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High-redshift objects and the generalized Chaplygin gas
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Motivated by recent developments in particle physics and cosmology, there has been growing interest in a
unified description of dark matter and dark energy scenarios. In this paper we explore observational constraints
from age estimates of high-z objects on cosmological models dominated by an exotic fluid with an equation of
statep52A/ra ~the so-called generalized Chaplygin gas! which has the interesting feature of interpolating
between nonrelativistic matter and negative-pressure dark energy regimes. As a general result we find that, if
the age estimates of these objects are correct, they impose very restrictive limits on some of these scenarios.
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I. INTRODUCTION

The question about the nature of the energy content of
Universe has always been a central topic in cosmology
the last few years, however, this discussion has become
more critical due to a convergence of observational res
that strongly support the idea of an accelerated unive
dominated by cold dark matter~CDM! and an exotic fluid
with a large negative pressure. Dark matter is inferred fr
galactic rotation curves which show a general behavior
is significantly different from that predicted by Newtonia
mechanics. The most direct evidence for the dark ene
component or ‘‘quintessence’’ came from distance meas
ments of type Ia supernovae~SNe Ia! which indicate that the
expansion of the Universe is speeding up, not slowing do
@1#. Another important piece of evidence arises from a d
crepancy between the measurements of the cosmic m
wave background~CMB! anisotropies which indicateV total
51.160.07 @2# and clustering estimates providingVm50.3
601 @3#. While the combination of these two latter resu
implies the existence of a smooth component of energy
contributes with.2/3 of the critical density, the SNe Ia re
sults require this component to have a negative press
which leads to a repulsive gravity.

The main distinction between these two dominant for
of energy~or matter! existent in the Universe is manifeste
through their gravitational effects. Cold dark matter agglo
erates at small scales whereas the dark energy seems to
smooth component, a fact that is directly linked to the eq
tion of state of both components. Recently, the idea o
unified description for the CDM and dark energy scenar
has received much attention@4–7#. For example, Wetterich
@5# suggested that dark matter might consist of quintesse
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lumps, while Kasuya@6# showed that spintessencelike sc
narios are generally unstable to formation ofQ balls, which
behave as pressureless matter. More recently, Padmana
and Choudhury@7# investigated this possibility via a strin
theory motivated tachyonic field.

Another interesting attempt of unification was sugges
by Kamenshchiket al. @8# and developed by Bilic´ et al. @9#.
It refers to an exotic fluid, the so-called Chaplygin ga
whose equation of state is given by@10#

p52A/ra, ~1!

with a51 andA a positive constant. In actual fact, the abo
equation foraÞ1 constitutes a generalization of the origin
Chaplygin gas equation of state recently proposed in R
@10#. By inserting Eq.~1! into the energy conservation law
we find the following expression for the density of this ge
eralized Chaplygin gas:

rCg5FA1BS Ro

R D 3(11a)G1/(11a)

, ~2!

or, equivalently,

rCg5rCgoFAs1~12As!S Ro

R D 3(11a)G1/(11a)

, ~3!

where the subscripto denotes present-day quantities,R(t) is
the cosmological scale factor,B5rCgo

11a2A is a constant, and

As5A/rCgo

11a is a quantity related to the sound speed for t

Chaplygin gas today. As can be seen from the above eq
tions, the Chaplygin gas interpolates between nonrelativi
matter @rCg(R→0).AB/R3# and negative-pressure dar
component regimes@rCg(R→`).AA#.

From the theoretical viewpoint, an interesting connect
between the Chaplygin gas equation of state and st
theory has been identified@11,12# ~see also@13# for a detailed
review!. As explained in these references, a Chaplygin g
©2003 The American Physical Society14-1
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type equation of state is associated with the parametriza
invariant Nambu-Gotod-brane action in ad12 spacetime.
In the light-cone parametrization, such an action reduce
self to the action of a Newtonian fluid which obeys Eq.~1!
with a51 so that the Chaplygin gas corresponds effectiv
to a gas ofd-branes in ad12 spacetime. Moreover, th
Chaplygin gas is the only gas known to admit supersymm
ric generalization@13#. From the observational viewpoin
these cosmological scenarios have interesting features@14#
which make them in agreement with the most recent ob
vations of SNe Ia@15–17# the location of the CMB peaks
@18#, age estimates of globular clusters, as well as with
current gravitational lensing data@19# ~see, however,@20#!.

In this paper we discuss new observational constraints
Chaplygin gas cosmologies from age considerations du
the existence of three recently reported old high-redshift
jects, namely, the LBDS 53W091, a 3.5-Gyr-old radio gala
at z51.55@21#, the LBDS 53W069, a 4.0-Gyr-old radio ga
axy atz51.43 @22#, and a quasar, the APM 0827915255 at
z53.91 whose age is estimated between 2 and 3 Gyr@23#.
Two different cases will be studied: a flat scenario in wh
the generalized Chaplygin gas together with the obser
baryonic content are responsible by the dynamics of
present-day Universe~unifying dark matter-energy! ~UDME!
and a flat scenario driven by nonrelativistic matter plus
generalized Chaplygin gas~GCGCDM!. For UDME sce-
narios we adopt in our computationsVb50.04, in accor-
dance with the latest measurements of the Hubble param
@24# and of the baryon density at nucleosynthesis@25#. For
GCGCDM models we assumeVm50.3, as suggested by dy
namical estimates on scales up to about 2h21 Mpc @3#. For
the sake of completeness an additional analysis for the
ventional case (a51) is also included.

The plan of this paper is as follows. In Sec. II we pres
the most relevant formulas for our analysis, as well as
main assumptions for the age-redshift test. We then proc
to discuss the constraints provided by this test on the cos
logical scenarios described above in Sec. III. We end
paper by summarizing the main results in the Conclus
section.

II. AGE-REDSHIFT TEST

The general Friedmann equation for the kind of model
are considering is

S Ṙ

R
D 2

5Ho
2H V j S Ro

R D 3

1~12V j !FAs1~12As!

3S Ro

R D 3(a11)G1/(a11)J , ~4!

whereHo is the present value of the Hubble parameter a
V j stands for the baryonic matter density parameter (j 5b)
in UDME scenarios and the baryonic1 dark matter density
parameter (j 5m) in GCGCDM models.

The age-redshift relation as a function of the observa
parameters is written as
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tz5
1

Ho
E

0

(11z)21 dx

x f~V j ,As ,a,x!
5

1

Ho
g~V j ,As ,a,z!,

~5!

wherex is a convenient integration variable and the dime
sionless functionf (V j ,As ,a,x) is given by

f ~V j ,As ,a,x!5AV j

x3
1~12V j !FAs1

~12As!

x3(a11) G 1/(a11)

.

~6!

The total expanding age of the Universe is obtained by t
ing z50 in Eq. ~5!. As one may check, fora51 and As
51 Eq. ~5! reduces to the CDM with a cosmological co
stant (LCDM) case while fora51 andAs50 the standard
relation@ tz5

2
3 Ho

21(11z)23/2# is recovered. A recent discus
sion about the globular cluster constraints on the total
panding age in the context of Chaplygin gas cosmologies
be found in@19#.

In order to constrain the cosmological parameters fr
the age estimates of the above mentioned high-z objects we
take for granted that the age of the Universe at a given r
shift is bigger than or at least equal to the age of its old
objects. In this case, the comparison of these two quant
implies a lower~upper! bound for As (a), since the pre-
dicted age of the universe increases~decreases! for larger
values of this quantity~see Fig. 1!. Note also that the age
parameterHoto is almost insensitive to the parametera but it
depends strongly on variations ofAs . This means that age
considerations will be much more efficient in constraini
the sound speedAs than the values of the parametera.

To quantify the above considerations we follow@26# and
introduce the expression

tz

tg
5

g~V j ,As ,a,z!

Hotg
>1, ~7!

wheretg is the age of an arbitrary object, say, a galaxy o
quasar at a given redshiftz, andg(V j ,As ,a,z) is the dimen-
sionless factor defined in Eq.~5!. For each extragalatic ob
ject, the denominator of the above equation defines a dim
sionless age parameterTg5Hotg . In particular, the 3.5-Gyr-
old galaxy ~53W091! at z51.55 yields Tg53.5Ho Gyr
which, for the most recent determinations of the Hubble
rameterHo57268 km s21 Mpc21 @24# takes values in the
interval 0.229<Tg<0.286. It thus follows thatTg>0.229.
Therefore, for a given value ofHo , only models having an
expanding age bigger than this value atz51.55 will be com-
patible with the existence of this object. Naturally, simil
considerations may also be applied to the 4.0-Gyr-old gal
~53W069! at z51.43 and to the 2-Gyr-old quasar~APM
0827915255! at z53.91. In this case, we obtain, respe
tively, Tg>0.261 andTg>0.131. To assure the robustness
the limits, we have systematically adopted in our compu
tions the minimal value of the Hubble parameter, i.e.,Ho
564 km s21 Mpc21, as well as the underestimated age
4-2
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FIG. 1. Dimensionless age pa
rameter as a function ofa andAs

for UDME and GCGCDM sce-
narios. In order to have a bidimen
sional plot we have fixed some se
lected values ofAs in panels~a!
and ~c! and a in panels~b! and
~d!. From top to bottom the curves
correspond to the following value
of these parameters: 1.0, 0.8, 0.
and 0.0.
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the objects. In other words, this means that conserva
bounds are always favored in the estimates presented
~see@24# for details!.

III. DISCUSSION

Figures 2~a! and 2~b! show the parameter spaceAs-a for
a fixed value of the dimensionless age parameterHotz for
UDME and GCGCDM scenarios, respectively. For a giv
object, each contour represents the minimal value of its
04351
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parameter at the corresponding redshift with the arrows
dicating the available parameter space allowed by each
ject. As discussed earlier, the main constraints from this k
of cosmological test are on the value of the parameterAs ~see
Fig. 1!. Note also that the allowed range for this paramete
reasonably narrow. For example, for UDME scenarios
age-redshift relation for LBDS 53W091 and LBDS 53W06
require, respectively,As>0.52 andAs>0.58, while the same
analysis for GCGCDM models providesAs>0.72 andAs
>0.80. As physically expected, the limits from age cons
l

FIG. 2. ~a! Contours of fixed
age parameterHotz for the three
high-z objects discussed in the
text for UDME models. The con-
tours are obtained for the minima
values of Tg . For each contour
the arrows point to the allowed
parameter space.~b! The same as
in panel ~a! for GCGCDM sce-
narios.
4-3



-

s

e
s-

J. S. ALCANIZ, DEEPAK JAIN, AND ABHA DEV PHYSICAL REVIEW D67, 043514 ~2003!
FIG. 3. As-Vm plane allowed
by the age estimates of the high-z
objects in the framework of Chap
lygin gas cosmologies (a51).
The shadowed region correspond
to the observed interval of the
matter density parameterVm

50.360.1 @3#. Arrows delimit the
available parameter space. Th
curves are defined by the undere
timated values oftg and the ob-
served lower limit ofHo .
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erations are much more restrictive for GCGCDM mod
than for UDME scenarios. It happens because the larger
contribution of nonrelativistic matter (V j ) the smaller the
predicted age of the Universe at a given redshift and, a
consequence, the larger the value of the parameterAs that is
required in order to fit the observational data. The most
strictive bounds onAs are provided by the quasar APM
0827915255 at z53.91 whose age is estimated to b
>2.0 Gyr @23#. In this case, we findAs>0.81 for UDME
models. Our analysis also reveals that GCGCDM scena
with Vm50.3 are not compatible with the existence of th
quasar once the predicted age of the universe atz53.91 is
smaller than the underestimated age for this object.
maximum age predicted by this model at this redshift is
Gyr (Ho564 km s21 Mpc21) for values of a50 and As
51 ~the point of maximum age; see Fig. 1!. By inverting the
analysis, i.e., by fixing the values ofa and As , it is also
possible to infer the maximum allowed value of the mat
density parameter in order to make GCGCDM models co
patible with the existence of this particular object. Fora
50 andAs51, we findVm<0.21. In other words, it mean
that if the age estimates for the quasar APM 0827915255
are correct there is an ‘‘age crisis’’ in the context
GCGCDM models for values of the matter density parame
Vm>0.21. We still recall, in line with the arguments pr
sented in@23#, that recent x-ray observations show an Fe
ratio for this object that is compatible with an age of 3 G
In this case, GCGCDM models are compatible with the
istence of such an object only for values ofVm,0.1. The
restrictive bounds imposed by the age estimates of the qu
APM 0827915255 onLCDM models, on quintessence sc
narios with an equation of statep5vr (21<v,0), as
well as on the first epoch of quasar formation can be foun
@27#.

In Fig. 3 we show theAs-Vm diagram allowed by the ag
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estimates of the above mentioned objects for the spe
case in whicha51 ~Chaplygin gas cosmologies!. As in Fig.
2, the arrows indicate the available parameter space allo
by each object. The shadowed horizontal region correspo
to the observed intervalVm50.2–0.4@3# which now is used
to fix the lower bounds toAs . By considering this interval,
LBDS 53W091 and LBDS 53W069 provide, respective
As>0.85, As>0.96 andAs>0.90, As>0.99. These values
are even more restrictive than those obtained in the prev
analyses because the predicted age of the Universe is sm
for larger values ofa. Such limits also provide a minima
total age of the Universe of the order of 13 Gyr. Finally,
expected from previous analyses, the quasar APM 08
15255 provides the most restrictive bounds on these c
mologies. In reality, its existence is not compatible w
Chaplygin gas cosmologies (a51) unless the matter densit
parameter is<0.17. Such a result may be used to reinfor
the idea of dark matter–energy unification if UDME mode
are not only compatible with the existence of these higz
objects~and, as a consequence, with general age consi

TABLE I. Limits to As .

Object UDME GCGCDM

LBDS 53W091 As>0.52 As>0.58
LBDS 53W069 As>0.72 As>0.80
APM 0827915255 As>0.81 —a

Chaplygin gas (a51)
Vm50.2 Vm50.4

LBDS 53W091 As>0.85 As>0.96
LBDS 53W069 As>0.90 As>0.99
APM 0827915255 —a —a

aThe entire range is incompatible.
4-4



le

o
as
ze
he
e
te
al-

it
l
un
s-

r
he
-

ic
se

e
tes

ark
he
t
l it
on-
er

en-

HIGH-REDSHIFT OBJECTS AND THE GENERALIZED . . . PHYSICAL REVIEW D67, 043514 ~2003!
ations! but also provide the best fit for the SNe data@15#. The
main results of the present paper are summarized in Tab

IV. CONCLUSION

We have investigated new observational constraints fr
age estimates of high-z objects on generalized Chaplygin g
cosmologies. Two different cases have been analy
namely, UDME scenarios in which the dynamics of t
present day Universe is completely determined by the g
eralized Chaplygin gas and the observed baryonic con
(Vb50.04), and GCGCDM models in which the gener
ized Chaplygin gas plays the role of dark energy only and
responsible for the dynamics of the Universe together w
the dark matter (Vm50.3). The former kind of cosmologica
scenario is inspired by the ideas of dark matter–energy
fication while the latter follows the conventional ‘‘quinte
sence’’ program. By considering the age estimates of the
dio galaxies LBDS 53W091 and LBDS 53W069 and of t
quasar APM 0827915255, we derived very restrictive con
. B
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straints on the free parameters of these models~see Table I!.
In particular, we found that, similarly to models with a rel
cosmological constant, there is no ‘‘age of the Univer
problem’’ in the context of UDME scenarios whil
GCGCDM models are incompatible with the age estima
of the quasar APM 0827915255 for values ofV>0.21. This
result may be understood as a backup to the idea of d
matter–energy unification if UDME models also provide t
best fit for SNe Ia data@15#. However, we emphasize tha
only with new and more precise sets of observations wil
be possible to show whether or not this class of models c
stitutes a viable possibility for unification of the dark matt
and dark energy scenarios.
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