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Abstract The spatially homogeneous shear-free, rotating
and expanding Bianchi type-IX universe has been consid-
ered in the presence of perfect fluid in f(R, T) theory of
gravity. The exact solution of the field equations has been
obtained and the functional form of f(R,T) =R+ 2f(T)
gravity has been reconstructed. The existence of such a so-
lution suggests that the general relativistic shear-free perfect
fluid conjecture which claims that a shear-free perfect fluid
cannot rotate and expand at the same time, is not valid in
this modified theory.

Keywords f (R, T) gravity - Bianchi type-IX model -
Shear-free perfect fluid - Rotation

1 Introduction

The cosmological observations suggest that current uni-
verse is undergoing an accelerated expansion. The indica-
tions of this late time accelerated expansion of the universe
is provided by observations from Supernova type-la experi-
ments (Perlmutter et al. 1997, 1998, 1999; Riess et al. 1998,
2004), cosmic microwave background (CMB) anisotropies
(Bennett et al. 2003; Spergel et al. 2003, 2007), large
scale structure (Hawkins et al. 2003; Tegmark et al. 2004;
Cole et al. 2005). In view of this, it is now believed that
~76 % of the cosmic energy density is dark energy (DE).
In recent years, as well as introducing exotic energy compo-
nent in the universe such as quintessence, phantom, tachyon,
Chaplygin gas (Padmanabhan 2002, 2008; Bento et al. 2002;
Caldwell 2002; Nojiri and Odintsov 2003; Feng et al. 2005),
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modifying General Relativity (GR) is attracting more atten-
tion to explain the late time acceleration and existence of
dark energy.

Among the various modifications, one of the most pop-
ular modified gravity theory is f(R) theory of gravity
(Maartens and Taylor 1994; Rippl et al. 1996; Nojiri and
Odintsov 2007; Capozziello and Francaviglia 2008; Sotiriou
2009; Felice and Tsujikawa 2010), which is obtained by
modifying Einstein-Hilbert (EH) action by replacing Ricci
curvature scalar R with an f(R) function, which is an arbi-
trary function of R. It was shown that the late time acceler-
ation of the universe can be explained within this modified
theory (Carroll et al. 2004).

Recently Harko et al. (2011) have presented a new mod-
ified theory of gravity known as f(R,T) gravity. In this
theory, EH action is modified by introducing an arbitrary
function of the Ricci Scalar R and of the trace of the
energy-momentum tensor of 7. Several problems have been
considered by multiple authors in the f(R,T) theory of
gravity (Sharif and Zubair 2012a, 2014a, 2014b; Reddy
et al. 2012, 2014; Singh and Sharma 2014; Hossienkhani
et al. 2014; Shamir and Raza 2015; Sahoo and Sivakumar
2015).

In this paper, we investigate shear-free perfect fluid con-
Jjecture in the context of f (R, T') gravity. In contrast to New-
tonian theory of gravitation (Narlikar 1963; Senovilla et al.
1998; Heckmann and Schiicking 1959), u and p are being
the energy density and the pressure, respectively, this con-
jecture, which was originated by Treciokas and Ellis (1971),
states that a general relativistic shear-free perfect fluid, with
u~+ p # 0, is either non-expanding or non-rotating. There is
a wide range of studies that support the consequence using
either a particular tetrad or coordinate system or a fully co-
variant approach in particular cases for instance, dust, spa-
tial homogeneity, incoherent radiation, vorticity and accel-
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eration are parallel, the magnetic part of the Weyl tensor
or divergence of electric or magnetic part of Weyl tensor
is vanishes, fluid velocity parallel with a conformal Killing
vector field, functionally dependent expansion and energy
density, Petrov types N and III, ... etc. (Ellis 1967, 2011,
King and Ellis 1973; Collins 1984, 1985, 1986, 1988; White
and Collins 1984; Carminati 1987, 1988, 1990; Coley 1991;
Senovilla et al. 1998; Sopuerta 1998; Van den Bergh 1999;
Van den Bergh et al. 2007; Carminati et al. 2009; Herrera
et al. 2010, 2014; Slobodeanu 2014), but a general proof or
a counter-example has not appeared up till now.

On the other hand, in the context of modified f(R) grav-
ity theory, as far as we know, there are two studies that have
dealt with this conjecture. In the first of them, Abebe et al.
(2011) have shown that in R> gravity, there is at least one
physically realistic non-vacuum case (stiff fluid) which is a
flat Milne-universe solution can have rotation and expansion
simultaneously at the level of linearized perturbation about
a Friedmann-Lemaitre-Robertson-Walker (FLRW) back-
ground. In the second study, Sofuoglu and Mutus (2014)
have shown that there exist two types of f(R) models in
which shear-free rotating Bianchi type-IX universe filled
with perfect fluid exhibits always coasting anisotropic ex-
pansion like a flat Milne universe. These solutions, respec-
tively, are the first and the second counter-examples that
violated the general relativistic shear-free perfect fluid con-
jecture in f(R) gravity.

Inspired by these situations, in the present paper, to in-
vestigate existence of simultaneously rotating and expand-
ing solutions, we have considered a spatially homogeneous
rotating Bianchi type-IX metric in the context of f(R,T)
modified gravity by following the same method used by So-
fuoglu and Mutus (2014).

The outline of this paper is as follows: In Sect. 2, we
present a brief description of f (R, T) gravity. In Sect. 3, we
derive f (R, T) gravity tetrad equations for rotating Bianchi
type-IX metric and the solutions of the tetrad equations for
the model are obtained. In Sect. 4 conclusions are summa-
rized.

We use the natural units system with ¢ = 827G = 1.
Latin indices a, b, c, . .. run from O to 3 while Greek indices
uw,v,p,...from1 to 3. (ab) and (ab) denotes symmetriza-
tion and orthogonal, symmetric, trace-free parts over the in-
dices a and b, respectively.

2 Field equations of f (R, T) gravity

The action of f(R, T) modified theory of gravity is given
by Harko et al. (2011)

S=%/d4x\/—_g[f(R,T)+2Lm], (1
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where L, is the matter Lagrangian density. The stress-
energy tensor of matter is given by

2 3(/—8Lm)
Tan; - \/?gTbm = /Lmuaub + thab
+4qq'up + gy ua + 7y, 2

where u™, p™, q;' and 7t are the energy density, isotropic
pressure, heat flux and anisotropic pressure of standard mat-
ter, respectively, u, is the four velocity of observers comov-
ing with the fluid, with u,u® = —1 and u’V,u, = 0, and
hap = gab + uquyp is the standard projection tensor on the
rest three-space of the observers.

Variation of the action (1) with respect to the metric ten-
sor gqp leads to the following field equations of f(R,T)
gravity

1
JR(R.T)Rap = 5 f (R T)gap + (gap ) — VaVp) fr(R, T)
=Ty, — fr(R,T)(T;} + Oup), 3)

where fp(R.T) = L&D g (R 1) = L&D 0 =
g%V, V,, V, is the covariant derivative, and @), = =217 +

L. — Dgmn 3Ly
8abLm 8 Bgmizagab'

q;' = 0=, the stress-energy tensor (2) takes the form

In the case of perfect fluid, i.e.

m= (" + p")uaup + p" gan, 4)

and the matter Lagrangian can be taken as L,, = —p™. Then
Ogp has the explicit form

Oap = —2T, — gabp™". &)

Substituting Eq. (5) for &, into Eq. (3), we obtain

1
JRR, T)Rap — Ef(R’ T)8ab + (8apd — VaVp) fR(R, T)
=Toy + fr(R, T) (T + gan ™). (6)

One can write this equation in the form of standard Einstein
field equations such as

1
Gap = Rap — ERgab

_ T, fr(R,T)
SRR, T)  frR(R,T)

(775 + P 8ab)

1 1
+ m{z[f(& T) = Rfr(R, T)]gap

— (8abd = Va V) fR(R, T)}, )

where Gy, is Einstein tensor. If the right hand side of (7) is
considered as effective total energy-momentum tensor 7,
then it can be written as Gup = T)),.
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It may be noted that when f(R,T) = f(R), Eqgs. (7)
yield the field equations of f(R) gravity. We mention here
that three explicit specification of the functional form of
f (R, T) function has been considered in Harko et al. (2011).
In this paper we consider the function f (R, T) of the form

(R, T)=R+2f(T). ®)
Then the field Egs. (7) become

Gap = Tjh + 20 (DT + [20" fr(T) + f(T)]gap,  (9)
where

Top=Toy +2fr (DT + [2p™ fr(T) + f(T)]gap,  (10)

is being the effective total energy-momentum tensor which
can be split, similarly (2), as

T! = w'uqup + phap +qlup + qhug + 7. (11

Here ', p', g/ and 7!, are total effective dynamic quan-
tities, namely, effective total energy density, pressure, heat
flux, and anisotropic pressure, respectively. On the other
hand, dynamic quantities defined by corresponding energy-
momentum tensor, as
a b 1 ab

w=uuTop,  p=hTTe,

3 (12)

Ga = —hPqu Tp, Tab = h (ah by Tea.

Now, using (12) and (4), Eq. (11) gives us the following ef-
fective total dynamic quantities of R + 2 f(T') gravity:

=" 20 (T) (" — p™) — f(T), (13a)
pl=p" +4fr(T)p" + f(T), (13b)
4, =0, (13c)
n!l, =0. (13d)

On the other hand, in this paper we will use non-linear tetrad
evolution and constraint equations instead of components of
field equations. In view of this, we shall assume familiar-
ity with tetrad evolution and constraint equation of GR as
given by Ellis and van Elst (1999). The tetrad evolution and
constraint equations of f(R, T') gravity can be obtained by
writing the effective total dynamical quantities w’, p’, ¢/,
and 71(;}3 in place of w, p, g4 and myp in tetrad equations
of GR. We list the evolution and the constraint equations of
f(R, T) gravity in Appendix A (see (38)—(54)).

3 Metric and solutions

We consider rotating spatially homogeneous Bianchi type-
IX universe, in a one-forms basis w“, given by

ds? = (o — a(t)vaa)a)2 +a*(k; (wa)z» (14)

with the following explicit realization (MacCallum 1979)
¥ =d t,

w' = cos y cos zdx — sinzdy,

(15)
w?* = cos y sinzdx + cos zdy,

W =— sin ydx + dz,

where the scale factor a is only function of cosmic time ¢ and
ky’s are positive constant parameters. Now, we can write the
ansatz for the line element (14)

ds2 = naboaob, Nap =diag(—1,1,1,1), (16)

choosing an orthonormal comoving (ep = u) tetrad frame
with the following o one-forms

o=’ — a(t)vla)1 — a(t)v2w2 — a(t)v3a)3,

ol =aki', o =a(tkrw?, 17)

ol = a(t)k3w3,

and the e, basis vectors (6% (ep) = 8}))

e():ala
V1 1 cosza in29
e = — —sin
: ki ! kia(t) \ cosy * 20
cos z sin
)
cosy
v 1 sinz 3 4 5 (18)
ep=— cos
2T 0" T lat) \cosy & 29
sin y sin z
+yiaz>7
cosy

Vo L g
k' ksa(t)

e3 =

For such a frame, commutators of the basis vectors ¢, are
given by Ellis and van Elst (1999) in terms of the kinematic
quantities of the fluid as measured with respect to eq:

. 1
leo, ep] = tigen + [ega(m +o') —of - gage}ey, (19a)

lea, eg] =2eq4p, @” eo

+ (eoqg;(gn"‘3 + aab‘g — aﬁég)ey, (19b)
where the kinematic quantities 4, 6, o4p (02=(1 /2)0ap X
a“b) and w? (a)2 = w,w") are acceleration, expansion, shear
and vorticity, respectively, and nyg and a, are the commu-
tation variables and £2, is the local angular velocity of the
spatial triad {ey}.
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Using the basis vectors (18), the commutation relations 5 U_12 a ﬁ n 2k3 B K3 B 2k2 —v?
(19a) and (19b) give us the following kinematics for the Ro- k12 a a? k%k% k%k% 2](%](%
tating Bianchi type-IX model: 5 ’ N
. +=-=-— ) — =0 (25)
2 2 2 )2
oup =0,  0=3%, ky ks ki/a
a
vl a vy d v (5 —k3) a
i =—-=—a, ih=-—==-a e 2 (26)
k] a ’ k2 a ’ 2R3K a
_u é _ As it is seen immediately, the analysis of the Eqs. (22)—(26),
us= kya a3, shows that they are consistent under the conditions
1 1 2 2 2
=9 __po. ) = v2_ 1_ b, o) ke=kha, vi =ki — k3. 27)
2koks a 2kski a
v 1 On the other hand, the second order differential equa-
3 . | .
3= — = —4§23, tion (22) can be straightforwardly integrated as
2k1ky a
ki
gyt kI a(r) = 75— cosh(ent + ), (28)
koks a kski a 5C1
= k3 l others = 0 where ¢ and ¢; are constants of integration. It is worthwhile
33 kikya’ ' to note that this is the same solution found by Sofuoglu and

Here and hereafter the dot (*) denotes derivative with re-
spect to the cosmic time 7.
As a first step we specialize to the case

v1#0, v,=0, v3=0. 21

Following the same procedure in Sofuoglu and Mutug
(2014), using the basis vectors e, given by (18) and the
kinematic quantities (20) in the full set of the constraint
equations (47)—(54) and the evolution Eq. (40) which con-
verted into a constraint in the case of vanishing shear, we
obtain the total effective dynamic quantities of the model.
We list nontrivial of them for the case (21) in Appendix B
(see (55)—(61)).

Our solution seeking for rotating Bianchi type-IX model
in f(R,T) gravity, is based on comparing the total effec-
tive dynamic quantities, which is given by the Eqgs. (13a)-
(13d) and (55)—(61). Then, comparing Eqs. (13c) with (57)
and (13d) with (58)—(61), we have the following system of
equations:

i > ko1 @)
a a’ 433 a?
2 s . 2 2 2 2
_4v_1<g_a_2>+(2k1—v1 KR
2 2 272 272 272
K \a a k3 K3k KRS
L2 1) L @3
Kook ki)a®
2v12 (& a2> N ( 263 k3 2k -}
2\ 42 2.2 1212 21,2
K\a a kiki  kiks  2k3k3
+ 2] 1) Lo 24)
KBk ke
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Mutus (2014) and Obukhov et al. (2002) for GR in the case

violated the shear-free conjecture condition " + p™ # 0.
Now, let us turn our analysis. Comparison the combina-

tions of Egs. (55) and (56) with of (13a) and (13b) by using

(22) for & — & yields

0=[1+2fr(D)]("™ + p™). (29)

Since we have assumed that ©” + p™ # 0, we have from
(29)

14+ 2f7(T) =0, (30)
which integrates to give

1
f(T)=—§T+c, 31

where c is an integration constant which can choose —2A,
A being the cosmological constant, then (31) read

f(T):—%T—ZA. (32)

Substituting the f(7) function (31) into Eq. (8), with ¢ =
—2A, we have

f(R,T)=R—T —2A. (33)

By this way, we have reconstructed simultaneously rotating
and expanding f (R, T) gravity model.

Up until now, we have not used the conservation equa-
tions. Inserting the expressions (55)—(61) into the required
places of the total effective matter and momentum conser-
vation equations given (43) and (44), respectively, coming
from

ViGayp=0 = VT! =0, (34)
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we see that these equations are identically satisfied as other
evolution equations (38), (39), (41)—(46). On the other hand,
to be informed of ™ and p™, keeping in mind that, as it
can be seen from (4), trace of the energy-momentum tensor
is

T=—p"+3p", (35)

which, using with (31) and (34), one can take the covariant
derivative of (10) to give the following barotropic equation
of state (EoS) p™ = p™(u™):

p" = éu’” + ¢, (36)
where c¢3 is an integration constant. Then using the con-
sistency conditions (27), the f(T) function (32), the solu-
tion (28) and the EoS (36), from comparison the expressions
(13a) (or (13b)) with (55) (or (56)) we get
2

A:%c%% —%(33. (37)
As it is easily seen from (36) and (37), for any standard
matter energy density, provided that the natural assumption
u™ > 0, there are cases that have positive pressure with pos-
itive or negative A. For instance, if 0 < ¢3 < 6c%k§ / k2, then
we have p™ > 0 with A > 0; if 6¢7k3/k} < c3, then we
have again p” > 0 but this time A < 0. Particularly, if we
choose ¢z =0 in (36), then we get the linear barotropic EoS
p™ = wu™ with w = 1/5 which corresponds to physical
case p" > 0 again.

4 Conclusions

In this paper, following the works of Sofuoglu and Mu-
tus (2014), we have considered rotating Bianchi type-IX
universe with a perfect fluid source in the framework of
f(R,T) theory of gravity to investigate the existence of
shear-free, rotating and expanding perfect fluid solutions of
the field equations of this modified theory.

By using tetrad equations, we obtain an exact solution
of the field equations and we have reconstructed an f(R, T)
model for f(R,T)= R+2f(T) gravity suchas f(R,T) =
R — T — 2A. This shear-free Bianchi type-IX solution is
the first one which can rotate and expand at the same time
in f(R,T) gravity for any matter content provided that
™ > 0and u™ 4+ p™ # 0. This suggests that the shear-free
perfect fluid conjecture of GR do not have a counterpart in
this theory, as in Newtonian and f(R) theories of gravity.

It would be discussed here about energy conditions of
this model. The energy conditions of f(R,T) gravity are
given by Sharif and Zubair (2012b) as, null energy condi-
tion (NEC): u! + p' > 0, weak energy condition (WEC):

u' >0, u' + p' > 0, dominant energy condition (DEC):
uw —pt >0, u' + p' >0, u' >0 and strong energy con-
dition (SEC): u' + 3p’ > 0. For the shear-free, rotating
and expanding Bianchi type-IX model, using (13a), (13b),
(32), (36) and (37) we get pu' = 2c3 + 3ctk3/k} and p' =
—2c3 — 3c%k% / k%. It is straightforwardly seen that NEC is
always trivially satisfied. WEC and DEC are satisfied ex-
cept the interval —36%1{% / Zk% < ¢3 < 0. SEC s satisfied only
if —3c¢}k3/2k? < c3 < 0. The SEC implies that the expan-
sion of the universe is decelerating conversely recent ob-
servational data indicating the accelerating universe. Then
the SEC is violated on present cosmological scales (Visser
1997; Visser and Barcelo 2000). Thus, we can conclude that
our model is substantially compatible with recent cosmolog-
ical observations.
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Scientific Research Projects (BAP) under project number 52210.

Appendix A: Evolution and constraint equations
of f(R, T) gravity

A.1 Evolution equations
.o 1 2 . .o 2 2
epf — eyt =—§9 + (g — 2ay)u” —20° + 2w
Lo 3p 38
—E(M +3p'), (38)

1 1 1
eow® — Eeo‘ﬂyeﬂﬂy = g%y (.Q/ga)y — Eaﬁl;ty) — En%uﬂ
- %Qwo‘ +o0%P (39)
3 P

€00ap — €(allp)

= ey5a (2927 0p)° — np)V i) + aalip) + it(aiip)

— 30008 — oy (@op)’ — wwp)
1 t
—( Eep = 57l ). (40)
1 t Y8 1 t
o\ Eap + 57ap | = & ey Hp)s + 5€ladp)
Y 1 Y 1 y 1
= —3ny, o Hp" + En yHap — E(am +2M(a)q/5)
— S+ P)oup — 0 Eap + <!
2 6

1
+ 30y(a (Eﬁ)]/ — 671';3)]/)
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+6"% 4| 22, +w) E 5+1nt
1% 4 B) 2B

1 )
+ Enmng + ity — ay)Hﬁ)5:|, 41)

12 1 t
coHap + € @ery | Eps = 57p)s
1 1 1

=3n"(4 (Eﬁ)y — E]ngW) - Eny,,<Ea,3 - Eﬂéﬂ>

y 3 '

—O0Hug +307 (o Hpyy + §w<aqﬂ>

yé 1 t

+&"%| 282, +wy)Hpgys +ay, | Egys — 5”/3)5

+ %Uﬁ)ng - ZﬂyEma} (42)
eon' +8eggl + (1 + p')0 + 0P iy
+2(iiq — ag)ql =0, (43)
eoql, +eqp' + Sﬂyeyn;ﬁ + (1" + p)ite + ggqg
+ ao‘ﬁqg + (i — Saﬂ)n‘;ﬁ
— "7 [(2p — wp)q), + nyms, ] =0, (44)
€odo + %Saﬁy(ey +i, —2a,)2F + %go{ﬂy (i + aP)e?
1 4. L. 1 5
— an (g +ag) + g(ua +ay)0 — E”aﬁ“)

1
+ Esowaf“‘fyn” =0, (45)

eon®® + %n“ﬂe + 8“ﬁ[(ey + ﬂy)(ﬂy + a)y)]
_ 8]’(/3 [(e)/ + l/'ly)(.Qa) + (,()a))] + 8)’5(‘1(6}/ + "‘{y)aﬂ)ﬁ

— 20, nPY 4267 (2, 4+ wy) =0. (46)

A.2 Constraint equations

2
eﬁaaﬁ - §€a9 +8aﬁyeﬂa)y - 361/3(7“/3 — nwﬂw/3

— &PV [ngsa’y + (ap — 2ip)w, | + g, =0, (47)
eq” — Qag +ig)w* =0, (48)

Hag + e(qwp) — €"° (weyy 0p)s + (2t (o + aie)wp)
1
+ 3ny(aaﬁ)7’ — Enyyo’aﬂ

— eyzS(a (ngyyws — a,op)s) =0, 49)
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1 1 1
8’3”67, <Eaﬁ + En@) — gea,u’ —3a? (Ea/g + 571&);)

1 1 3
+ 504}3 - Ea‘qug — 3w Hyp — £477 |:ogH5y - Ewﬁq;

1
+ nﬁ5<an + Engy)] =0, (50)
1
8% ey Hup + ea” epay, — 3agHo’ + (1" + ')
6

1 1
- Enaﬁq;} + 30" (Eaﬁ - —néﬂ>

1 1
s 8
+ e, |:aﬁ (Egy + §n§y> — Eaﬁq}t’ —ng H(gyi| =0,

(51
egn® +e%PY ega,, —26%p, P 2V +20% g
2
+ §9w“ —2n*Pag =0, (52)
elaap) + biap) + (ey —2ay)n* ae” g1
1
+ geaaﬂ - Uy(aaﬁ)y + Zw(agﬂ) — W(We)
1 t
~( Bap + 57 ) =0, (53)

1
deqa® — 6aqa® —n"ny, + Enyyn“a — 40’2 —2u!

2
+ 592+202+2w2=o, (54)

where E,j, and H,p, are the electric (Egp = Caepqutu?) and
the magnetic (H,p = (1/2)g, dc cdbett®) parts of the confor-
mal Weyl curvature tensor Cypeq -

Appendix B: Dynamic quantities of the rotating
Bianchi type-IX model

(55)

,=1uf<4a' ﬁ)_za a2 1[kf+vf k?

S 2T, 272 272
a a 12 kyks kiks

o2 2 2 )} 1 56)
22 2 2 2 a2
kik3 ki k3 k3 la
. 2
t vy (a a k1U1 1
=2—|- 57
4 ki <a az) 2k§k§ a? 57)
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. _ 41)12(52 a2> l<2k12—v12 K2 k3

32\a a?) 3\ B2 B KBK
P2 Lol 58)
kok3 ki) a?
;o 2vifa a®\ | 1(2k3 k3 2ki—uf
™3 <E - E) 3 (kgkf TR 24K
P2 59)
k3 k3 ki/a®

. 2v§<a a2>+1<2k§ 2% —v} K3
Tor==—=|—— — - - -
PU3\a ) 3\ 23 KK

n 2 1 1) 1 60)
2 e 2l
k3 k1 k2 a
2 12y -

vk —k3) a
Ty = —=———> —, 61
23 kzkgkf a2 6D
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