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singularity. For example, big rip results from the evolution of the phantom field with an exponential
potential and little rip stems from a quadratic potential in general relativity (GR). By choosing the same
potential as in GR, we suggest a new mechanism to avoid these unexpected fates (big and little rip) in
the inverse-R gravity. As a pedagogical illustration, we give an exact solution where phantom field leads
to a power-law evolution of the scale factor in an exponential type potential. We also find the sufficient
condition for a universe in which the equation of state parameter crosses w = —1 divide. The phantom
field with different potentials, including quadratic, cubic, quantic, exponential and logarithmic potentials
are studied via numerical calculation in the inverse-R gravity with R? correction. The singularity is
avoidable under all these potentials. Hence, we conclude that the avoidance of big or little rip is hardly
dependent on special potential.

© 2011 Elsevier B.V. Open access under CC BY license.

1. Introduction

It has been widely accepted that astrophysical observations might favor a dark energy component with “supernegative” equation of
state (EOS) parameter w = p/q < —1, dubbed as phantom or super quintessence, where p is the pressure and p is the energy density
[1,2]. The phantom model with Born-Infeld type Lagrangian has been proposed [3] and its generalization to O (n) symmetry has been
done in Ref. [4]. The phantom component leads to a catastrophic big rip singularity that is characterized by divergences in the scale
factor a, the Hubble parameter H [5] and its time-derivative H [6] at the finite future t = t,. It has been studied that various types
of singularity might occur in phantom scenarios [7,8]. Barrow and his collaborators [9,10] have investigated general characterization of
sudden cosmological singularities and the classical stability of cosmological solutions containing these singularities. Some mechanisms
have been proposed to avoid these catastrophic singularities. For example, it has been shown that these singularities in the future of
the cosmic evolution might be avoided if we take suitable potential term [11-13], quantum effects [14] and modified gravity [15]. If one
considers an additional interaction between the phantom field and the background, the big rip singularity can be avoided in the late-time
evolution of the universe [16]. In brane-world models, a Gauss-Bonnet term is provided for the bulk, whereas phantom field is present
on the brane. If the dark energy is modelled by a phantom-generalized Chaplygin gas, the evolution of universe will avoid the big rip
[17-19]. In the torsion cosmology, the scalar mode of torsion could be considered as a phantom field which will derive the universe in an
oscillating fashion with an accelerating expansion at late-time [20-24]. However, w < —1 as the scale factor a(t) extends into the future
is necessary condition [7,8], but not sufficient one for a future singularity. Recently, the little rip scenario has been proposed in [25], in
which w < —1 but w — —1 asymptotically, such that there is no future singularity. Such model will nevertheless lead to a dissolution of
bound structures at some time in the future. Especially, the viscous fluid can produce a little rip cosmology as a purely viscosity effects
[26].

On the other hand, there is an interesting way to give rise to acceleration: a modification to the Einstein-Hilbert action involving new
terms of inverse powers of the curvature scale (in the following text we call it inverse-R gravity), of the form ,/—gR™" (with n > 0)
[27]. In general f(R) gravity (even without scalar field), the divide w = —1 crossing behavior is shown in Refs. [28-31]. Recently, Du et
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al. [32] discussed the behavior of quintessence field in the inverse-R gravity and found that the evolution of w with cosmic time can
cross the divide w = —1 and w will be less than —1. In this Letter, we put forward a new mechanism to avoid the catastrophic big or
little rip by means of the investigation of phantom field in the inverse-R gravity. It is worth noting that crossing w = —1 divide happens
approximately in a few e-fold expansion when the inverse-R term is still sufficiently large and the decrease of the energy density resulting
from the crossing of w will make the catastrophic fate avoided.

This Letter is organized as follows. In Section 2, we give a brief review of inverse-R gravity and its relation to the phantom field in
Einstein’s general relativity (GR). An exact solution is shown in Section 3. In Section 4, we investigate the mechanism for a single phantom
field to avoid big or little rip by an analytical method. In Section 5, we present the numerical results to avoid big or little rip of phantom
depending on different potentials in frame of inverse-R gravity. Finally, we give a brief summary and a further discussion in Section 6.

2. Phantom field in inverse-R gravity

There are two types of modification of Einstein-Hilbert action: one is ultraviolet modification which is important in the early universe
(high curvature region) and the other is infrared modification which plays significant role in the late universe (low curvature region). The
inverse-R gravity is one of the current models with infrared modifications. The inverse-R gravity seems unable to pass the solar system
observations [33], but this problem has been solved by adding a scalar curvature squared term R? to the inverse-R gravity [34,35]. In
Ref. [31], the following f(R) theory was proposed:

at R—A2>m
R)=R — 1
F®=R- o (5 M

where n,m, Ay, A, and B are constants. This model leads to an acceptable cosmic speed-up and is consistent with some of the solar
system observations. This general case returns to the inverse-R gravity when the curvature is low and A; =0.
In this Letter, we consider the following action

2
m at  R?
S:—plfd4 J=glR-=+=
2 AVTE R

in the FRW universe with scale factor a. The metric is

) +fd4x¢—_g(ﬁm + Ly) 2)

ds? = —dt* + a®>d x? (3)

where dX? is the metric of a 3-dimensional maximally symmetric space. £y, is the Lagrangian of matter and Ly is the Lagrangian of
phantom field with the potential V (¢),

1
Ly = Eg“”amam —V(9). (4)
The Friedmann equation is given by [31]
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where H =a/a is the Hubble parameter and the dot denotes the derivative with respect to t, and
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The equation of motion for phantom field is
é+3H¢ v _o 7)
dp

In this system the phantom field together with the extra geometric term takes effect of dark energy. In the inverse-R gravity, there is
an additional F-term in the modified Friedmann equation (5). To expound the observed evolving EOS of the effective dark energy, one can
introduce the concept “equivalent dark energy” [32]. We derive the density of equivalent dark energy by comparing (5) with the standard
Friedmann equation in GR. The latter can be written as

, k 1
H + = = —=(Pm + Pde)- (8)
a 3mp,

Comparing (8) with (5), one has

Pde = Py + F, (9)

where py = —$2/2+ V(¢). It is worth noting that F-term makes a key difference from the standard model of GR. In the next section, we
shall study analytically the phantom dynamics of universe in inverse-R gravity.
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3. Power-law solution in a model with exponential type potential

To find exact solutions is an important but difficult topic in such a highly non-linear system (7) and (10). The most interesting exact
solution is a power-law one because it has the extra advantage that the equations for the generation of density perturbations can also be
solved exactly in the cosmological inflation [36]. In a spatially flat universe, the Friedmann equation (5) reduces to

F o —¢*2+V
weo L 02 (10)
3mp, 3mpl
during the phantom dominated stage. Note that crossing w = —1 divide happens approximately in a few e-fold expansion when the

inverse-R term is still sufficiently large and the R2-term is still sufficiently small, therefore, the S-term can be neglected in rhs of (6) at
the late-time of evolution. We have

a*m?
F(H,H, H)= ——P_(2HH + 15H>H + 2H? + 6H*). (11)
12(H + 2H?)3
In this case, the power-law solution arises when the potential is chosen to take the following form
¢ & 4¢
V=V0exp[———lnl+yexp — 1, (12)
mp 4 §myp

where & >4, y and Vj are constants, and
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The equations of motion (7) and (10) then have the particular solution
a=aot’, (14)
2 s, (15)
mpl

where

& [g6-9
j=5+ o (16)

Provided that j > 2 when & > 4, this solution satisfies the condition for accelerating expansion. If we take another value of y in the
potential (12)

)= 3a4(12 — 38 4 /382 — 4&)
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the system (7) and (10) have the particular solution (14) and (15), but

)
=3 12 (18)

Provided that 1 < j <2 when 4 < & < 6, this solution also satisfies the accelerating condition. It is not surprising that there is a power-law
solution for the dynamical system of phantom because F-term makes a key difference from the standard model of GR. The power-law
solution makes a message known to us: the big rip can be avoided in the inverse-R gravity.

(17)

4. The avoiding mechanism

Before studying the avoiding mechanism in this dynamical system, we discuss briefly the relation between density evolution and EOS.
Since the dust matter obeys the continuity equation and the Bianchi identity keeps valid, equivalent dark energy itself also satisfies the
continuity equation

dpqg
o T 3H(pde + pep) =0, (19)
where p.g denotes the effective pressure of the equivalent dark energy. From (9) and (19), we can express EOS as
Deff . .
w=L oo (5, + ) (20)
Pae 3H(ps+F) 7
where
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F=—"F—[H(H*+H)+3H(2H* - 7HH — H) 4+ 3H(H* — 16H*H — 4H*)] (21)
6(2H2 + H)4
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and 0y, F depend on the rate of expansion. If 0 +F <0 (Pg + F > 0) the equivalent dark energy behaves as quintessence (phantom) in
GR, i.e., pge decreases (increases) with expansion of universe.

Next we consider the approach of Refs. [7,25] where the pressure is expressed as a function of the density in the form pey = —pge —
f(pde). Taking a power law for f(poge), i.e., f(0ge) = ZTA’O;/E (A >0 and y > 0), we see that the fate of universe will depend on y: (i) There
is the possibility of little rip but no finite future singularity for y < %; (ii) There is a type I (big rip) singularity for % <y < 1; (iii) There
exists a type III singularity for y > 1. Here, the singularities are classified according to Ref. [7]. We have

H()eA(t_tO), y = %7
H=1 | o 1 (22)
ﬁ[(Zﬁ - DAt —D]™%, y>5 and y#1
where h =c=mp =1 is taken for the sake of clarity. Substituting (22) into (21), we obtain
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It is easy to prove F <0 (F is a negative-definite function) for Y < Verits Yerit = (23 + /481)/16, which brings a possibility to avoid the
big and little rip, and some type Il singularity for y < ;. In the inverse-R gravity, the F-term makes a key difference from the standard
model of GR.

In the w(tg) > —1 case, w(t) will monotonically increase since Fisa negative-definite function for y < ycri¢. In the w(tp) < —1 case,
we need an analysis in detail. Combining (7) and (10), we find that

. 3HY*+F
H= # (25)
6mle
. 3H¢?+6Hp¢ —6m2 H> + F
H= 3 . (26)
6m le
If w(tp) < —1 from the current observation, we must demand that EOS parameter cross w = —1 divide for the avoidance of big or little

rip in the future. The universal argument is that the crossing phenomenon happens at t =t. iff H(t;) =0 and H(t.) # 0. In the phantom
case of GR, we have J = 0 such that H(t;) =0 implies H(t.) = 0. Therefore, the crossing behavior never happens. In other words, the big
or little rip is inescapable in the Einstein's GR. In inverse-R gravity, H(t;) =0 and H(t;) # 0 iff F = —3H¢? and F # —6H¢pd at t =t,.
Thus, we have proved the following theorems.

Theorem. If w(ty) < —1, the avoidance of big or little rip demands F = —3H¢? and F # —6Hee at t = t. in the inverse-R gravity where t is the
crossing time.

5. Numerical calculation for the scalar phantom models in inverse- R gravity with R? correction

For a minimally coupled phantom field ¢ in GR, the necessary conditions have been given for the refrainment of big rip or little
rip [37]. That is, when V'/V — oo and [ VV(V))~ldp — oo, w approaches —1 sufficiently rapidly that big rip is refrained. Furthermore,
the boundedness of the potential V (¢) indicates whether or not the model corresponds to a little rip expansion. Thus, we examine a
specific model with V (¢) — 0o as ¢ — oo in more detail.

In Section 4, we have investigated analytically the evolution of universe in the phantom dominated epoch in inverse-R gravity. For a
realistic universe, the pressureless matter is an essential component. However, it is difficult to study analytically the evolution of universe
when we consider matter component in inverse-R gravity with R? correction. The behaviors of phantom field with different potentials are
investigated by numerical calculation in this section. The results show that the big or little rip can be avoided for these models. A spatially
flat FRW universe has been assumed in all calculations.

5.1. Exponential potential: an example of avoiding big rip

The form of exponential potential is
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05F i

Fig. 1. The evolution of 1+ w, £24. and q with the e-folds s for an exponential potential, where the solid, dot, dash lines represent 1+ w, 24 and g, respectively.

V($) = e exp(%) (27)

pl
where . is a parameter with dimension of energy density. Let us introduce the four dimensionless parameters for the numerical calcu-
2
lations, x = Hio y= 2 h= Z—% and cp = % Thus, (7) and (10) can be rewritten as

mp’
1
X = Qo™ = X'y —u(y) + b0 + c), (28)
X2y// + xx/y/ + 3X2y/ _ v(y) =0, (29)
where
b42/2 23// -153/ 64
b(x):(xx+xx+ xx+x)7 (30)
36(xx’ + 2x2)3
c(x) = 18co(6x°X + x*x'? + 2x°x"), (31)
tee?
uy) =—5— (32)
3Hgm?,
HeeY
vy = (33)
HOmpl

Here the prime denotes the derivative with respect to the so-called e-folds s=1Ina and 2,0 = Pm.0/ (3H(2)mf),), Hy is the current Hubble
parameter and pm,o is the current density of pressureless matter. Generally speaking, co is a little tiny number since the inflation scale g
is much higher than Hg. If we fix the inflation scale as a GUT energy scale of 10'4 GeV, cp ~ 107112,
The deceleration parameter can be expressed as
X/
=-1—-— 34
q " (34)

and we introduce the dimensionless density of equivalent dark energy 24, for convenience

i 1
Qe = —pz E =Xyt u(y) +bx) +c). (35)
3Hpmy, 6

Using numerical calculation, we plot w, £24. and q as functions of e-folds s for the scalar phantom in inverse-R gravity in Fig. 1. In Fig. 2,
we show the evolutions of w for the scalar phantom model with an exponential potential in GR and in inverse-R gravity. Obviously, the
EOS of equivalent dark energy changes from less than —1 to larger than —1 such that the big rip singularity is avoidable in the inverse-R
gravity whereas w is always less than —1 and asymptotically tends to a constant which leads to the big rip singularity in GR. It is clear
that R~!-term plays an essential role for the avoidance of big rip. The result of numerical calculation is consistent with that of exact
power law solution Egs. (14) and (15) for exponential type potential.

5.2. Quadratic potential: an example of avoiding little rip

The quadratic potential is widely investigated since any potential around its minimum (if it has a minimum) can be treated as the form
of quadratic. We take the potential as
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0.0 0.5 1.0 15 2.0 25 3.0

0.0 —

Fig. 3. The evolution of 1+ w, £24. and q with the e-folds s for the quadratic potential, where the solid, dot, dash lines represent 1+ w, £24. and g, respectively. The initial
values are taken as xo =1, yo = 1,x; = —1.03, y; = 0.01.

V(@) = u3¢’ (36)
where w;, is a parameter with dimension of mass. In this case, (7) and (10) are still reduced to (28) and (29), but
2
My 2

uly)=—=5y°, 37
6)) 312 y (37)

22
v(y)==3y. (38)

Hg

In GR, phantom model with quadratic potential may lead to the little rip in the future of cosmic evolution. However, we see that the
EOS of equivalent dark energy changes from less than —1 to larger than —1 in Fig. 3. It means that the little rip is avoidable for phantom
field with a quadratic potential in the inverse-R gravity.

5.3. Other potentials

In this subsection, we study other potentials for phantom field including cubic, quantic and logarithmic potentials. In GR, the scalar
phantom field with quadratic, cubic and quantic potentials might lead to little rip whereas the big rip may occur for exponential and
logarithmic potentials [37]. In the numerical calculation, we only need to revise the expressions of u(y) and v(y) in (28), (29) and (35)
for different potentials, which are shown in Table 1.

In Figs. 4-6, we show the numerical results for the cubic, quantic and logarithmic potentials, respectively. We find that the results are
analogous to the case of exponential or quadratic potential, i.e., the big or little rip is avoidable in the inverse-R gravity.

6. Conclusion

In GR, the phantom field with an exponential or a quadratic potential leads to big or little rip that is characterized by the destruction of
all bound structures. We show the possibility of avoiding the big or little rip naturally in the inverse-R gravity. For a special exponential
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Table 1
The expressions of u(y) and v(y) for various potentials.
V() u(y) v(y)
2,2 2
242 Wy 213y
Hyp 3H] H2
3 2
3 Hamply” 3uampy”
3¢ 3H2 H2
& pam? 4pugm? y?
Ha 3H2 H2
¢ pee” pee?
e €XP( Ml ) 3H3m§, Hgm;,
Iny I
In K 2 L
G 3, Mty
1.0 =
05F 4

Fig. 4. The evolution of 1+ w, §24, and g with the e-folds s for the cubic potential, where the solid, dot, dash lines represent 1+ w, §24, and g, respectively.

Fig. 5. The evolution of 1+ w, £24, and q with the e-folds s for the quantic potential, where the solid, dot, dash lines represent 1+ w, £24. and q, respectively.

type potential, we find an exact power-law solution that makes a message known to us: the big rip can be avoided in the inverse-
R gravity. We also find the sufficient condition for a universe in which the equation of state parameter crosses w = —1 divide in the
inverse-R gravity. In GR, the scalar phantom field with quadratic, cubic and quantic potentials might lead to little rip whereas the big
rip may occur for exponential and logarithmic potentials. And then we investigate these potentials for phantom field ¢ in the inverse-R
gravity with R? correction. The big or little rip is avoidable under all these potentials. Therefore, we conclude that the avoidance of big or
little rip is a robust property of inverse-R gravity with R? correction, not rigidly adhered to some special potential.

It is worth noting that crossing w = —1 divide happens approximately in a few e-fold expansion when the inverse-R term is still
sufficiently large and the decrease of the energy density resulting from the crossing of w will make the catastrophic fate avoided.

Finally, we give a brief discussion. It is not a shortcoming that we discuss only the background evolution in this Letter but not
consider the cosmological perturbation theory. In fact, Nojiri and Odintsov [31] have pointed out that modified gravity equations of
motion are higher-derivative differential equations. The cosmological perturbations in modified gravity approaches to those in GR, since
the corresponding equations are reduced to second-order differential equations.
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0.0 / 1

Fig. 6. The evolution of 1+ w, 24, and q with the e-folds s for the logarithmic potential, where the solid, dot, dash lines represent 1+ w, £24, and g, respectively.
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