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You need not be afraid of phantom energy
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Phantom energy which violates the dominant-energy condition and is not excluded by current constraints on
the equation of state may be dominating the evolution of the universe now. It has been pointed out that in such
a case the fate of the universe may be a big rip where the expansion is so violent that all galaxies, planets and
even atomic nuclei will be successively ripped apart in finite time. Here we show, however, that there are
certain unified models for dark energy which are stable to perturbations in matter density where the presence
of phantom energy does not lead to such a cosmic doomsday.

DOI: 10.1103/PhysRevD.68.021303 PACS nuni§er98.80.Es

[. INTRODUCTION infinite down to zero at infinite time. In case that a generic
perfect-fluid equation of stat@=wp, with o<—1 is con-
The Wilkinson Microwave Anisotropy Prob@VMAP)  sidered, the above new behaviors show themselves immedi-

[1] has confirmed it with the highest accuracy: Nearly 70%ately. For flat geometry, the scale factor is then giverjdly

of the energy in the Universe is in the form of dark energy—

possibly one of the most astonishing discoveries ever made

in science. Moreover, recent observations do not exclude, but a(t)c[eC1iF o)t e~ Callte)]2BA+ )] (1 1)

actually suggest a value even smaller thahfor the param-

eter of the equation of state, characterizing that dark en-

ergy[2]. That means that for at least a perfect-fluid equationyith C,>0 and 0<C,<1. We note that fom< —1, in fact

of state the absolute value for negative pressure exceeds that, . st .t =InC,/[C,(1+w)]. This marks the time at big
for positive energy density, i.ep+p<0, and hence it fol- rip and the onset of the contracting phasetfort, .

lows that the involved violation of the dominant-energy con- This paper aims at showing that the above-described

dition might allow the existence of astrophysical or cosmo—emergence of a cosmic doomsday at which the big rip oc-

logical W(_)rmholes. A most striking consequence from_ darkcurred and the subsequent unconventional evolution of the
energy witho<—1 has been, however, pointed ¢8i. It is

that in a finite time the universe will undergo a catastrophicumverse can both be avoided while keeping the phantom

“big rip.” Big rip is a term coined by Caldwell[3] that energy conditionp+p=0, p>0, o= -1, on the dark en-

corresponds to a new cosmological model in which the scal§"9Y If, instead of a quintessential description of dark energy

factor blows up in a finite time because its cosmic accelera®@S€d on an equation of stgie: wp, with w<—1, we con-

tion is larger than what is induced by a cosmological con-Sider a suitable generalization of the Chaplygin-gas model
stant, making in this way every component of the Universavhich, at sufficiently late times, does not show observable
to go beyond the horizon of all other universe’s component§lonphysical oscillations and exponential enlargement in the
in finite cosmic time. If dark energy is phantom energy, i.e.,matter density perturbatior{$] that are present in current

if dark energy is characterized by an equation of state withinstable Chaplygin-gas cosmic modedé The latter models
w=p/p<—1, and hence there is a violation of the describe a single substance which is characterized by an
dominant-energy conditionp+p<0, then the phantom- equation of statd6] p=—Ap ¢, whereA is a positive-
energy density is still positive, though it will first increase definite constant and is a parameter which may take on any
from a finite small initial value up to infinite in a finite time, real positive values. This equation of state has been shown to
thereafter steadily decreasing down to zero as time goes t@present the stuff that simultaneously describes dark matter
infinity. A state with infinite energy density at finite cosmo- and dark energy, but gives rise to instabilities stemming from
logical time is certainly an unusual state in cosmology. To arthe unobserved existence of oscillations and exponential en-
observer on the Earth, this state coincides with the abovdargement in the perturbation power spectrum that arise
mentioned big rip where the Universe dies after ripping sucwhenever the speed of sound is nonzggh

cessively apart all galaxies, our solar system, the Earth itself, The paper can be outlined as follows. In Sec. Il we gen-
and finally molecules, atoms, nuclei and nuclef8ls For a  eralize the cosmic Chaplygin-gas models in such a way that
general cosmological model with phantom energy, the timehe resulting models can be made stable and free from un-
at which that big rip would take place depends on both thehysical behaviors even when the vacuum fluid satisfies the
initial size of the universe and the value @fin such a way phantom energy condition. The Friedmann equations for
that the larger the absolute value of these quantities, themodels which show and do not show unphysical behaviors
nearer the big rip will occur. The behavior of the Universeare solved in Sec. Ill, checking that in the latter case the
after the big rip is in some respects even more bizarre thaphantom energy condition does not imply any emergence of
the big rip itself, as its size then steadily decreases frona big rip in finite time. We finally conclude in Sec. IV.
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Il. GENERALIZED COSMIC CHAPLYGIN-GAS MODELS One can then interpret the model by taking the limit of these

We introduce here some generalizations from the CosmiEarameters aa—0 anda—, atwhich limits they, respec-

Chaplygin-gas model that also contains an adjustable initia off
parameterw. In particular, we shall consider a generalized pressurelgﬁszs' cold dark matt€€DM) model, and »*'—
gas whose equation of state reduces to that of current Chap- L @ndcs“—a+w(1+a) (that correspond to a pure cos-
lygin unified models for dark matter and energy in the limit Melogical constant Such as we have defined it so far, the
»—0 and satisfies the following condition) it becomes a  Present model does not satisfy condition) above, as the
de Sitter fluid at late time and whes= — 1, (ii) it reduces to  €volution of density perturbationg with wave vectork [5]
p=wp in the limit that the Chaplygin parametér—0, (iii) : eff ~effy o eff eff _

it also reduces to the equation of state of current Chaplygin Gt F(0,65) 0~ G067k 6=0, (2.7
unified dark matter models at high energy density, @Ml \yhare the prime denotes differentiation with respect ta, In
the evolution of density perturbations derived from the cho-, 4

sen equation of state becomes free from the above-

mentioned pathological behavior of the matter power spec- F(0®,c8M =2+ ¢—3(20° ™), (2.9
trum for physically reasonable values of the involved

vely, becomew®™—0 andcgﬁzﬂo [that correspond to the

parameters, at late time. We shall see that these generaliza- 3 ko) 2
tions retain a big rip if they also show unphysical oscillations G(w®",c&" k)= 5(1- 6cE™+ 8o 3w°™) — a_H) ,
and exponential enlargement leading to instabiite., if 2.9

they do not satisfy conditiofiv)], but if the latter effects are
avoided then the evolution of the scale factor recovers jth H the Hubble parameter,
rather conventional pattern, without any big rip or contract-
ing phase.

An equation of state that can be shown to satisfy all the §=— 3
above conditionsi)—(iv) is

-1
i -1 a3(1+a)(1+w)

1+ Q,

. Lhw Y and Q,, the CDM density defined from Ed2.3) in the
p=—p “[CH+(p"“=C)"“], (29 |imit a—0, shows oscillations and exponential enlargement

becausengfr is generally nonzero.
where

A Ill. AVOIDING THE BIG RIP

C=17, b 22 In case thato< —1 for the large values of the scale factor
for which dominance of the dark-phantom energy is ex-
with A a constant which now can take on both positive andoected, one can approximate the Friedmann equation that
negative values, and0w>— ¢, £ being a positive definite corresponds to the considered model as follows:

constant which can take on values larger than unity. By in-

. . . t\ 2
tegrating the cosmic conservation law for energy we get for a) 54
the energy density 3] =L@ 3.1
YA+ @) UL+ ) in which L2=87GB~ Y1+ a)([-1] The solution to this
p(a)=| C+ 1+W . (23 equation is

(3.2

3L(t—tg)| %3
2 1

whereB is a positive integration constant. Let us now define a(t):(agm—
the effective expressions of the state equation parameter and

speed of sound, which, respectively, are given by wherea, andt, are the initial values of the scale factor and

time, respectively. It is easy to see that in the considered case

weﬁ:E: _ m (2.4  the phantom energy condition always satisfiesp<<0 and
p C+D(a) there will be a big rip, taking place now at a time
d C[D(a)!"*—1)+[C+D(a)][a+w(1+ 2
a7 _ aCID(@)"" =1 +[C+D(@Jlatw(lta)] =2, 53
P [C+D(a)]D(a)*** 3a32L
(2.5 . .
followed as well by a contracting phase where the size of the
with universe vanishes ds-. Note that, as it was pointed out
before, the time at which the big rip occurs turns out to
(it o) depend on the initial size of the univerag, in such a way
D(a)=| 1+ Baraire) (2.6)  that the big rip becomes nearer ag is made larger. Thus,
the above model, which is actually excluded because it
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shares the same kind of instabilities as the original cosmic ~ B
Chaplygin-gas moddl5], shows a cosmological big rip. B= m>0. (3.10

In order to allow for both stability and compatibility with
observations, we consider next a model in whigh—0 as
t—o0 and the nonzero value of parameBeis small enough.
The first of these conditions can be achieved by simply im-

with ¢5=8mG/3. The solution to Eq(3.8) is

posinga+ w(1+a)=0, i.e. a(t)=D(Coe~ BRI -t0) _ g@2NVAI-10)253 (3.17)
1t e 1 3.4 where
+a= m ( . )
m 1/3
The equation of state and the expression for the energy den- D=ap 4_Co) ' (.12
sity are then reduced to read
p=—p [CH(p"" =) 9], (35 o Vitu-1 3.1
0o /— .
g\ te 1(1+a) Vi+tu+1l
p(a)=|C+| 1+ ;) 1 . (3.6 and
This equation of state satisfies then all the conditigna(iv) n=Bag?3. (3.14

imposed above.
According to condition(3.4) the phantom-dark energy \ne notice thata—a, as t—t, and a—o ast—o, and
with o<—1 immediately implies thatr<<—1 too. In such a hence there is not a big rip for this solution.
case we can check thatt p>0 for all values of the scale
factor and, in order to ensure positiveness of the energy den-
sity, we must haveA= —|A| and keepB>0. Then, for the IV. CONCLUSION
large values of the scale factor for which phantom-dark en- ; appears then that if we choose a general equation of

ergy is expected to dominate over matter, the energy densityaie for dark energy which is reasonably free from instabili-

can be approximated to ties and unphysical effects, then a phantom energy can be
N —(lol-1) 5 predicted which does not show any big rip at finite time. The
p:( ) 1+ . @37 key difference between the scale factor given by 8ql1)
|| =1 |A|(|lo|-1)a3 and that given by Eq(1.1) is in the sign of the overall
exponent of the right-hand side; while in E@.1) it is nega-
We can now write for the Friedmann equation tive for o< —1, in Eq.(3.11) it is positive for the same case.
Thus, cosmology can coexist with these phantoms in a quite

S\ 2 ~

(E) il 14 E) (3.9  Safe manner.
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