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Abstract We construct new classes of cosmological solu-
tion to the five dimensional Einstein-Maxwell-dilaton the-
ory, that are non-stationary and almost conformally regu-
lar everywhere. The base geometry for the solutions is the
four-dimensional Bianchi type IX geometry. In the theory,
the dilaton field is coupled to the electromagnetic field and
the cosmological constant term, with two different coupling
constants. We consider all possible solutions with different
values of the coupling constants, where the cosmological
constant takes any positive, negative or zero values. In the
ansatzes for the metric, dilaton and electromagnetic fields,
we consider dependence on time and two spatial directions.
We also consider a special case of the Bianchi type IX geome-
try, in which the geometry reduces to that of Eguchi—-Hanson
type II geometry and find a more general solution to the the-
ory.

1 Introduction

One of the main aims of gravitational physics is to find the
exact solutions to the Einstein gravity in the presence of mat-
ter fields in different dimensions. The ideas of higher dimen-
sional gravity and dimensional compactification have been
explored extensively in different articles [1,2]. Moreover,
a better insight about the holography requires to construct
and understand the exact solutions to the Einstein gravity in
asymptotically de-Sitter and Anti-de-Sitter spacetimes [3].
The solutions to the Einstein theory in the background of
different matter fields such as Maxwell field, dilaton field
and NUT charges are explored in [4-6]. The relevant solu-
tions can be found in the compactification of M-theory in
generalized Freund—Rubin theory [7]. The applications and
properties of the Einstein—-Maxwell-dilaton theory can be
found in different areas such as slowly rotation black holes
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[8,9], topological charged hairy black holes [10], cosmic
censorship [11], gravitational radiation [12] and hyperscal-
ing violation [13]. Moreover, the variation of the stan-
dard Einstein—-Maxwell-dilaton theory with two extra vector
fields, where one field supports the non-trivial topology, and
the second field supports states with the finite charge den-
sity, was considered in [14]. In the context of the generalized
Einstein-Maxwell-dilaton theory, the authors found a new
class of charged black holes with hyper-scaling violating
asymptotics and non-trivial horizon topology, for arbitrary
Lifshitz exponent and a hyper-scaling violation parameter
[14].

In this article, we explore the exact solutions to the five-
dimensional Einstein-Maxwell-dilaton theory with two cou-
pling constants and a cosmological constant. We find the
exact solutions to the five-dimensional Einstein—-Maxwell-
dilaton theory where the dilaton field is coupled to both the
electromagnetic field and the cosmological constant with
two different coupling constants. We find expressions for
the Maxwell field and dilaton field. We also find the cos-
mological constant in terms of the coupling constant and
show that it can only take specific numbers. We find a rela-
tion between the coupling constants and an extra constraint
which limits the coupling constant to certain numbers. We
show that the solutions cannot be uplifted to a higher dimen-
sional Einstein gravity or Einstein-Maxwell theory with the
cosmological constant. We also find the exact solutions to
the theory for the case where the coupling constants are
equal and non-zero, and where the coupling constants are
both equal to zero. Considering the latter case, the Einstein—
Maxwell-dilaton theory reduces to the Einstein—-Maxwell
theory in the presence of the cosmological constant. We dis-
cuss the properties of the non-stationary spacetimes and show
that our exact non-trivial solutions satisfy all the field equa-
tions.

We should emphasize our exact solutions exist only
in five dimensional Einstein-Maxwell-dilaton theory with
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two coupling constants and a cosmological constant. We
consider ansatzes for the metric, the Maxwell field and
the dilaton which perfectly lead to exact solutions in
three different cases: (I) the coupling constants are dif-
ferent, (I) the coupling constants are non-zero and equal
and (III) the coupling constants are zero. We explicitly
show in Appendix A, that our ansatzes work only in five
dimensions. To find the higher dimensional solutions to
the Einstein—-Maxwell-dilaton theory, we might consider
adding other fields, such as extra vector fields to the
standard Einstein—-Maxwell-dilaton theory [14], to support
the existence of the solutions, in dimensions greater than
five.

The article is organized as follows:

In Sect. 2, we find the exact solutions to the Einstein—
Maxwell-dilaton theory based on the Bianchi type IX metric.
The dilaton field is coupled to the electromagnetic field and
the cosmological constant with two different coupling con-
stants. We consider specific ansatzes for the five-dimensional
spacetime, Maxwell field and the dilaton field. We solve
all the equations of motion and find the metric functions
for the five-dimensional spacetime. We find the c-function
for the spacetime and discuss the properties of the space-
time. Moreover, we find a relation between the coupling con-
stants.

In Sect. 3, we consider the coupling constants to be equal
to each other and find the exact solutions to the Einstein—
Maxwell-dilaton theory. We consider two different cases,
where the coupling constant are equal to each other and are
non-zero, and where the coupling constants are zero. Each
case needs a different ansatz for the metric functions.

In Sect. 4 we present a combination of the solutions based
on the four-dimensional Eguchi—-Hanson space, which is a
subspace of the Bianchi type IX geometry. We verify the
ansatzes and show that our assumptions satisfy all the equa-
tions of Einstein, Maxwell and dilaton.

In Sect. 5, we discuss the uplifting of the exact solutions
to higher dimensional theories such as Einstein gravity in a
higher dimension and Einstein—-Maxwell theory with a cos-
mological constant. We show that our solutions cannot be
found from the compactification of these theories. Moreover,
we calculate the Kretschmann invariant and discuss the sin-
gularities of the spacetime.

We end the article with concluding remarks and three
appendices. In Appendix A, we show that the exact solutions
exist only in five dimensions. In Appendix B, we present the
classification of the Bianchi spaces and show Bianchi type IX
possess the maximal symmetry between all types of Bianchi
spaces. Hence Bianchi type IX is the best space to be uplifted
to the higher dimensional Einstein—-Maxwell-dilaton theory.
In Appendix C, we present explicitly the Maxwell field equa-
tions and their solutions.
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2 Exact solutions to the Einstein—-Maxwell-dilaton
theory, based on Bianchi type IX geometry, with two
different coupling constants a and b

We consider the cosmological Einstein-Maxwell-dilaton
(EMD) theory, where the dilaton field interacts with both the
cosmological constant and the electromagnetic field, with
two different coupling constants. The action for the theory in
presence of the cosmological constant A is given in N + 1
dimensions by [15],

4
S = \/dN_Fl)C«/—g {R — ﬁ(v¢)2
_o—H(N=Dao 2 _ e4/(N—1)b¢A} ’ (1

where R represents the curvature scalar, g = det[g,,] and
F,,y is the electromagnetic field strength [16,17]. Moreover,
in Eq. (1), ¢ is the dilaton field and @ and b are two arbitrary
coupling constants.

We find the Maxwell field equations in N + 1 dimensions,
by varying the given action in Eq. (1) with respect to the
electromagnetic gauge field A, [15],

My =VV(eHN-Dabp y—0. )

By varying the action (1) with respect to the dilaton field,
we find the dilaton field equations in N + 1 dimensions as,

D=V — 264/(N—1)b¢A n 26—4/(N—1)a¢F2 —0. 3)

Moreover, varying the Einstein—-Maxwell-dilaton action
(1) with respect to the metric tensor g,,,, leads to the Einstein
field equations in N + 1 dimensions [15],

1 4 1

Euy = R;u) - EglLUR - m {VM¢VU¢ - Egﬂl"(v‘P)Z}
—dag 1 I v

—eN-l {2F/LAF3 - Eg/sz} - Eemgﬂ-vA: 0.

“

In this article, we consider the four-dimensional Bianchi type
IX geometry, as the background metric to be uplifted to
the Einstein—-Maxwell-dilaton theory. The Bianchi type IX
geometry is included in the classification of the homogeneous
spaces, which was done in 1897 by Bianchi, and later on used
in cosmology by Lifschitz, Belinski and Khalatnikov [18].
In Appendix B, we present the classification of the homoge-
neous spaces, which leads to choosing the Bianchi type IX
geometry (between all Bianchi type I, ..., IX geometries)
possessing the maximal symmetry.

Among all the different four-dimensional Bianchi type
geometries, we consider the Bianchi type IX geometry, which
not only posses the maximal symmetry (between all Bianchi
typel, ..., IX geometries), but also is a self-dual and asymp-
totically locally Euclidean space. The self-duality and max-
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imal symmetry of the Bianchi type IX, enable us to find the
exact solutions by uplifting the Bianchi type IX geometry
into the Einstein—-Maxwell-dilaton theory.

Moreover, the other reason for choosing Bianchi type IX
is that only this space (between all Bianchi type I, ..., IX
spaces) reduces exactly to the well-known spaces, such as
Taub-NUT, Eguchi—Hanson type I and type II and Atiyah—
Hitchin geometries, in some appropriate limits.

The latter spaces have been studied extensively in differ-
ent theories of the gravitational physics, including uplifting
them to the higher-dimensional extensions of gravity, such as
string cosmological model in string theory [19], loop quan-
tum cosmology [20], supergravity [21], and M-branes [22]. In
fact, the exact solutions to the Einstein—Maxwell-dilaton the-
ory have been constructed for the embedded Eguchi—-Hanson
type II geometry [23]. In this article, we even find more gen-
eral exact solutions for uplifting the Eguchi—-Hanson type II
into the Einstein—-Maxwell-dilaton theory, by using the exact
solutions for the embedded Bianchi type IX geometry and
then reducing them to the Eguchi—Hanson type II geometry.

The triaxial Bianchi type IX metric is given by [21],

dr? r? (dyr + cosOdep)?
2 — 4 ~/r 77
dsi,prx = JT0 + 1 J(r) 1 a
=
(— sin ¥d6 + cos ¥ sin d¢)?
i —4
P

n (cos Y¥rd6 + sin Y sin Od¢)>

4
-4

e

(&)

The metric function J (r) in the triaxial Bianchi type IX met-
ric (5) is,

4 4 4
T [ -

where aj, ap and a3 are three parameters. We choose these
parameters to be a; = 0, ap = 2kc and a3 = 2c, where
¢ > 01is a constant and k belongs to the interval 0 < k <
1 [21]. The periodicity for the angles 6, ¥ and ¢ are =,
4w and 27, respectively. We note the coordinate r should
be r > a3, otherwise the metric function J(r) in Eq. (6)
becomes negative and therefore the metric (5) would contain
imaginary parts. We rewrite the Bianchi type IX metric in a
more compact way in terms of the Maurer—Cartan one-forms
Oi,

The Maurer—Cartan one-forms are given by,

o1 =dy +cosBdg, (8)

0y = —sin{¥dO + cos y sinOd¢, )

03 = cos Yrdf + sinyr sinOd¢. (10)

We note that the Bianchi type IX geometry contains two
well-known spaces, namely Eguchi—Hanson type I and type
IT in some appropriate limits. Considering k = 0 in Eq. (5),
the Bianchi type IX metric reduces to the Eguchi-Hanson
type I metric, which is given by [21],

2 dr 2o { 2 w2 2}
dsgy g 0 + ) f(r)d0° + sin“ 0d¢

2

r 2
+—4f(r)(d1p + cos dg)”, (1D

where the metric function f(r) is,

16¢4
fr)=4/1- s (12)

Moreover, by choosing k = 1 in Eq. (5), the Bianchi type IX
metric reduces to the Eguchi-Hanson type II metric, which
is given by [24],
dr? r2f(r)?
+ f()
f(r)? 4

2
+%(d92 + sin?0d¢?), (13)

(dyr + cos 0dp)?

2 _
dsgp =

where f(r) is given in (12). The exact solutions to the
Einstein-Maxwell-dilaton theory based on the latter metric,
are reviewed later in Sect. 4.

To embed the four-dimensional Bianchi type IX met-
ric into the Einstein—-Maxwell-dilaton theory, N should be
greater than or equal to 4 in Eq. (1). Of course, not only
N = 4 gives the simplest theory to be explored, but also we
can not find any exact solutions, where N > 5. In fact, as
we show in Appendix A, for N = 5, we can not consistently
satisfy all the field equations, except by choosing trivial met-
ric functions. So, though we presented the action (1) for the
Einstein-Maxwell-dilaton theory in N + 1-dimensions, we
only consider N = 4 in what follows. The action for the
Einstein-Maxwell-dilaton theory in presence of the cosmo-
logical constant, can be written in five-dimensions (4 + 1
dimensions) as,

4
S = /dsx /_g{R _ g(vqb)z _ e*4/3d¢F2 _64/3b¢A},
(14)

where the dilaton field is coupled to the Maxwell field (by the
coupling constant @) and to the cosmological constant (by the
coupling constant b). In the action (14), R is the Ricci scalar,
¢ is the massless dilaton field, F},, is the electromagnetic
tensor and A represents the cosmological constant.

First, we consider the most general case, where the cou-
pling constants are @ # b and non-zero. The application

@ Springer



587 Page 4 of 17

Eur. Phys. J. C (2021) 81:587

of this case can be found in the generalized Freund—Rubin
compactification [7].

Varying the Einstein-Maxwell-dilaton action (14) with
respect to the electromagnetic gauge field A, leads to the
Maxwell field equations in five-dimensions,

My, = V(e *3F,)=0. (15)

Moreover, we find the dilaton field equation in five-dime-
nsions, by varying the action (14) with respect to the dilaton
field,

b
D = V¢ + Se O F2 — 20N o, (16)

The Einstein field equations can be found in five-dimensions,
by varying the action (14) with respect to the metric tensor

gM.V [6]9

2
gy = Ryy — gAguve4/3b¢

1 _ 4
- <F,§FM - —g,sz) e3¢ _ Vb Vg = 0.

6
(7)

‘We consider an ansatz for the five-dimensional metric as,

ds? = di* + R* () H (r. 0)dsj 1. (18)

1
H2(r,0)
In the ansatz (18), ds%. ;x represents the four-dimensional
Bianchi type IX metric given by Eq. (5), and H (r, 0) and
R(t) are two metric functions. We consider the electromag-
netic gauge field and the dilaton field in terms of the metric
functions H (r, 8) and R(t) as,

A t,r,0) =aRYHE(r, 0), (19)
o@t,r,0) = —41111 (HX(r, )RV (1)), (20)
a

where o, M, E, L and W are arbitrary constants. According
to the considered ansatz (19), the only non-zero component
of the electromagnetic gauge field is the  component, which
is a function of time and spatial coordinates » and 6. We find
the electromagnetic field strength F,,, as given by,

0 oHEE (S8 RM/H a HEE (
—aHEE (22)RM /H 0
Fuy=| —aHEE (S4)RM/H 0
0 0
0 0

Based on the considered ansatzes (18), (19) and (20), the r
component of the Maxwell field equations M" becomes,

—1 [ Qck—r)Qck+r)(4c2k2+r2)2c—r) Re+r) (4c2+r2)
Aq 8

r

4a r

x HE (r, 0) (38—7) RM (1) Ea (‘;—f) (@aW +4Ma +8a), (22)
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where ¢ and k are the constants that appear in the Bianchi
type IX metric (5). From (22), we find that the constants M
and W satisty,

M+ W =-2. (23)

In Appendix C, we show that the Maxwell’s components M %,
MYV and M?, lead to the same constraint on the constants M
and W, as in Eq. (23). Moreover, from the Einstein’s field
equation &,
OR\ (0H 2
=3 (%) (57) (LW +4a%)

AT HGL @R @4

we find the following relation between the constants L and
W?

LW +4a®> = 0. (25)

From the &9 component of Einstein equations,

erg = 4> (HE(r, 0))>E2(RM (1)) H?(r, 0)a’*RY (1)
xHL(r,0) —3L% — 6a*> = 0, (26)

and comparing it with other equations, we find the constants

M,Eandain(19)asM =2, E = —1—%,ando¢2 = a23+2'
The constants L and W in (20) are found to be L = a2
and W = —4. Therefore, Eq. (26) satisfies as ¢,y = 0. We
present the ¢ component of the Maxwell’s equation M’ in
Appendix C. Analyzing the equation, we find the solutions

for the metric function H (r, 6) as follow,

_2
H(r,0) = (jpr’cosd + j_)a+2, (27)

where j+ are two arbitrary constants. We present the
behaviour of the metric function H (r, ) with respect to the
coordinates r and 6 inFig. 1, where we set j, = 0.5, j_ = 15
anda = 1.

Through the other Einstein and Maxwell field equations,
we find the solutions for the metric function R(¢) and the
cosmological constant A, as,

HYRM/H 00

0 00

0 00

0 00

0 00
2n
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H(r. 8)

&
8

Fig. 1 The behaviour of the metric function H (r, 0) with respect to
the coordinates r and 6, where we consider the constants as j+ = 0.5,
j—=15c=1landa =1

R() = (gt + 9) 4, (28)
A= gnzaz(az -1, (29)

where n and ¥ are arbitrary constants and a is the coupling
constant. We find a relation between the coupling constants
as,

ab = =2. (30)

Moreover, according to the five-dimensional metric in
Eq. (18), we notice that the metric function H (r, €) should be
areal and positive function. Therefore, we find the following
constraint on the coupling constant a,

a+2=2n+1, (31)

where n € N. We notice that by choosing the coupling con-
stant @ = 1 and @ = +/3, the Einstein-Maxwell-dilaton
action (1) leads to the low-energy effective action for het-
erotic string theory and Kaluza—Klein reduction of five-
dimensional Einstein gravity, respectively [25].

Furnished with all the results in Eq. (18), by calculating the
Ricci scalar and the Kretschmann invariant, we find that they
diverge on the hyper-surfaces H(r,0) = 0 and R(¢) = O.
We should note that the same type of singularities exists for
the supergravity solutions (in more than four-dimensions)
[22], which can be avoided with considering more spatial
coordinates in the metric functions.

Moreover, by restricting the constants 1 and ¢ in the metric
function (28), the singularity at R(¢#) = O can be removed,

n=0, (32)

3. x 106_

c-function 2. X 10°1

1. x 10%

0 T T T T 1
0 20 40 60 80 100
t

Fig. 2 The behaviour of the c-function for the five-dimensional space-
time, where the coupling constants are not equal

¥ > 0. (33)

Considering the found relation between the coupling con-
stants (30), we rewrite the action (14) as,

S = fdsx«/—g {R - g(v¢)2 — TR e3f¢A} ,
(34

According to the action (34), as the coupling constant a
increases, the strength of the interaction between the dila-
ton field and the electromagnetic field decreases, while the
strength of the interaction between the dilaton and the cos-
mological constant increases. Moreover, based on Eq. (29),
the cosmological constant A can take negative, positive or
zero values depending on the coupling constant a. It is known
that in asymptotically AdS/dS spacetimes, the near bound-
ary or the deep events are holographically dual to the con-
formal field theory [26]. We can interpret the holography in
terms of renormalization group flows in the context of the
c-theorem in asymptotically dS spacetimes [27]. Based on
the c-theorem, the renormalization group flows the ultravio-
let for any expanding dS spacetime and to the infrared in any
contracting dS spacetime [28,29]. The c-function is given
by [6],

1

~ . (35)
G2

We plot the c-function and show its behaviour with respect to
the time coordinate, in order to infer the dS spacetime as an
expanding or contracting. We present the c-function in Fig. 2
for the five-dimensional spacetime (18), where the coupling
constanta > 1. We note that our five-dimensional spacetime
extends by time.

@ Springer
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< 3=

Fig. 3 The behaviour of the dilaton field ¢ (z, r, 6) for two different
time slices, = 1 and t = 3 (which are the lower and the upper surface,
respectively), as a function of the coordinates r and 6. We consider
specific values for the set the constants j; = 0.5, j— = 15,a =1,
n=1land v =2

It is noteworthy that our solutions to the FEinstein—
Maxwell-dilaton theory based on the four-dimensional Bia-
nchi type IX metric, are completely independent of the con-
stant k (which appears in the Bianchi type IX geometry and
belongs to the interval 0 < k < 1). Moreover, we present the
behaviour of the dilaton field with respect to the coordinates
r and 0 for two different time slices in Fig. 3.

According to our solutions, we show the components of
the electric field in Figs. 4 and 5, with respect to the coordi-
nates r and 6.

3 Exact solutions to the Einstein—-Maxwell-dilaton
based on the Bianchi type IX geometry with equal
coupling constants a and b

We find and analyze the exact solutions to the five-dimen-
sional Einstein-Maxwell-dilaton theory based on the four-
dimensional Bianchi type IX geometry. In this section, we
consider the coupling constants a and b to be equal to each
other. For this case, a new set of ansatzes for the five-
dimensional metric, the electromagnetic field and the dilaton
field is needed, as the considered ansatzes (18)—(20) leads to
the following constraint on the coupling constants ab = —2,
which cannot be satisfied for a = b. First, we consider the
case where the coupling constants are equal to each other and
non-zero, and then, we consider the case where the coupling
constants are both zero. The second case leads to the solu-
tions for the Einstein—-Maxwell theory in the presence of the
cosmological constant.

@ Springer
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Fig. 4 The behaviour of the r-component of the electric field fort = 1,
as a function of the coordinates r and 6, where we set j; = 0.5,
j—o=15a=1n=1,9=2,c=1

Fig. 5 The 6-component of the electric field for = 1, as a function
of the coordinates r and 6, where we set the constants as j4 = 0.5,
jo=15a=1,n=1,9=2,c=1

3.1 Exact solutions where the non-zero coupling constants
are equal

We consider the following ansatzes for the five-dimensional
metric, the electromagnetic field and the dilaton field as,

ds? = di* + R*()H(t,r,0)ds% 1y, (36)

_ 1
H2(t,r,0)
A(t,1,0) =aRM()HE (1, 1,0), (37)
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b, r,0) = —% In(H ¢, r, )RV (1)), (38)

where dsé ;x is the Bianchi type IX geometry given in (5)
and M, E, L and W are constants. In these new set of ansatzes,
the metric function H (z, r, 6) depends on time coordinate, as
well as the spatial coordinates r and 6. We find the constants
M and E through the Einstein and Maxwell field equations,
asM = —a? and E = —Ta2 — 1. Moreover, the constants
L and W in dilaton field are found to be L = ¢ and W =
24?. By analyzing the &,, component of the Einstein field
equations, we find the solutions to the metric function R(¢),
as given by,

R(t) = (et + )1/ (39)

In Eq. (39), € and p are arbitrary constants. Solving the other
Einstein equations, we find the metric function H (¢, r, 0) as,

H(t,r,0)= (R“2+2(t) + G(r, 9))ﬁR_2(t), (40)

where R(¢) is given by Eq. (39) and the metric function
G (r, 0) has the following form,

G(r,0) = gyricos +g_, (41)

In Eq. (41), g+ and g_ are arbitrary constants. Moreover, we
find the cosmological constant A as,

_ 3ef(4—ad)

A
2a4

. (42)

According to the Eq. (42), the cosmological constant can
take positive, negative or zero values based on the coupling
constant a. We verify that all the components of the Ein-
stein, Maxwell and dilaton field equations, satisfy with our
solutions (39)—(42). The behaviour of the metric function
H(t,r,0) as a function of coordinates r and 6 is shown in
Fig. 6. In this figure, we set the constants as € = 1, u = 2,
g+=05¢g_=15anda = 1.

We present the changes of the c-function with respect
to the time coordinate, in Fig. 7, where we considered the
cosmological constant to be positive. We infer that the five-
dimensional spacetime (36) expands in time for # = constant
slices. We note that the cosmological constant (42) and the
dilaton field (38) diverge when the coupling constants a and
b are equal to zero. Therefore, we need another way to find
the exact solutions to the Einstein—-Maxwell-dilaton theory,
where the two coupling constants are equal to zero. Figure 8
indicates the behaviour of the dilaton field ¢ (¢, r, 6) for two
different time slices. Moreover, we show the behaviour of
the r and 6 components of the electric field in Figs. 9 and 10,
respectively.

H(tr.8)

n
3 n

T 1 3

8

Fig. 6 The behaviour of the metric function H (z, r, ) with respect
to the coordinates r and 6, where we consider specific values for the
constants€ = 1, u =2,¢4+ =05, g_ =15anda =1

700004

600004

500004

40000
c-function

300004

20000

10000+

0 20 40 60 80 100
t

Fig. 7 The behaviour of the c-function for the five-dimensional space-
time, where the coupling constants are equal to each other

3.2 Exact solutions where the coupling constant are equal
to zero

By considering the coupling constants a and b to be equal
to zero, the dilaton field in the action (14) would decouple
from the Einstein—-Maxwell-dilaton theory, and the theory
reduces to the Einstein—-Maxwell theory with a cosmological
constant. As we noted, since the dilaton field (38) and the
cosmological constant (42) diverge in the limit of a — 0, the
exact solutions to the theory, for this case, cannot be obtained
as a limit of the previous case, where a = b # 0. Therefore,

@ Springer
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g &
g Ix383% 4 8
= 4 8

c 3=

Fig. 8 The dilaton field ¢ (¢, r, 0) for two different time slices t = 1
and ¢t = 2 (upper and lower hypersurfaces respectively), where we set
the constants g4 = 0.5, g_ =15,a=1l,e=1land u =2

an & L
7n3n—5n 8"’8
g Tn3%
g 48

o lu|‘.:l

Fig. 9 The behaviour of the r-component of the electric field with
respect to the coordinates r and 0, for t = 1. We consider the constants
asgy =05,g-=15a=1le=1Lpu=2,c=1

we consider an ansatz for the electromagnetic gauge field as,

Ai(t, 1, 0) = (43)

H(,r,0)

where « is an arbitrary constant. We also consider the same
ansatz for the five-dimensional metric as in Eq. (36).

Through the Einstein field equations, we find the metric
function R(t), is given by,

R(t) = ve? R0t (44)

where y = +1, R(% = A/6 and v is a constant. Also, from
the €¢;; component of the Einstein equation, the constant «
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Fig. 10 The behaviour of the 6-component of the electric field with
respect to the coordinates r and 8, where t = 1. We consider specific
values for the constants g, = 0.5, g- = 15,a=1,e =1, u =2,
c=1

in the electromagnetic ansatz is found to be « = (3/ 2)1/2.

Moreover, we find the metric function H (¢, r, 6),

N
H(t,r,0) = 1+ (frcosd + f)e 25 (45)

In Eq. (45), f+ are arbitrary constants. We verify explicitly
that all the other Einstein and Maxwell equations are satisfied.

We represent the behaviour of the metric function H (¢, r, 6)
in Figs. 11 and 12, with respect to the coordinates r and 6,
where we set the constants y = +1 and y = —1, respec-
tively. According to the figures, the metric function decreases
monotonically with time where y = +1, and increases
monotonically where y = —1.

By presenting the c-function in Fig. 13 for two different
values of y = 41 and y = —1, we notice that the r =
constant slices of the spacetime are expanding where y =
—1, and contracting where y = +1. The behaviour of the r
and 6 components of the electric field, is presented in Figs. 14
and 15, respectively.

4 More general solutions for the
Einstein—-Maxwell-dilaton theory based on
Eguchi-Hanson type II geometry

The exact solutions to the Einstein—-Maxwell-dilaton theory
(14) based on the four-dimensional Eguchi—-Hanson type II
geometry are well-know [23]. The Eguchi-Hanson type 11
geometry is an important subspace of the Bianchi type IX
geometry. Hence, we present a more general class of solu-
tions to the Einstein-Maxwell-dilaton theory based on this
geometry, for three different cases, where the coupling con-
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H(1,r,8)
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Fig. 11 The metric function H (t, r, 6) as a function of the spatial coor-
dinates r and 6 for two different time slices t = 1 and # = 2 (upper and
lower surfaces, respectively), where we consider specific values for the
constants fy = 0.5, f- = 15 and A = 2 and we consider y = +1

stants a and b are non-zero and not equal to each other, where
a =>b # 0and wherea = b = 0.

4.1 More general solutions where the coupling constants
are not equal

We consider an ansatz for the five-dimensional spacetime as
[23,30],

35001
3400
3300+
3200
c-function 3100
3000
2900 1
2800 1

27001

2600 1
0 0.02 0.04 0.06 0.08 0.10

Fig. 13 The c-functions with y = +1 (left) and y = —1 (right)

(3]
=

lIII?IIIl?llll?ll[l?llll?ll

H(t,,8) 19

=

2

L
8

L
4

Fig. 12 The behaviour of the metric function H(z, r, 0) as a function
of the coordinatesr and 6 for two different time slices t = 1 and r = 2
(lower and upper surfaces, respectively), where y = —1 and we set the
constants as fy = 0.5, f- =15and A =2

ds? = — dt* + R*(t)Hppu (r, 0)dssy 1, (46)

H:,(r,0)

where d s% 11 Tepresents the Eguchi-Hanson type I geome-
try (given in Eq. (13)). We consider the same ansatzes for the
electromagnetic gauge field and the dilaton field, as given in
Eqgs. (19) and (20), respectively. The solutions for the metric
function Hg g (r, 0) is given by [23],

8+ n 8- 2+aZ
r2+h2cos® 1?2 —h%cosf ’
47

Hpy(r,0) = (1 +

50007

4800

4600

44001
c-function

4200

40001

3800

3600+
0 0.02 0.04  0.06 0.08  0.10
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r
8

i
4

Fig. 14 The behaviour of the r-component of electric field with respect
to r and 6 coordinates for + = 1. The constants are set as fy = 0.5,
f-=15A=2,v=3andc=1

n T
3 8

Fig. 15 The behaviour of the -component of electric field with respect
to r and 6 coordinates for + = 1. The constants are set as f = 0.5,
f-=15A=2,v=3andc=1

where g4 and g_ are arbitrary constants. We note that the
solution (47) for the metric function, is not a solution for the
Einstein-Maxwell-dilaton theory based on the Bianchi type
IX space, unless the constant k in the Bianchi metric (5) is
equal to one. It is worth noting that as the field equations
are nonlinear, the linear summation of (27) and (47), is not a
solution to the theory.

We find a general solution to the Einstein—Maxwell-
dilaton theory, where the dilaton field is coupled to both the
electromagnetic field and the cosmological constant, based

@ Springer

on the four-dimensional Eguchi—Hanson type Il space, which
is given by the metric function as,

2

8+ 8— 2+a?
2 +4c2cos® 12 —4c2cosd ’
(48)

Hep(r,0)= (j+r2 cosf + j_ +

where a is the coupling constant and g+, j+ and c are arbitrary
constants. The metric function R(7) and the cosmological
constant are still given by (28) and (29). Moreover, we get
the same constraint on the coupling constant a and b, as given
by Eq. (30).

4.2 More general solutions where the non-zero coupling
constants are equal

We consider the following ansatz for the five-dimensional
metric,

ds? = dt* + R* (O Hep(t,r,0)dsty 1),

H2,(t,r,0)

(49)

where the two coupling constants are non-zero and equal to

each other. We consider the same ansatzes for the electro-

magnetic field and the dilaton field, as in Eqgs. (37) and (38),
respectively.

The metric function Hg g (¢, r, 0) is found in [23], and is
given by,

2
Hen(t,r,0) = (ROF2(0) + K (r, 0) @2 R2(1), (50)
where the function R(t) is given by,
R(t) = (et + )"/, (51)

and the function K (r, 0) is,

k. k_

K@, 60)=1 .
(r, 9) +r2+h20059+r2—h20059

(52)

In Egs. (51) and (52), €, i and k4 are arbitrary constants
[23]. We note that the linear summation of (40) and (50) is
not a general solution to the theory.

We find a combined solution for the metric function
for the Einstein—-Maxwell-dilaton theory, based on the four-
dimensional Eguchi—Hanson type Il geometry, as given by,

2
H(t,r.0) = (R (f))a2+2 + K (r,0) + G(r, 9)) e

1
(R (1))* (
(53)

where G(r,0) is given in Eq. (41). We also find that the
cosmological constant, is still given by Eq. (42), which can
take positive, negative or zero values, based on the coupling
constant.
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4.3 More general solutions where the coupling constants
are zero

We consider ansatzes for the five-dimensional metric and the
electromagnetic field as in (49) and (43), respectively. The
metric functions Hg gy (t, r, 0) is found to be as [23],

—yY/O6AL
3

ay + a—
X 9
r24+4c2cos®  r?2 —4c2cosb
54

Hpp(t,r,0) =1+exp <

where a. are two constants and ¥ = £1. The metric function
R(¢) is given the same as (44). We find a general solution for
the Einstein—-Maxwell-dilaton theory based on the Eguchi—
Hanson type II space, given by the metric function H(z, r, 6)

as,
—Y~/6AL
3

a4 + a—
X
r24+4c2cos®  r2 —4c?cosh

H(t,r,0) = l—|—exp(

+ jyrlcosd + j,} ,(55)

where j; and j_ are constants. It is worth noting that by
choosing y = +1, the metric function H(¢, r, 8) decreases
monotonically in time, while choosing y = —1 makes the
metric function H(z, r, #) increases monotonically in time.

5 Uplifting to higher dimensions

In this section, we study three different uplifting process
for the solutions to the five-dimensional Einstein—Maxwell-
dilaton theory.

First, we consider the uplifting of the solutions to higher
than five-dimensional theories, for the case where the cou-
pling constants are not equal. Uplifting the solutions of
the five-dimensional Einstein-Maxwell-dilaton theory to the
Einstein-Maxwell theory in higher than five dimensions
(5 + D dimensions) is possible only if D satisfies the fol-
lowing equation [4,23,31],

3a?

1—a

D =

5 (56)
Moreover, the uplifting is only possible if the coupling con-
stants a and b are equal. The latter condition violates the con-
strain that we found for the coupling constants (30). There-
fore, the solutions to the Einstein-Maxwell-dilaton theory
cannot be uplifted to higher than five-dimensional Einstein—
Maxwell theory.

The other uplifting process is to uplift the solutions to
the five-dimensional Einstein—-Maxwell-dilaton theory to the

solutions of the six-dimensional Einstein gravity in the pres-
ence of the cosmological constant. In order to uplift the solu-
tions in this case, the coupling constants have to be a = £2
and b = :I:% [32]. Hence, the coupling constants satisfy
ab = 1, which is in contrast to the Eq. (30).

We conclude that the solutions to the Einstein—Maxwell-
dilaton theory where the coupling constants are not equal,
cannot be uplifted to those of the Einstein—Maxwell theory
or the Einstein gravity in higher dimensions.

We analyze another approach for the uplifting process,
based on the reference [31]. We consider the action for the
Einstein gravity in presence of a cosmological constant A p
in D-dimensions as [23],

1
_ D — -
Sp —/d x+/—g(R 3G+

where D = p + ¢ + 1 and By, is a ¢ + 1-potential.
Moreover, in Eq. (57), R represents the Ricci scalar for the
D-dimensional spacetime and F, 2] is given as,

Flg+21 = dBig+1s (58)

Flia +2AD).  (57)

where F;42] is a ¢ + 2-field strength form and dBj, 1 is
the exterior derivation of the By, 1) potential.

We consider the dimensional reduction from D-dimensions
to p + 1-dimensions on an internal curved g-dimensional
space, where we show the line element of the internal g-
dimensional space by d IC? [23]. By considering the following
ansatzes for the D-dimensional metric and the g 4 1-potential

Big+11,

, ’ 2
ds3 = e ds12,+1 + e (5<p—1> ‘3>sz, (59)
Big+11 = Ay A diKy. (60)

We consider the Einstein-Maxwell-dilaton theory in p + 1
dimensions with a potential as [23],

1 1, :
Spi1 = /d!’+1x (R’ - 5(Vqs’)z - ZW Fy +2Ape?
2 /
+2A e 51 ) . 61)

In Eq. (61), R’ represents the Ricci scalar for the p + 1-
dimensional spacetime and A’ = R”/2, where R” is the
Ricci scalar of the internal space. In action (61), 6 and y
are the dilaton coupling constants, which have the following

relations [31],
1/2
5= ( 24 ) , (62)
(p—Dp+qg-—1
y =02 —p). (63)

By comparing the action in Egs. (61) and (14) and redefining
the dilaton field and considering the following relations for
the coupling constants, we note that our solutions for the
five-dimensional metric, electromagnetic field and dilaton

@ Springer
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field can be uplifted to a higher dimensional theory in the
absence of the cosmological constant Ap = 0,

.2
b =2\@¢, (64)
5= _§\/§_1 , (65)
N2(p—1p
2 [3

By considering the constraint that we found on the coupling
constants ab = —2, we find that p = 4. Moreover, for having
the exact same action as (14), we consider,

A = 24.dt, (67)
2N = —A. (68)

Therefore, we can uplift our solutions to a higher dimensional
theory without a cosmological constant.

Now we study the uplifting of the solutions to the
five-dimensional Einstein—-Maxwell-dilaton theory to higher
than five-dimensional theories, where the non-zero coupling
constants are equal.The solutions to the five-dimensional
Einstein-Maxwell-dilaton theory to higher (5 + D) dimen-
sional Einstein—-Maxwell theory with a cosmological con-
stant, is possible only if Eq. (56) holds. In order to have
D > 1, we find the coupling constant a satisfies,

1
§§a<l. (69)

The range of coupling constant a as given by (69), is in con-
trast to the condition (31) for the coupling constant. There-
fore, the uplifting of solutions to the Einstein—-Maxwell-
dilaton theory to a higher dimensional Einstein—-Maxwell
theory with a cosmological constant is not possible.

6 Conclusions

We found a class of exact solutions to the five-dimensional
Einstein-Maxwell-dilaton theory based on the Bianchi type
IX geometry, where the dilaton field is coupled to both the
electromagnetic field and the cosmological constant, with
two different coupling constants. We considered ansatzes for
the five-dimensional metric, electromagnetic field and the
dilaton field. We solved all the field equations and deter-
mined the metric functions. Through the field equations, we
found a relation between the coupling constants. Moreover,
we obtained an extra constraint on the coupling constant,
which indicates that it only takes some specific values. By
calculating the cosmological constant, we noted that it can
be positive, zero or negative. We studied the c-function for
the five-dimensional metric. By calculating the Kretschmann
invariant, we discussed the singularities of the spacetime.

@ Springer

Moreover, we showed that the solutions cannot be uplifted
to a higher dimensional Einstein gravity or a higher dimen-
sional Einstein-Maxwell theory in the presence of a cosmo-
logical constant. We also found another class of the exact
solutions to the Einstein-Maxwell-dilaton theory where the
coupling constants are equal. We then considered the limit
where both the coupling constants are zero and found a new
class of exact solutions to the theory. Based on the differ-
ent classes of the exact solutions, we found a more gen-
eral class of solutions to the Einstein—-Maxwell-dilaton the-
ory on the transverse Eguchi—Hanson type II geometry. We
also mention that the class of exact solutions, in this arti-
cle, is unique and exists only in five dimensional Einstein—
Maxwell-dilaton theory. Extending the solutions to six and
higher dimensions (N > 5), by including an Euclidean space
to the existing Bianchi type IX geometry (such as Eq. (A1)
in N = 5) lead to trivial solutions for the metric functions
H (r,0) and R(¢). One remedy to find the higher dimensional
solutions to the Einstein—-Maxwell-dilaton theory might be
considering additional fields, such as extra vector fields to the
standard Einstein—-Maxwell-dilaton theory [14]. The added
fields may support the existence of the solutions, in dimen-
sions greater than five.

We conclude with the observation that the well-known
holography between the rotating black holes and the confor-
mal field theories (CFTs) enjoys the independence of the cen-
tral charges of the CFT on the non-gravitational matter fields
[33,34]. In this article, we found some exact solutions to the
five-dimensional gravity coupled to non-gravitational fields.
Using the Janis—Newman algorithm, we can find the rotat-
ing versions of the exact solutions, presented in the article.
The rotating solutions provide a treasure trove of solutions,
including black holes, where we can find and study their holo-
graphic dual CFTs. Moreover, we can test the independence
of the central charges of the CFT on the non-gravitational
fields, for a broader class of gravitational theories. One other
interesting line of research is to seek the possible hidden
symmetry in the solutions space of a probe field, in the back-
ground of rotating versions of the exact solutions, presented
in the article. These symmetries, in general, lead to finding the
possible dual hidden CFT to the black holes [35]. Moreover
extending the dual hidden CFT by introducing a deformation
parameter in the radial equation of the probe field, as well as
finding the different pictures for the dual hidden CFT [36],
are some of other applications of the rotating versions of the
exact solutions, presented in the article. We leave studying
the rotating versions of the exact solutions and their above-
mentioned applications in holography for a future article.
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Appendix A: The Einstein—-Maxwell-dilaton theory in six
and higher dimensions (N > 5)

In this appendix, we first consider the Einstein—-Maxwell-
dilaton theory (1) in six dimensions, where N = 5. We con-
sider an ansatz for the six-dimensional metric as,

ds? = dr* + R*(1)H (r, 0)(ds3 ;4 + dy?). (A1)

1

" H2(r,0)
In the ansatz (Al), dsé 1x represents the four-dimensional
Bianchi type IX metric given by Eq. (5), and H (r, 8) and
R(t) are two metric functions, and y is the sixth coordinate.

We consider the electromagnetic gauge field and the dila-
ton field in terms of the metric functions H(r, ) and R(t)
as,

Ai(t, 1, 0) = agRMs (1) HES (1, 0), (A2)

o@t,r,0) = —é In (HL(r, 0)RYe (1)), (A3)

where ag, Mg, E¢, Le and Wg are arbitrary constants. Accord-
ing to the considered ansatz (A2), the only non-zero compo-
nent of the electromagnetic gauge field is the # component,
which is a function of time and spatial coordinates » and 6.
We find all the field Egs. (2)—-(4), where N = 5. We get the
following non-zero Einstein equations,

c*sin () cos (¥) sin (0) 3 (5 H (r.0)) (k* — 1)

0= 0 TH (r.0) (256 K¢S — 16KActrt — 16c4rt 4 %) (A4)
L zpctsin(P) cos (9) S H (1, 6)

VT T (r.0) (1664 — ) (16c%K4 — %) (AS)

where,

2(r, ¥) = 16(cos® ¥)c* (k® — 1)r* + 16(sin® v)c* (kB — 1r?
+256 k8¢ — 16 74 (k3 — 1)¢*
—2(cos? ¥)(k* — Dr® — 2 sin? Y)(k* — D)r®

—256 k43 + P8kt — 1). (A6)

Equations (A4) and (A5) imply that H(r, 0) = h(r). Plug-
ging the latter equation for the metric function in the other
Einstein equations €,;, €/, € and €44, yields,

h(r)y =ho, R@) =Ry, A=0, (A7)

where hog and R( are constants. So, we can not find any
non-trivial metric function H(r, 0) for the six-dimensional
Einstein-Maxwell-dilaton theory. Comparing the Einstein
equations for N = 4 and N = 5, we find the interesting
point that, in the former theory the above-mentioned Ein-
stein equations €, and €y are identically zero, while in the
latter theory, they are not zero, where ultimately lead to trivial
metric functions.

Moreover, in general, we consider the Einstein—-Maxwell-
dilaton theory (1) in equal or higher than six dimensions,
where N > 5. We consider an ansatz for the metric as,

1 2
———dt
H(r,0)

+R2()H(r, 0)(ds% 1 +dsE,.),

dslzv =
(A8)

where ds%u .. 1s the (N — 4)-dimensional Euclidean metric,
with the coordinates (yq, ..., yy—4). A similar analysis of
the field equations shows that the metric functions H (r, 0)
and R(?) can be only trivial, to satisfy all the field equations.
We also mention to find the higher dimensional solutions
to the Einstein—Maxwell-dilaton theory, we might consider
adding other fields, such as extra vector fields to the stan-
dard Einstein-Maxwell-dilaton theory [14], to support the
existence of the solutions, in dimensions greater than five.

Appendix B: The Bianchi classification of the homoge-
neous spaces

In this appendix, following Bianchi’s procedure, we represent
the classification of the homogeneous Bianchi type spaces.
We start with the group of transformations:

xt — x™" =TH(x, ©), (B1)

where the set of {¢%|a € 1,...,r} are r independent vari-
ables that parameterize the group. We consider an infinitesi-
mal transformation:

X = = TH(x, g+ 80) ~ xP + £ (08¢ = (1 + 8¢%)x™,
(B2)

where o corresponds to the identical transformation,
TH"(x, to) = x". In Eq. (B2) we consider [37]:

(2?) (x, 20) = £ ().

(B3)

We define the r first order differential operators {&,} in
Eq. (B2) in correspondence with the r vectorial fields with
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components {£'} with the relation & = &' 72, which are
the killing generating vectors. The Lie algebra that applies to
the killing vectors in the commutation relation form is given
by:

[6a. 6p] = Cypée, (B4)

where C;, is the structure constant. By extending this for-
malism, we introduce the basis {ey} for the Lie algebra with
the commutation relation as:
leq, e,B] = Cgﬂeys (B5)
and define the symmetric quantity as yyg = Vgo = cl. ng.
The relation in Eq. (B5) defines a group of transformation
(non-Abelian) which represents the spatially homogeneous
part of the spacetime. The metric tensor can be defined with
respect to the bases {ey} as:

8up = eqeg, (B6)

where {«, B € {0, 1, 2, 3}}. Each class of the equivalence Lie
group needs to be indicated by only one representative group.
We show the tetradic basis of the four linearly independent
vectors on each point as eé )y where a € {1, ..., 4} indicates
the tetradic and i represents the tensorial part. These bases
satisfy the orthogonality condition:

(B7)

Moreover, the metric tensor in terms of the tetradic bases
is gij = e(u)ie,((a) = n(ab)el-(a)elib). Hence, the line element
becomes [37]:
ds® = nap(e!dx’) (e dxb). (BS)
It is worth noting that dx® = ei(a)dxi are not exact differ-
entials of functions of the coordinates in general. The next
step is to find the structure constants in a way that the met-
ric becomes invariant under the homogeneity constraint. The
Lie algebra in the tetradic bases is:

lea, er] = Cypec. (B9)

In order to have an invariant line element y,g under the trans-
formation of its group of motion, y,g must be the same under
the homogeneity constraint. We write the spatial part of the
line element as:

di* = nap(ePdx™) (P dx"), (B10)

which makes y,,, to be y,, = nabe,(f) e,(,b). Equation (B10)
also implies that e,(f)dx“ is invariant under such a transfor-
mation. Hence [38]:

el(f)(x)dx“ = egl)(x’)dx’“. (B11)

@ Springer

A system of differential equations for determining x” (x) can
be obtained from (B11) as:

3x/v ,
o = el (x )eld (x). (B12)
The Eq. (B12) is integrable if:
a2x/v azx/l)
(B13)

axhax?  oxVoxk’

which is called the Schwartz’s condition [39]. Substituting
(B12) in (B13) we find:

e;b)(X)eg)(X) (8e(ua)(X/)e?b>(x’) (D , (x’))

eya)(x/) 9x/o - 9x/o )
. Be;,a)(x) B Be/(f)(x) (B14)
o axH oxY '

After using the properties of the tetradic base and some
algebra, we force both sides of the Eq. (B14) to be equal to
each other and equal to the same constant:

(c) ()
dey, dey ©oy ¢
( ax’  oxk ) e = Cap: (B13)
where C¢, is the structure constant. The uniformity condition
is obtained by multiplying (B15) by e{c) [37]:

de’, de’
" ) v @ _ e v
@ axn €(a) o Cabe(c). (B16)

By defining a linear operator as X, = eéﬁl)a)%, we rewrite
the Eq. (B16):
(X4, Xp] = Cyp X, (B17)

where the commutation [X,, Xp] implies [X,, X;] =
XoXp — XpX,. We use the Jacobi identity to express the
homogeneity:
[[Xa, Xpl, Xe] + [Xp, Xcl, Xal + [[Xe, Xal, Xp] = 0.
(B18)
We can write Eq. (B18) in terms of the structure constants:
(CapCéty + CpeCoip + CeaCip)Xa = 0, (B19)

where the two index structure constant is defined as the dual
of C¢, as follow:
CE, = €apeC° (B20)

In Eq. (B20) € is the Levi-Civita pseudo tensor and Eq. (B18)
can be written as:

€apeCClCh = 0. (B21)
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This mathematical tools and their relations enable us to clas-
sify the non-equivalent homogeneous spaces by using non-
equivalent combinations of the constants C ab 138],

[X1, X2] = —aX; +n3X3, (B22)
[X2, X3] = n1 X1, (B23)
[X3, X1] = naXo +aXs. (B24)

The constants (n1,ny,n3) and a in Egs. (B22)-(B24)
are related to the structure constants. Non-equivalent struc-
ture constants that lead to the non-equivalent homogeneous
spaces is classified in Bianchi classification as follow [38]:

Type I: a = 0 and (n1, n2, n3) = (0, 0, 0),

Type II: @ = 0 and (n1, np, n3) = (1,0, 0),

Type lIl: @ = 1 and (n1, na, n3) = (0, 1, —1),

Type IV:a = 1 and (n1, nz, n3) = (0,0, 1),

Type Via = 1 and (n1, na, n3) = (0,0, 0),

Type VI: a = 0 and (n1, n2, n3) = (1, —1,0),

Type VII: @ = 0 and (n1, n2, n3) = (1, 1, 0),

Type VIII: @ = 0 and (n1, na, n3) = (1, 1, —1),

Type IX: a =0 and (n1, na, n3) = (1, 1, 1).

Each type of the Bianchi spaces has its own properties and
applications in different theories. Among all of these Bianchi
type spaces, we focus on the Bianchi type IX geometry, as it
is the most symmetric space (due to (n1, no, n3) = (1, 1, 1)),
between all different types of the Bianchi geometry.

The Bianchi type IX geometry has essential properties
and has been used in different areas of gravitational physics.
This metric can be written with an SO (3) or SU (2) isometry
group as [21]:

dsh 1y = AT D2 4 2h00 62 4 2802 4 2 +HRI+8M) g2,
(B25)

In Eq. (B25), o;’s are a basis of SO(3) one-forms which
satisfy do; = %ei ko joi [40]. Self-duality of the curvature
gives first order differential equations for f (1), 2 (n) and g(n)
[21]:

d
2d—f = 48 — e — 20", (B26)
n
dh
2d— =% 4 2 — P —2p,ef 8, (B27)
n
d
2d—g — 2 o 28 e, (B28)
n

In Eqgs. (B26)-(B28), the constants {A;|i € 1,2, 3} satisfy
the relation A;A; = €Ak, which leads to five different
choices for the set (A1,A2,A3) [22]. By choosing the constants
as (A1, A2, A3) = (0,0, 0), the Egs. (B26)—(B28) become:

2ﬂ =t e

) B29
dn (B29)

dh
25— =28 4 Pt (B30)
dn
d
228 _ 2 4 2 g2, (B31)
dn
which can be solved exactly and yield [21]:
1 en(c2n, k2)dn(c?n, k?)
=—In(c? , B32
fon) =3 (c pYEED (B32)
1 en(c?n, k%)
h(n) = =In(c? , B33
=3 n<c dn(c27, K2)sn(—c21, k2) (B33)
1 dn(c?n, k?)
= —In(¢? , B34
s =3 “(C en(c2n, K)sn(—c2n, K2) (B39

in terms of the standard Jacobi elliptic functions sn, cn and
dn [41]. By changing the coordinate 1 to r = W,
the triaxial Bianchi type IX metric can be written as [21]:

2 d}”2
ds, prx = RN
" T
2 2 2 2
r o (o2 (o2
+—J ()2 L+ 2 4+ 3|, (B3
4 -4 1% 14
A P A
where
T = (1 a\(i_a) (% (B36)
r) = - — - — e I
1’4 r4 r4

In Eq. (B36), a;’s are three constant parameters.

Appendix C: The explicit expressions for the Maxwell
field equations where N = 4

The Maxwell field equations M ? MY and M? are given as,

—64 8 — 16ct(k* + 1)r* + 256¢8k4
M? = rz\/r i +8)r +200 cos ¥ sin ¥
a r
OH aR
xctaHEE (¥> RrRM (W) (4aW + 4Ma + 8a), (C1)
—16 8 — 16c*(k* + 1)r* 4 256c8k+
MY = rz\/r c( +8)r 20 cos ¥ sin ¢
a r
oH OR
x c*cosba HEE (£> RM (W) x (aW + Ma + 2a)(k* — 1),
(C2)
and
—1
MY = — [(~165in? yc*k* — 16cos? yc* + 1) (@W + Ma + 2a)
o
9H dR
xaHPE(=— |RM (= )]|. (C3)
96 dt

The Egs. (C1)—(C3) lead to the same relation for the constants
Wand M,as W + M = —2.
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The Maxwell field equation M’ gives a partial differential
equation for the metric function H (r, 6), and is given by,

1 OH
M' = —(EaRMHE(=1024sin60H | — | ’k%a
4a or

. IH\? 54 2
+1024r sin 0 s c’k™a — 256 cos” r cos 6

r

oH aH\?
x| — ) c*k* 3 Ha — 64r°sing [ — ) c*k*a
20 ar

9H \?
—256cos? psi (ﬁ) c*sinfria — 64E

aH\? aH
x [ —) sin0c*r’a —64r*sinoH [ — ) c*a
or or

9H \? 9H \?
—36a | — | sinOc*r’L +256cos’> ¥ | —
or 96

oH
x sin Qac*k*r® + 256 cos? v H <¥) cosfac*r?
dH\? OH
—64r°sinf [ — | x c*a+12r8sin0H [ — ) a
a0 ar

aH\? aH
+16a <¥> sinfr’L + 16 cos O H (%) ra

AH\> AH\?
+16E <£> sin6r’a + 4E (8—) sin6r’a

r
2

9H \? aH
+4a | — ) sin0r’L — 256E cos® ¢ [ —
or 96
IH \?
xc*sin@ria — 256a cos? v (¥> sinfc*r3L

+4r% sin 0 H o +16sin6 H CHY
'~ S1n —= | a sin — | a
ar2 062

32H
—256 cos’ v (W) c*sinor’Ha

92H
—256H [ — ) ¢*k*r3a
902

02H
+1024rsin0H [ — ) 3k*a
ar2

2

32H 9H \?
—64r° sin0 H A*k*a + 256a cos* ¢ | —
9r2 30

AH\?
x sin O L k*r* + 256 cos® (%) sinf Eac*k*r3
AH\>
—256a | — ) sin@c*k*r3L
90
AH\? AH\?
—64a (—) sin0c*k*r L + 1024a (7>
ar ar
OH
x sin 0B k*r L — 64r* sin 0 H (a—) Akta
r

s . PHN IH\>
—64r°sinOH | — | c"a — 256 E | —
ar2 20
9H\?
x sin@c*k*r3a + 1024E (a—) sin0c8k*ra
r

OH\? 4,45 2
—64E e sinfc”k"r a + 256 cos” ¢
r
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PHY . 44 . (dH\?
XH | — | sinfac’k™r’ —256sin6 | —
962 a0

3H H\?
ek 3a — 256 cos O H (879) c*a + 16sin6 (¥> ra

2
4 sing (%’;) a (C4)

We find that solutions to Eq. (C4) is given by,

2
H(r,0) = (jir’cosf + j_)a+2, (C5)

where j; and j_ are two constants of integration.
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