for all values of x3, in particular it implies 01Q(z1, x2, x4) = —%Hl,
which, integrated, gives

2
Q(x1,22,24) = —EH1$1 + W(xa, x4).

Replacing into (4.9), it now reduces to 9oW (x2,z4) = i (—a2x2 + 204), which by inte-
gration yields

1 1
W (xe,x4) = —Zax% + S cat2 + S(x4),

for some smooth function S. Finally, replacing into the first equation of (4.8), we have

_m (2&H1 + (a® - 1)H; x% +(a® = 1) (64 _ %a2$2) 3 —i—aS’(u))
= i (—4@21‘1 +2H1£L‘22 —|—4a4x2 — 2H1$32 —ax4—|—4a34) .

The above equation is polynomial in z2 and 3, and the coefficient of wow3 is § # 0.
Therefore, the above equation cannot hold for all values of z9 and x3 and so, the Ricci
soliton cannot be gradient. The above results, which prove part (b) of Theorem 1.1, are

summarized as follows.

Theorem 4.1. The (non-isometric) left-invariant metrics gq, for any value of a € |—1,1],
a # 0, are Ricci solitons, which satisfy equation (1.1), where X = X'0; is a smooth vector
field, whose components X' with respect to {9;} are described by (4.7), and A = —3a. In
particular, this Ricci soliton is either expanding or shrinking, depending on whether a > 0
or a < 0. This vector field X is never left-invariant, and the Ricci soliton is not gradient.
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