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Abstract In this paper, we study the various cylindrical so-
lutions (cosmic strings) in gravity’s rainbow scenario. In
particular, we calculate the gravitational field equations cor-
responding to energy-dependent background. Further, we
discuss the possible Kasner, quasi-Kasner and non-Kasner
exact solutions of the field equations. In this framework, we
find that quasi-Kasner solutions cannot be realized in grav-
ity’s rainbow. Assuming only time-dependent metric func-
tions, we also analyse the time-dependent vacuum cosmic
strings in gravity’s rainbow, which are completely different
than the other GR solutions.

Keywords Cosmic string - Gravity’s rainbow

1 Overview and motivation

A strong notion of an observer independent minimum length
scale has been found in all theories of quantum gravity, for
instance, in string theory (Amati et al. 1989), noncommu-
tative geometry (Girelli et al. 2005), loop quantum grav-
ity (Rovelli 1998; Carlip 2001) and Lorentzian dynamical
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triangulations (Will 2014; Ambjorn and Loll 1998; Amb-
jorn et al. 2000, 2001). Here we point out that the nascent
GW astronomy (Abbott et al. 2017) could help in dis-
criminating among general relativity or alternative theories
(Corda 2009). There is no harm to assume this minimum
measurable length scale as the Planck scale. The mathe-
matical ground of general theory of relativity is based on
a smooth manifold which breaks down when energies of
probe reaches the order of Planck energy (Maggiore 1993;
Park 2008). Keeping this point in mind, one may expect a
radically new picture of spacetime, which includes depar-
ture from the standard relativistic dispersion relation. A de-
parture from the standard dispersion relation indicates that
the system incorporates a breaking of Lorentz invariance.
Indeed, Lorentz symmetry is one of the most remarkable
symmetries in nature which along with the Poincaré sym-
metry fix the standard form of energy (E)-momentum ()
dispersion relation, i.e., E? — | ﬁ|2 = m?. A modification
in the standard energy-momentum dispersion relation oc-
curs in the ultraviolet limit of most of the quantum grav-
ity theories (t’Hooft 1996; Kostelecky and Samuel 1989;
Amelino-Camelia et al. 1998; Gambini and Pullin 1999;
Carroll et al. 2001). In fact, a modification in the energy-
momentum dispersion relation is studied in Horava-Lifshitz
gravity in the ultraviolet region (Horava 2009a, 2009b). Al-
though the broken Lorentz invariance is considered in ul-
traviolet limit, the velocity of light ¢ and the Planck en-
ergy E, should not be modified. The study of such modified
energy-momentum dispersion relation (MDR) is known as
double special relativity (DSR) (or non-linear special rela-
tivity) (Magueijo and Smolin 2002a, 2002b).

An extension of DSR into a general relativity framework
which has at its foundation the proposal that the geometry of
a spacetime runs with the energy scale at which the geome-
try is being probed is known as gravity’s rainbow (or might

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10509-017-3138-4&domain=pdf
mailto:sudhakerupadhyay@gmail.com
mailto:davoodmomeni78@gmail.com
mailto:yerlan83@mail.ru
mailto:rmyrzakulov@gmail.com

148 Page 2 of 14

D. Momeni et al.

be called “doubly general relativity””) (Magueijo and Smolin
2004). In this regard, they found that the cosmological dis-
tances, in an expanding universe, become energy dependent.
In fact, by considering the energy dependent time, they ad-
dressed the horizon problem without inflation or a varying
speed of light (Magueijo and Smolin 2004). Earlier, it has
been found that the gravity’s rainbow produces a deforma-
tion to the spacetime metric which becomes significant at the
Planck scale of the particle’s energy/momentum. Moreover,
it is realized that quantum corrections can become relevant
not only for particles approaching the Planck energy but,
due to the one loop contribution, even for low-energy parti-
cles as far as Planckian length scales are considered (Garat-
tini and Mandanici 2012). The gravity’s rainbow illustrates a
new mass-temperature relation and define a minimum mass
and maximum temperature for rainbow black hole predict-
ing the existence of black hole remnant (Li et al. 2009;
Ling et al. 20006). It has also been found that the gravity’s
rainbow prevents black holes from evaporating completely
(Ling et al. 2007; Ali 2014), just like the standard uncer-
tainty principle prevents the hydrogen atom from collaps-
ing (Adler et al. 2001; Cavaglia et al. 2003). The quan-
tum corrections due to rainbow functions of the metric
are studied in thermodynamics of the massive BTZ black
holes (Hendi et al. 2017). It has been found there that
in semi-classical/quantum regime, thermodynamics of the
black holes would be modified into a level which differs
from classical case. More precisely, the different orders of
the rainbow functions affect the high energy and asymptoti-
cal behaviors of the solutions and their leading terms (Hendi
et al. 2017).

Moreover, the gravity’s rainbow has also been studied at
various occasions in recent past. For instance, the critical
behavior of the black holes in Gauss-Bonnet gravity’s rain-
bow was discussed and found that the generalization to a
charged case puts an energy dependent restriction on differ-
ent parameters (Hendi et al. 2016d). By considering rainbow
functions in terms of power-law of the Hubble parameter,
the Starobinsky model of inflation, from the perspectives of
gravity’s rainbow, was investigated (Chatrabhuti et al. 2016).
Very recently, the modifications on Hawking-Page phase
transition (Feng et al. 2016; Kim et al. 2016) and wave func-
tion of the universe (Khodadi et al. 2016) are also discussed.
In gravity’s rainbow framework, the Hawking, Unruh, free-
fall and fiducial temperatures of the black hole have also
been investigated (Yadav et al. 2016; Gim and Kim 2016).
In addition, remnants of black objects (Ali et al. 2014),
asymptotic flatness (Hackett 2006), nonsingular universes
in Einstein and Gauss-Bonnet gravities (Awad et al. 2013;
Hendi et al. 2016¢) have been studied in the gravity’s rain-
bow background. The zero point energy in a spherically
symmetric background combining the high energy distor-
tion of gravity’s rainbow with the modification induced by a
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f (R) theory has been interpreted in Garattini (2013), Hendi
et al. (2016b). Within the context of gravity’s rainbow mod-
ified geometry, motivated from quantum gravity corrections
at the Planck energy scale, it is shown that the distortion of
the metric leads to a Wheeler-DeWitt equation whose solu-
tion admits outgoing plane waves and consequently, a pe-
riod of cosmological inflation may arise without the need
of introducing an inflation field (Garattini and Sakellariadou
2014). In cosmology of early Universe, we investigate the
generally accepted doctrine that the universe is affecting to
what we termed as “topological defects” through exhaus-
tion of all sources of matter, and suggest that by virtue of
a cosmic string mechanism which maintains its available
energy is self-gravitating. Energy is being “degraded” in
objects which are in the cosmos, but “elevated” or raised
to a higher level in strings (Vilenkin and Shellard 2000;
Hindmarsh and Kibble 1995). The modified Friedmann-
Robertson-Walker(FRW) equations are also derived in the
contexts of gravity’s rainbow (Ling 2007). From the astro-
physical perspective, it was shown that the existence of en-
ergy dependent spacetime can modify the hydrostatic equi-
librium equation (or modified TOV) of stars (Hendi et al.
2016a). One main motivation for us to study exact cylin-
drical solutions in gravitational theories is to describe such
topological defects by Riemannian geometry. A simple de-
scription of the above topological defects is to find the cylin-
drical solution by solving highly non linear field equations.
In general relativity (GR), the simplest cylindrical model de-
scribed by the class of exact cylindrical solutions were found
by Kasner and later on studied by several authors (Kasner
1921, 1925; Linet 1985, 1986; Tian 1986).

On the other hand, the spontaneous symmetry break-
ing mechanism and cosmological phase transitions together
urged us to confront the possibility of topological defects
playing a significant role in cosmology (Vilenkin and Shel-
lard 2000). The cosmic strings, in fact, provide a viable fluc-
tuation spectrum for galaxy formation (Zel’dovich 1980).
The study of topological defects and cosmological impli-
cations of strings are subjects of sustained interest (Hind-
marsh and Kibble 1995). The cylindrical solutions play a
major role in the study gravitational systems. For instance,
cylindrical solutions describe the gravitational waves by an
effective energy tensor, in terms of a gravitational poten-
tial generalizing the Newtonian potential (Hayward 2000).
Also, cylindrical symmetry gets relevance in order to study
the exact solutions in general relativity (not only due to the
theoretical reasons but also for the physical realization in
objects such as cosmic strings). The cylindrical solutions
are discussed from the viewpoint of exact solutions in f(R)
gravity theories (Azadi et al. 2008). Although the substantial
progress has been made in this area but the cosmic string so-
lutions in gravity’s rainbow framework are still unexplored.
This provides an opportunity to us to bridge this gap. One of
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the oldest branch in GR is to find exact solutions of certain
types of gravitational theories as Riemannian metrics g,
satisfy some types of field equations. Recently, exact solu-
tion finds different interesting applications in other complex
problems of physics (Kramer et al. 1980). A celebrated ap-
plication is found when exact forms for a type of gravity
can be used to probe the quantum theory on the associated
spatial boundary. Generally speaking to proceed with exact
solutions, we need to have two basic choices: first option is
to fixing symmetry of the background metric g, ; second is
to give the symmetry to the matter contents 7,,. Although,
in gravitational theory, there is no simple and direct relation
between the symmetry of source of the gravitational field
and the symmetry of the metric because of non-linearity
of field equations and breaking of linear approximations,
but still we can probe symmetry very carefully from mat-
ter. As we know, topology is an independent parameter and
can be imposed on geometry after we fix the general form
of metric. It also becomes important when some types of
the topological effects are needed suddenly by assigning
an independent metric. In the context of modified theories
of gravity, cosmic strings are investigated in f(R) gravity
(Azadi et al. 2008; Momeni and Gholizade 2009), teleparal-
lel theories (Baker 1990; Maluf and Goya 2001; Houndjo
et al. 2012), brane worlds (Dvali et al. 2000), Kaluza-
Klein models (Furtado et al. 1999), Lovelock Lagrangians
(Simon 1990), Gauss-Bonnet (Cheng and Liu 2008; Ro-
drigues et al. 2014; Houndjo et al. 2014), Born-Infeld (Gib-
bons and Herdeiro 2001; Ferraro and Fiorini 2011), bimet-
ric theories (Reddy et al. 2006), non-relativistic models of
gravity (Momeni 2011), scalar-tensor theories (Gundlach
and Ortiz 1990; Bezerra et al. 2003; Ferreira et al. 2000;
Barros and Romero 1995; Emilia and Guimaraes 1997),
Brans-Dicke theory (Delice 2006a, 2006b; Baykal et al.
2010; Baykal and Delice 2005; Kirezli et al. 2013; Ciftci
and Delice 2015), dilation gravity (Tseytlin and Vafa 1992;
Gregory and Santos 1997), non-minimally coupled models
of gravity (Harko and Lake 2015a), Mimetic gravity (Mo-
meni et al. 2016) and, recently, in the Bose-Einstein conden-
sate strings (Harko and Lake 2015b). However, the cosmic
string is still unexplored in gravity’s rainbow setting. Here,
we try to bridge this gap.

In this paper, we first briefly review the basics of energy-
dependent FEinstein field equations described by a specific
rainbow functions. Following the basic properties of cosmic
strings, we write the metric of the cosmic string in gravity’s
rainbow. Implementation the metric of the cosmic string in
gravity’s rainbow to the Einstein field equations leads to a
set of differential equations in terms of rainbow function.
In order to realize the exact solutions of these differential
equations, we consider the two parametric metric solution
(so-called Kasner solution, which is an unique exact solution

for the Einstein equations with cylindrical symmetry). In ad-
dition to that we also discuss the possibility of the quasi-
Kasner and non-Kasner solutions. In this regard, we find that
the quasi-Kasner solutions cannot be realized in gravity’s
rainbow. In this setting, we further compute the Ricci and
Kretschmann scalars and observe that the gravity’s rainbow
cosmic strings have same singularities as in the standard GR
theory. We discuss the time-dependent cosmic strings also
in gravity’s rainbow. The time-dependent vacuum solutions
are based on the assumption that all metric functions depend
on time only not on space.

We organize this work as follows. In Sect. 2, we discuss
the basic set-up gravity’s rainbow. The equations of motion
for cosmic string in gravity’s rainbow is computed in Sect. 3.
The realization of Kasner’s solution in gravity’s rainbow is
given in Sect. 4. We try to emphasize the spherically sym-
metric solution for gravity’s rainbow by considering energy
as a function of radial coordinate only in Sect. 5. The time
dependent cosmic string solutions are discussed in Sect. 6.
The behavior of cosmic string in gravity’s rainbow is dis-
cussed by considering energy as a function of time only in
Sect. 7. We summarize results in the last section.

2 Basic set-up of gravity’s rainbow

Gravity’s rainbow (doubly general relativity) is an extension
of DSR into a general relativity framework, which justifies a
modified dispersion relation given by (Magueijo and Smolin
2002a, 2002b)

E?fXE/E,) — |pI*g*(E/E,) = m*c*, (1)

where E, refers the Planck energy. Here, functions
f(E/E,) and g(E/E,) are known as the rainbow func-
tions. This modification in the energy-momentum relation
due to rainbow functions becomes significant in the ultravi-
olet limit. However, the following constrained are required
to reproduce the standard dispersion relation in the infrared
limit:

im JEE)=T lm eB/E)=1. @)
In order to express the energy-dependent metrics in a one-
parameter family, we write (Magueijo and Smolin 2004)

g(E)=1"e,(E/Ep) ® es(E/E)) 3

where the energy-dependent set of orthonormal frame fields

1 ~
EO(E/Ep)Z JC(T/EP)KO’

L 4)
@i(E/Ep)Zmei.
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Here, the quantities (ep, ¢;) are the energy independent
frame fields. Here, we also note that, in the limit E/E,, — 0,
this corresponds to usual general relativity. Eventually, these
gravity’s rainbow functions modify the black hole metrics.
Motivated from loop quantum gravity considerations (Al-
faro et al. 2002; Sahlmann and Thiemann 2006; Smolin
2006), our analysis is based on the following specific rain-
bow functions (Amelino-Camelia et al. 1998):

E n
f(E/Ep) =1, g(E/Ep) = 1—71(E—) 5
p
where 1 refers to the rainbow parameter. We follow the nat-
ural units ¢ = A = kp = 1 throughout the paper.

3 Metric and equations of motion

In this section, we compute the equations of motion for cos-
mic string in gravity’s rainbow. This type of cylindrical solu-
tion has treated popular in the literature for some time with
the name of cosmic string as a model to describe topological
defects of early cosmology and closed time like curves.

According to standard definition, the general cosmic
string metric has the following basic properties:

gta:Oa a:{ri(p’Z}
_ 3tg;w=O9 Mvvz{t1r9(p9Z}
Buv (1 ¢, 2) = 0., 09, symmetries ©)
R3 x 8!, topology.

Inevitably, the cosmic string with cylindrical symmetry de-
scribes an exact solution in general relativity with a met-
ric which presents an interior solution when radius tends to
ZEero.

The cosmic string metric g, u = {t,x%}, a =1,2,3,
is supposed to be static (i.e. with vanishing off diagonal
components g, = 0,a = {r, ¢,z} and time independent
0:8uv = 0) and cylindrical symmetric. It means we sup-
pose that the distribution of matter fields in such space time
forms a static stress-energy tensor. By symmetry, we will
think about existence of a pair of commuting killing vectors
., d¢. From kinematical point of view, the classical trajec-
tories (orbits) are closed around the z axis. The unique co-
ordinate to be used to describe the metric g, is the (semi)
radial coordinate r (because it doesn’t mean distance in gen-
eral). This coordinate r is initiating from the z axis when
r =0 and it is supposed to be extended smoothly up to the
spatial infinity r = oco. By definition, the topology of the
space time is uniquely well defined by the R® x S!, here R
denotes the domain of real numbers and S! defines a unit
circle.

Let us start by writing the metric of the time-independent
cosmic string in gravity’s rainbow scenario as follows,

@ Springer

ds? — A(r) 2 1 2 B(r) <p2
FUEIENT T QEJENT T §AEJE,)
. C(r) Z2 (7)
g2 (E/Ep)

where A(r), B(r), C(r) are some functions depend on cylin-
drical coordinate r.

The Einstein field equation obtained by varying the usual
Einstein-Hilbert action with respect to the rainbow’s metric
guv(E/Ep) is given as follows:

1
R(E/Ep)u.v_Eg(E/Ep);wR=87TG(E/Ep)T/w’ (8)

whereas the energy dependent Newton’s universal gravita-
tional constant G(E/E,) becomes the conventional New-
ton’s universal gravitational constant G = G (0) in the limit
E/E, — 0. We assume that the matter fields fill the space-
time with energy-momentum tensor 7)) = diag(p, —py.
—Pg, —Pz), Where p is energy density and p; corresponds
to different components of pressure field. By substituting (7)
in field equation (8), we obtain the following set of ordinary
differential equations:

B/z B'C’ C/2 B c’” 0
F_FJFE_f_?:nﬂG(E/E”)?’ ®
A'B A'C'’ B'C Dr
=32nG(E/E,) =%, 10
AB T Aac T BC n(/”)gz 1o
A% Ac e A Py
ﬁ_ﬁ_‘_ﬁ_ 7—|—2?:—327'[G(E/Ep)?,
(11)
A2 A’B’+B’2 A" 23” 320G (E/E
A2 AB BT A B~ 7 Prg
(12)

In order to discuss the behavior of these equations, we need
to them. We emphasize this in forthcoming sections.

4 Realization of Kasner’s solution in gravity’s
rainbow

Here, to find the exact solution, we focus, in particular, Kas-
ner’s solution in gravity’s rainbow. The two parametric met-
ric, so-called Kasner solution, is an unique exact solution
for the Einstein equations with cylindrical symmetry in GR
(Kasner 1921, 1925; Kramer et al. 1980). This is given by
following line element:

ds? = (kr)*dt* — dr* — p*(kr)* " Vir?dg* — (kr)*dz?,

13)

here k defines an appropriate length scale and B is a con-
stant and it is related directly to the deficit angle of the con-
ical space-time. By solving Einstein equations (8), we are
considering not only the form of metric functions for which
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R,» = 0 but also every possible value of the parameters 2 (kry*de> —dr*  pFPde?

{a, b, ¢} satisfying, fHE/E,) g*(E/Ep) g*(E/Ey)

a+b+c=a’+b+32=1. (14) __de )
g (E/Ep)

In Kasner metric, Ricci scalar vanishes (i.e. R = 0), how-
ever, for quasi-Kasner solution one can have non-vanishing ~ From the above expressions, it is obvious that if we put the

Ricci scalar (i.e. R # 0). We will show that the Kasner met-  values of parameters (a, b, ¢) into the metric (13), we obtain
ric is a trivial solution in gravity’s rainbow. A possible ques- @ class of Kasner metrics with R = 0. This implies that the
tion will be, “does the quasi-Kasner solution with R # 0 quasi-Kasner solutions cannot be realized in gravity’s rain-
solves our gravity’s rainbow system described by the equa- bow.

tions Egs. (9)—(12) or not?”. We address this problem in the

’ 2\ e Non-Kasner family of the exact solutions:
following situations:

In order to study the non-Kesner type of solution, we first
eliminate A, C and B respectively from Egs. (9)—(12) and,
as a result, we obtain:

e Quasi-Kasner solutions in Rainbow scenario: A = (kr)%®,
B = B*r2(kr)*0=D, C = (kr):

The condition 7},, # 0 in (9)—(12) would not harm us BB’ —2B"RB
to find the quasi-Kasner’s solutions. It will be interesting ~ B” = T
enough to find something similar to GR solutions. Substi- Vo 3 12
tuting these values of solutions in Egs. (9)—(12), we observe C'=— 2B BBC—-B"C+B B°C (19)
that for particular values of parameters (a, b, c) the quasi- B’ B?
Kasner is a solution for field equations in gravity’s rainbow. A= _ B C'AB—2B°AC +4B'B AC

(18)

= , 20
These are —BC?* 4+ B'BC 0
2 2 212 9.2
o2 — dt _ dr _ Bk de along with the following constraint:
f2(E/Ey)  g*(E/Ep) g*(E/Ep)
(kr)zflzz ’ ’ —B”?BC'C — B”C*+ B'B*C”
T S(EJE,)’ (15) +2B"B*BC’ +2B"B'BC*=0. @1
p
) dr? dr? B2r2dg? Now, it is possible to solve these three differential equations
5= fZ(E/Ep) — gz(E/E,,) - gZ(E/Ep) given in (18)—(20). In this way, we found the following exact
422 solutions for system of equations:
z
- (16)
87 (E/Ep)
L1 + 2 —=2)(r —ro)2 +3ls(l; — 2 —2)(r —rp) "2
A(r):l3exp|:—11/dr 4 — i ?)+ g > )2( v 1_2]7 (22)
ly(ly =5 =5 —ro) T2 +Is(C1 + 5 — 5)(r —ro) 2
B(r) =5(r —ro), (23)
C(r) =la(r = ro) 24 45 (r — ) ~2hH1= 00, (24)

where I3 = L™, n = ‘/—31%—%411 +4,13 >0, 1 € where we defined w =13 +1s, p=r — b, f = t\/g, 7=

[—%, 2l,neRandr >1I5. z+/I. In fact, this metric corresponds to the vacuum Levi-

Here we note that for n = 0 the metric converts to the Civita metric and it coincides with the cosmic string. Here,
following form:

we also mention that the azimuthal angle ¢ € (0, 27 ], but

2 p2d72 dp? pdg? the geometry still remains close to flat space. The deficit
§°= — —
f*(E/E,) g*(E/E,) g*(E/E,) angle, in this case, is 1 — 4n(E/E,) = w(E/E,), where
d2 ) n(E/Ep) is the gravitational mass per unit length of the
HE/Ep) spacetime.
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We compute Ricci scalar and get

R =g*(E/Ep)[e™ T 0n2l 1415]p~ 120 (26)

Here we notice that the Ricci scalar R # 0. The
Kretschmann scalar K = Ry,qs R*'*P corresponding to
this metric is a non-singular function for p € R, how-
ever, the Kretschmann scalar has singularity at p =0, p =

(ki | MR =2/ (with Is # 0), p = exp(—4 log 1

(with ﬁ—;‘ > 0). Thus, we can conclude that gravity’s rainbow
cosmic strings have same singularities as in the standard GR
theory.

5 When E =E(r)

In this section, we consider the general f(R) case, where
modified Einstein equations become (Azadi et al. 2008),

The nonzero components of the metric tensor have the fol-
lowing expressions:

_ A v
0= EE) 8T T R2(EGM/E,)
___ B ___ G
S2E TR ENE,) ST T AEME,)

It is easy to find the inverse of the above components as

2
o0 _ JEW/Ep) ¢ =—g*(E()/E)),

A(r)
2 §HEM/Ep) 53 §(EM/Ep)
B B(r) ' B c(r)y

With these metric components, it is straightforward to calcu-
late the Christoffel symbols Fv‘g with following definition:

1 dgov | 0805  08us
wo__ = uo v _
Fvé =58 < + 9xV ax? )’

30
2 ax8 (30)

The calculation leads to the expressions of nonzero compo-
nents as

1
FRuy =V Vo F = Zgu0(FR = OF), QN o0 A fEE | 8A ASSfpE
0724 fE,’ 0= 52 f3E,
where F(R):%.Fromabove, we can write rl_ grE rl_ 1B/+ BgrE’
1n=- J 2="5 ’
E 2 hE
FRy, —V,V,F 1 1 §5p p 31
% = J(FR=0F) = 2gu(FR = 0OF) il 1, CocE , 1B g’ (€2Y)
i 33="5 ) 200 53 — )
= A,. (28) 2 gE, 2 B gE,
3 1 C/ gEE/
This means that the combination A, is independent of the 5= 2C gE,
index u and therefore A, = A, for all u, v. Now, in case The Ricei is defined b
E = E(r), the metric (7) becomes © Ricel tensor 1s defined by
are, ar}
wy s 5 0 0 8
= A - 1 22 =~ o+ Tl = s Te: (32)
FAEWN/Ey  g2(EWN/Ey) , B ,
With the help of above definition, the different components
B(r) d 2 C(r) 2
- S de — 2—dz . 29) are calculated by
8= (E(r)/Ep) 87 (E(r)/Ep)
ro_ L8 FPAB gACT A% gA'gpE' QPAfrE'  Ag’B'fiE!
W=372 4Bf? " 4Cf? T 4AfT 2f7E, f3E, 2Bf3E,
AG*C'fE' | 2A¢*fFE?  Ag’frpE”*  Ag*fpE’  AgfegpE” (33)
2Cf3E, f4Ef, f3Ef7 f3E, f3Ef7 '
R A N A/fE E’ A/gE E’ A/2 B B/gEE/ B/2 c’ C/gE E’
N=7%4 AfE, 2AgE, 4A*> 2B 2BhE, 4B> 2C 2CgE,
L€ fesE? | fegpE” | feE" 2fE? | 2gppE”  2gE"  2g3E” 34
4C?2  fE3 f8E;,  fE,  f?Ej gE? SE,  gE}°
R _ A/B/ BA/gE E/ B// B/c/ B,fE E/ B/gEE/ B/2 BclgEE/
277744 T 24gE, 2 4C ' 2fE, ' gE, ' 4B ' 2CgE,
BfpgeE”? BgppE? BgpE" 2BgiE" (35)
f8E2 gE2 8Ep §2E2
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A/C/ N CA’gE E’ B/C/ CB’gEE' C// C/fEE/ C/gEE/ C/2
4A ' 2AgE, 4B ' 2BgE, 2  2fE, hE, ' 4C
CfegeE?  CgppE™ n CgpE" 2CgLE"

Ryz=—

(36)
2 2 2F2
f8E; 8E; 8Ep 8°E;
The mixed Ricci tensor is computed as
RO: gZA// N g2A/B/ N gZA/C/ B gZA/fEE/ B gA’gEE’ B gZA/Z B gZB/fEE/
07 24 4AB 4AC AfE, 2AE, 4A2 2BfE,
_$C'frE’ ¢*fekE”  &feE"  gfegeE” | 28°fFE” 37
2CfE, fE2 FEp fE2 fPEZ
Rl _ g2A// B gZA/fEE/ N gA/gEE’ B gZA/Z N g2B// B gB/gEE’ B gZB/Z
™ 24 AfE, 2AE,  4A2 ' 2B 2BE,  4B?
L 8°C" _gClerE’  g’C?  g’fprE?  ¢’fpE"  gfpgpE”
2C 2CE, 4C? fE%, fEp fE127
28°fFE?  2ggrrE”  2ggpE” | 283 E” 38)
22 2 2
[2E; ES E, E;
R2= g2A/B/ B gA’gEE’ gZB// N ng/C/ B gZB/fEE/ ~ gB’gEE’ B gZBIZ
27 4AB 2AE, 2B 4BC 2BfE, BE, 4B2
_8C'ssE’  gfpscE” gersE” gerE”  267E” (39)
2CE, fE2 E2 E, E2
R3 _ gZA/C/ gA/gEE/ N gZB/C/ gB/gEE/ g2C// gZC/fEE/ gC/gEE’
3= — — — —
4AC 2AE, 4BC 2BE, 2C  2CfE, CE,
_8°C?  ofegrE”  geppE” ggpE"  23E” “0)
4C? fE%, Elz, E, E;%
The Ricci scalar is defined by  4ggEE E"?  4ggE E" 6g%E" 2)
.. 2 2
R=g" R;j 41 Ep Ep Ep
We utilize above definition and get the following expression The covariant derivative for a vector By, is defined by
for Ricci scalar: V.B,=09,B, — F;fv By. (43)
R g?A"  g?A'B’  g*A'C'  2g%A'frE’ From the above definition, we can compute the components
A 2AB 2AC AfE, of V,V, F
_8A'gpE’  g*A?  ¢’B"  ¢’B'C V,\V,F = F - TF, (44)
2
ZAE[, 2A B X QZ,BC X V,V,F=F"— FrrrF/ —F", (45)
_&BfgE’ 2¢B'ggE’ g"B”  g°C” VyVyF =Fpy—I7 F =TI F (46)
BfE BE 282 T C P e v
o P o , , V.V.F=F, T F =-I"F. 47
8 C'feE’ 2gC'gpgE’  g°C"  2¢°fppE’
CfE, CE, 202 7 E127 Now,.we are able tq calculate the all four components of
R, quantity A,, defined in (28) as
_28°frE"  2¢frgpE” 48’ fiE
FEp fE2 FPE2
s _g2F/A/ f2F g2F/fEE/+ Fg2A//+ Fg2A/B/+ Fg2A/C/ ngA/fEE/
;= — — —
2A A fE, 2A 4AB 4AC AfE,
_ FgA'ggE'  Fg*A?  Fg’B'fpE'  Fg’C'frE’ Fg’fppE' Fg fpE"
2AE, 4A2 2BfE, 2CfE, fElz, fE,
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FgfegeE? 2Fg*ffE”

2 2F2 ’
TE}, fPE2
A _grpry SFeEE  FEPAT  FPAfiE! | FeAgpE  FgA | Fg’B'
, E, 2A AfE, 2AE, 4A2 2B

FgB/gEE/ FgZB/Z N FgZC// Fgc/gEE/ Fg2c/2 Fng//E/Z ngfEE”
2BE), 4B2 2C 2CE) 4C? fEIZJ fEp

_ FgfegeE”  2Fg*fRE” 2FggppE® 2FggpE"  2Fgp E”
2 2F2 2 2
pr f Ep Ep E[’ Ep

’

A _gZF/B/ gF/gEE/+Fg2A/B/ FgA/gEE/ Fg2B1/+ FgZB/C/ FgZB/fEE/
Y7 2B E, 4AB 2AE, 2B 4BC 2BfE,

FgB'grE' Fg*B? FgC'gpE' FgfpgrE” FggppE? FggpE' 2FgiE”
BE, 4B? 2CE, fE2 E? E, EZ

A gZF/C/ gF/gEE/ N FgZA/C/ FgA/gEE/ FgZB/C/ FgB/gEE’ Fg2C//
e E, 4AC 2AE, 4BC 2BE, 2C

_ F’C'fpE'  FgC'gpE’  Fg’C”  FgfrgrE”  FegppE”  FggpE"  2FgpE”

2CfE, CE, 4C? fE2 E2 E, E2

This enables us to write the following independent field equations:

gZF/A/ fZl'f' gZF/fEE/ 2F// gF/gEE/ Fg2A/B/ Fg2A/C/
— —g —

24 A fE, E, 4AB 4AC

FgA/gE E’' FgZB// ngB/fE E’' FgB/gEE/ FgZB/Z ngc// FgZC/fEE/
AE, 2B 2BfE, 2BE, 4B2 2C 2CfE,

FgC'spE'  Fg*C”  2FgfrepE” | 2FgerpE”  2FgerE’ 2FgpE”?
2CE, 4C? [E} E? E, E2 '

gZF/A/ sz gZF/B/ gZF/fEE/+gF/gEE/+ FgZA//+ ngA/C/ ngA/fEE/
24 A 2B fE, E, 24 4AC AfE,

FgZAIZ FgZB// FgZB/C/ + FgB/gEE/ + FgZB/Q FgZC/fEE/ Fgc/gEE/
4A2 2B 4BC BE, 4B2 2CfE, 2CE,

_ Fe’ferE? F&’frE" 2F¢’fiE”  FggrrE”  FggrE" 2FgiE”

fE2 fE, f2E2 E2 E, E2

)

g*F'A"  fIF  gPF'C’ g F'fpE’ gF/gEE’+Fg2A”+Fg2A’B/
2A A 2C fE, E, 2A 4AB

_ Fg’A'fpE'  Fg*A” Fg?B'C'  Fg¢?B'frE'  FgB'grE' Fg*C” | FsClsxE!
AfE, 4A2 4BC 2BfE, 2BE, 2C CE,

Fg*C? Fg’frpE” Fg’fpE" 2Fg’fiE”  FggppE”  FggpE" 2FgpE” _
ac? fE2 /E, 12E2 E2 E, E2

corresponding to A; = A,, A; = Ay and A; = A respectively.
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=0.

(48)

(49)

(50)

(51

(52)

(33)

(54)
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6 Time-dependent cosmic strings

In this section, we discuss the time-dependent solutions
(cosmic strings) in gravity’s rainbow. Although many differ-
ent mass configurations lead to static and time-independent
metrics, there are some examples with time-dependent re-
sults and, therefore, it is worth studying. In this non-static
case, the most important difference with the static one is
the structure of the spacetime, as in the former case there
are only two parameters in the metric gy (E/E,) reduc-
ing to cosmic strings. One more reason to study the cylin-
drical solutions with time-dependent fields could be exis-
tence of a challenge between spherically and cylindrically
symmetries. In GR, according to the Birkhoff theorem, we
know that there always exist a timelike Killing vector 9; in
the spherically symmetric vacuum metrics. Consequently,
we easily conclude that the spherically symmetric vacuum
gravitating system is necessarily static, i.e., time indepen-
dent. However, a dramatic change occurs when one consid-
ers the cylindrically symmetric systems because there is no
such theorem in case of cylindrical symmetry analogous to
Birkhoff’s theorem. Propagation of gravitational waves dur-
ing the gravitational collapse of a cylindrically symmetric
system could be a reason to study time-dependent cylindri-
cal objects (Delice 2006c¢). In the gravity’s rainbow scenario,
if we can find a static solution with time dependent mass
(energy) factor fz(E(t)/E,,), gz(E(t)/Ep), then our solu-
tion could be a subset of the most general class of Einstein-
Rosen (ER) gravitational wave solutions in gravity’s rain-
bow in comparison with the similar GR solutions obtained
in Akyar and Delice (2014), Delice (2006c).

Let us to start our analysis by writing the field equations
for the following time-dependent metric,

5 A(t,r) 5 1 5 B(t,r) 5
st — —————dr’ — ——~—dy
FEE) " T REIENT T S(EJE,)
C(t,r) 5
I . 55
S(EJE) " (53)

By implementing metric (55) to (8), we obtain the following
set of field equations:

g2 B’ 2 c’ 2 B'C’ B c’
EH=Z) +(=) - B S i
4 B C BC B (o
1 BC
LA 56
ti1gc=" (56)
A'B AC _B

BB _C  CC

dl = =0, 57
AB+AC B+B2 C+C2 (57)
1/A'B 1A'C" 1BC 1 f2TAB AC
— + - — | —=4+— (59
4\ AB ' 4 AC 4 BC 4 A|lAB  AC

B (BY'(CV LB LE1_
Bc " \B C B “c|™P

+2o 42— —

1 A/c/ A// C//
[ AC A C

=
(3]

|
~
alQ
—
(3]
| I

QO |

1 f2TAC C 1 py
vaelac e () =% ©0
1TA'B A B A’ 2 B 2
Z 22 402 () (2=
25 (%) (%))
1 f2TAB B (B\*1 p:
L 224 (2) =5 61
+4Ag2|:AB B+<B>:| g2 61

Here “prime” and “dot” indicate the derivative with respect
to r and ¢ respectively. A solution can possibly be obtained
in vacuum when 7 = 0 with the assumption that all metric
functions depend on time only, this means that all primed
functions will vanish. With these assumptions, we can show
that the second field equation is satisfied identically and
other equations reduce to have following form:

BC
BC

AB AC BC (B\P (C\® B ¢
(O e

0, (62)

AB ' AC BC ' \B C B “C
(63)

AC ¢, (g)z =0, (64)

Ac "¢ \c

AB _,B, <§>2 =0. (65)

AB "B \B

Here, we found three class of exact solutions for time-
dependent gravity’s rainbow.

e The first class of exact solutions is given by

T O Ry S —
FAEE)" T §2EJE,)
BO 2 CO 2
— do” — dz*, 66
E/E) Y T REEN (00)

where A(?) is an arbitrary function of time and By, Cy are
arbitrary constants.
e The second family of exact solutions is as following:

§2 = Ldﬂ _ ;d,ﬂ
COfAEJE) "~ gEJE,)
Bt) ., C® .,
_ _ , 67
¢2(E/E,) g2 (E/E) " 7

where C(t), B(t) are arbitrary time functions and ¢ is a
constant.

e The last member of exact solutions is given by the follow-
ing metric:

2
L. LS Y S ¥,
B(t) f2(E/E)) gX(E/Ep)
B(1) 2 Co 2

T REEN T PEENT %)

Importantly, we note that here £ = E(¢) and metrics are
completely different from any other GR solutions.
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7 When E = E(t)

The line element in this case of gravity’s rainbow is given
by

2 A(t,r) 2 1 ar?
fz(E(t)/Ep) gz(E(t)/Ep)
B(t,r) 2 C(t,r) 2

dz-. (69)

T EWD/E)Y T g(EM/E,)

It is clearly evident that the expressions of the nonzero com-
ponents of the metric tensor are

_ A(t,r) _ 1
SO0 EN/E,) M T T g2EM/E,)
___B&n ___Cen
82 = T EW/E,) T T EW/E,)

The inverse metric components are,

2
oo LEORE) oo 2 mayE,),

With these values of metric components, it is easy to calcu-
late the Christoffel symbols of the second kind

i 1 i 08mj  08mi  08ji
riy=-gm 2L 22 - 20, 70
i1= 28 (axl MR (70)
The calculation leads to the following expressions:
o_i._fEE 1_i/ 0__fngE
00 = ) o= 57> Iy = o
2A  fE, 2A AgE,
| _ f?B_ Bf’grE | _ f?C Cf’grE
T2=04a " age, T 2ag  AgE,
8 g8 Lp 8 8 Lp
247 -
| _&A 1 8eE i [
ey =—— ry,=—-B (71)
00 ’ 10 ’ 22 ’
22 gE, 2
1 B gpE B’
rl—__c¢. rz— - _8EL 2 _ 2
3B="5 0T o8 T 4E, 21= 55
s _ € erE s O
30 — ’ 31 — :
2C gE, 2C

Exploiting definition of Ricci tensor (32), the components
are calculated by

A(t,r)
n_ (EW/Ep) 53 &HEWM/Ep)
B(t,r) C@,r)
2A'B° AB ZA'Cl AC ZA”  g*A? 3AgpE  BfiE
Ren— 8 i L&A AT gk JE
OT4Bf2 T 4AB T 4Cf? T 4AC T 22  4Af2  2AgE, 2BfE,
BgEE B i 32 CfEE CgEE C C2 3ngEE2
BgE, 2B 4B?> 2CfE, CgE, 2C 4C? f8E2
3gEEE2 3gEE 6g)23E'2 72)
gE2 gsE,  g*EL’
A'B  A'C AggE B BB (' (CC
Rio= + - — =t - —, (73)
4AB ' 4AC  AgE, 2B  4B2 2C ' 4C
R A" fPAgeE A f?Bgpk  f’CgrE B
"7 T4 T2A25E, T 4A7 T 2ABg’E, 2ACg’E, 2B
L B2 ¢ C? Af%pE? feepE?  fPgpE ffegeE? 4
4B2  2C  4AC*  Ag'E? ASIES AglE, Ag3EZ
Ror— A'B" f2AB Bf%AgrE  f*BC  fB  f?B? 2f2BgpE
2T TT4A T 422 T 2A20E, T 4ACg? | 2Ag2  4ABg?  AQE,
fBfeE  Bf*CggE  B'C’ N B? 1, 4Bf’giE  Bf’grrE*
2Ag’E, 2ACg’E, 4C 4B 2 AgYE? Ag3E?
_ Bf?grE  BffrgeE? (75)
Ag3Ep Ag3E127 ’
Roe A'C' fPAC Cf?AggE  f*BC Cf?BgpE f*C  f2(C?
BT T4 T aa2 T 2APE, | 4ABg?  2ABE,  2Ag?  4ACg?
2f2CgrE  fCfgE B'C' C”? Lo 4Cf2¢2E?  Cf’gppE?
AgE, 2Ag’E, 4B 4C 2 Ag4E12) Ag3E}27
_ Cf?spE  CffegeE’ a6
AgE, Ag3E?2
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Now, we compute the expression for Ricci scalar R = gV R,,,, as following:

R SAB N g?A'C'  g*A"  fPAB  fPAC 3f*AgrE g*A*  [f?BC
2AB  2AC A ' 242B ' 2A2C  AXE,  2AY 2ABC
4f*BgeE  f*B  fBfgE | f’B* 4f’CggE  f*C  fCfrE | fC?
ABgE, AB  ABE, 2AB?2 ACgE, AC ACE, ' 2AC?
L §BC @B" 2B gC"  gC7  6f%ppE?  6f°grE
2BC B 2B2 C 22 AgE2 AgE,
18/%83 £ 6ffrgrk”
Anglz, AgE[27 '

Now, following Sect. 5, the independent field equation corresponding to A; = A, is

4FgLE?f2  FB?f? FC?f? 3FE%gppf? 3FgpEf? FgpEAf?
AgOE? 4AB2 ' 4AC? AQE2 AgE, 2A2¢5E,
FgrEBf? FABf? FgpECf* FACf* AFf? Ff* FBf?
ABgE, 4A2B ACgE, 4A2C 2A2 A 2AB
FCf? 3FgpEAf* FgpEf? FgpEBf? FgpECf?

2AC  2A%E,

OFgpL’f> FE>qppf® geEFf?

A$E, 2ABgE, 2ACgE,
3FfrgeE*f  FfpEBf

Ag’E? AgSE? AgSE? AgE? 2ABE,

FfeECf FfpgeE*f FA?  FB?  FC? Fg?A'B  Fg?A'C
 24CE,  AgE2 4a2g2 T apig Tacig2 T T aaB 4AC
N g?A'F’ N Fg?A” - Fg?A”? _F' _FA” FB" FC’ _o

2A 2A 4A2 g2 2Ag? 2Bg? 2Cg? 7

The independent equations corresponding to A, = A, and A, = A, are given respectively by,

4FgLE?f2  FB?f? FC?f? 3FE%gppf? 3FgpEf? FgpEAf?

AgOE? 4AB?2  4AC? AQE? AgE, 2A2¢5E,
FgrEBf? F'Bf? FABf? FgpECf? FACf* FBCf? AFf?

+ ABgE,  2ABg* = 4A2B ACgE, 4A2C ' 4ABCg* ' 242
FBf? Ff* FBf* FCf?> FABf* FB*f? 3FgprEAf* FgrEf?
2ABg* A 2AB  2AC  4A2Bg* 4AB2g*  2A%¢E,  AgE,
2FgrEBf?  FgpECf* G6FgyE’f* FE%gprf*  3FfpgeE’f | FfeEBSf
ABgGE, 2ACG°E, Ang}Z7 AgSEIZ7 AgEI% 2ABg*E,
FfeEBf FfeECf FfegeE*f = FB?  Fg?A'B'  FgA'C’

"~ 24BE,  2ACE,  AgSEZ ' 4B2%g2 " 4AB T 4ac

N g2A'F’ N Fg*A” Fg*’A” FB" FA'B°  FBC —o

2A 2A 4A2  2Bg? 4ABg? 4BCg?
4FgLE?f2  FB?f? FC?f? 3FE%gppf? 3FgpEf? FgpEAf?

Ag°E? 4AB? ' 4AC? AQE2 AgE, 2A265E,

FgrEBf? FABf? FgpECf* FACf* FBCf* AFf? FCf?
ABgE, 4A2B ACgE, 4A2C ' 4ABCg* ' 242 ' 24ACgH
Ff? FBf? FCf?> FACf* FC?f* 3FgpEAf? FgpEf?

A 2AB  2AC  4AXCg*  4AC%¢*  2A%E,  AQE,
FgpEBf? 2FggECf? 6F¢LE*f? FE’gppf? 3FfrgpE’f
2ABZE), ACZE, Ag’E? AgSE? AgE?

(77

(78)

(79)
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FfeECf FfeEBf FfgECf FfegeE*f FC?>  Fg?A'B
2ACg*E, 2ABE, 2ACE,  Ag°E2 4C2g2 ' 4AB
N Fg?A'C’ N g2A'F’ N Fg*A" Fg’A” C'F' FC" FAC' FB'C' _ 80)
4AC 2A 2A 4A2 2Cg? 2Cg? 4ACg? 4BCg*

Here, any set of functions satisfying the above equations
would be a solution of the modified Einstein field equations
for a given F(r) in gravity’s rainbow. Here, we see that to
find a general solution to the above equations are not an easy
task.

8 Concluding remarks

The exact solutions play a central role in gravity theory.
However, a deformed formalism of special relativity, which
modifies the standard dispersion relations in the order of
Planck length (commonly known as DSR), is generalized to
curved-spacetime. This generalization is known as gravity’s
rainbow and has found lots of attention recent days. Keep-
ing these points in mind, in this work, we have investigated
the static cylindrical solutions for Einstein’s field equations
in gravity’s rainbow. The cosmic string metric is supposed
to be static (i.e. with vanishing off diagonal components and
time independent) and cylindrically symmetric. In this set-
ting, we have discussed cosmic strings in energy-dependent
background. The fields equations following this metric lead
to various energy-dependent differential equations. In order
to solve these differential equations, we have considered the
possibility of Kasner’s, quasi-Kasner and non-Kasner solu-
tions. It is well-known that the Kasner solutions are two
parametric metric and unique exact solutions for the Einstein
equations with cylindrical symmetry. It is shown that the
quasi-Kasner solutions cannot be realized in gravity’s rain-
bow. Also, we have found that the gravity’s rainbow cosmic
strings follow same behavior (singularities) to that of stan-
dard GR theory. We also analysed the time-dependent solu-
tions (cosmic strings) in gravity’s rainbow. Here, to discuss
the time-dependent solutions, we have assumed the van-
ishing energy-momentum tensor together with only time-
dependent metric functions. Here, we have observed that the
metric structures are completely different to that of the other
GR solutions.

Appendix: Mathematical details

In this appendix, we present explicit forms of different geo-
metrical quantities which are used to derive field equations.

@ Springer

Al Case A=A(r), B=B(r)and C =C(r)

The nonzero components of the metric tensor are as follow-
ing:

_ A(r) _ 1
gOO—fz(E/EP)» 811 = gz(E/Ep)’

___B0 ___Cn
BETPREE) T T REEy

The inverse of these metric components are given by

2
w_ SO g ey,

A(r)
n_ §NE/Ep) w_ NE/E)
By )

Utilizing definition (30), the nonzero values of the
Christoffel symbols are as follows,

1A 1A 1
0 1 2 1 ’
— A ) = A ) - =B )
10757 0= 75728 I s
1 1B 1’
1 2 3
w==3C =gy Bisge

Exploiting the definition (32), the covariant components
of Ricci tensor are calculated as

1g2 A/2 ]82 A/B/ ]82 A/C/ ]g2 .
Ro=-7%5—+7% o ~S5A,
4f2 A 4 f2 B 4 2 C 2 f2
(82)
R 1 A/2 N 1 B/2 1 C/2 1 A// 1 B// 1 C//
WT4a2 4B 4c2 24 2B 2C
(83)
R — 1 A’B N 1B? 1BC L &4)
277474 4B 4 c 27
1A'C’ 1BC 1C?* 1
=—- — = —-— —_C" 85
BET3TA i Tie 2 (85)
and similarly the mixed components are computed as
2 A2 2 I\ 2 2 I 2 2 AN
A A'B A'C A
RI=-£2 48 +& +& 2
4 A2 4\ AB 4\ AC 2 A
(36)
- gz A/2 g2 B/2 g2 C/Z g2 A g2 B
'™ 442 4B 4C2 2A 2B
2
g C
+ 7?, 8&7)
) g2 A'B’ g2 B/2 g2 B C’ g2 B
Ry == -t —_—, (88)
4 AB 4 B 4 BC 2 B
3 _ g_2 A'C! _ g_zc_/z g_2 B'C’ g_ZC_” (89)
374 4AC 4cC*' 4 BC ' 2C’
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Finally, using definition R = g""R,,,, the expression for
Ricci scalar is given by,

R g2 A/2 N g2 A/B/ g2 B/2 g2 A/C/ gZ B/C/
T 2 A2 2 AB 2 B2 2 AC 2 BC
2 2 Vi Vi Vi
g C 2A 2 2C
—_ = — — = 90
c e TS A TE T 00)

A2 Case A=A(t,r), B=B(t,r)and C =C(t,r)

The nonzero components of time-dependent metric tensor
are

A(t,r) 1
800 = 3 s 8=~
fAHE/Ep) g2(E/Ep)
B(t,r) C@,r)
822 =" 3 F/E)’ T T 2(E/EDN
8 (E/Ep) 8 (E/Ep)
The inverse of these metric components are
FHE/E)) 11 2
Goozi, =—g°(E/E,),
D) 8 g (E/ p)
n_ _SE/E)  n_ $(E[E)
B(t,r) C(t,r)
The Christoffel symbols of the second kind are,
ro_14 o 14 o _L12B
00 2A’ 10 2 A’ 22 2g2 A’
1f2C 1g° 1
3%:_f_2_’ olo:—g_zA/» Iy=—-3B
262 A 2 f o)
1 1B 1B
1 2 2
F33_—§C/, onZEEv 21=§§v
3 _ 1€ s _1C
VTac e
These induce the following forms of Ricci tensor:
e _ ] g?A'B" 1AB 1g>AC’ 1AC
WTL4F2TB T4AB 42 C T 4AC
1 g2 1g2A% 1B 1B
+_g_A”__g_____+__
2 f2 4f2A 2B 4B?
1¢ 1c?
- =4 -—, 92
2ctaie 2
R _1A’B’+1A’C‘ IB’+IB’B 1C’
T4AB Ta4AC 2B "4 B* 2C
1¢c'C
-, 93
4 C? ©3)
14" 1A/2 1B” 1B/2 lc//
Ri=—o— - — 4 —
n=TatiaTIB Tim a2
1C/2
-—, 94
i@ (94)
_ 1AB 1f2AB 1f*BC 1f2B
PTTLTA  4g2 A2 T4g2AC T2g2A
128> 1BC 1B? 1
——f—z————+————B”, 95)
4¢2AB 4 C 4B 2

R33=_A’C’_ fPAC | fPBC | fPC AP
4A  4A2%2g2  4ABg?  2Ag? 4ACg?
BC  C?* 1
——t——=C". 96
4B +4C 2 ©0)
The Ricci scalar is this case is given by
=g_2A’B’+g_2A/C’+g2A_”+f_2 AB _f* AC
2 AB 2 AC A 2 A2B 2 AZC
_ A% fPBC L, B 2B, C
2 A? 2 ABC AB 2 AB? AC
R N
2 AC? 2 BC B 2 B?
c’ 82 C/2
2
— - 97
e -5 L)
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