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Cosmological constraints on Chaplygin gas dark energy from galaxy cluster x-ray
and supernova data
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The recent observational evidence for the present accelerated stage of the Universe has stimulated renewed
interest in alternative cosmologies. In general, such models contain an unknown negative-pressure dark com-
ponent that explains the supernova results and reconciles the inflationary flatness prediction (VT51) and the
cosmic microwave background measurements with the dynamical estimates of the quantity of matter in the
Universe (Vm.0.360.1). In this paper we study some observational consequences of a dark energy candidate,
the so-called generalized Chaplygin gas, which is characterized by an equation of statepC52A/rC

a , whereA
anda are positive constants. We investigate the prospects for constraining the equation of state of this dark
energy component by combining Chandra observations of the x-ray luminosity of galaxy clusters, independent
measurements of the baryonic matter density, the latest measurements of the Hubble parameter as given by the
HST Key Project, and data of the Supernova Cosmology Project. We show that very stringent constraints on
the model parameters can be obtained from this combination of observational data.
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I. INTRODUCTION

One of the most important goals of current cosmologi
studies is to unveil the nature of the so-called dark energ
quintessence, the exotic negative-pressure component
sponsible for the accelerating expansion of our Univer
Over recent years, a number of candidates for this dark
ergy have been proposed in the literature@1#, with the
vacuum energy density~or cosmological constant! and a dy-
namical scalar field@2,3# apparently constituting the mos
plausible explanations. From the observational viewpo
these two classes of models are currently considered our
description of the observed Universe, whereas from the
oretical viewpoint they usually face fine-tuning problem
notably, the so-called cosmological constant problem@4# as
well as the cosmic coincidence problem, i.e., the question
explaining why the vacuum energy or the scalar field do
nates the Universe only very recently. The latter probl
happens even for tracker versions of scalar field model
which the evolution of the dark energy density is fairly i
dependent of initial conditions@2,5#.

Among the many dark energy candidates, a recent
very interesting proposal has been suggested by Kame
chik et al. @6# and developed by Bilic´ et al. @7# and Bento
et al. @8#. It refers to the so-called Chaplygin gas (C), an
exotic fluid whose equation of state is given by

pC52A/rC
a , ~1!

with a51 and A a positive constant. Actually, the abov
equation foraÞ1 generalizes the original Chaplygin equ
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tion of state proposed in Ref.@8#, whereas fora50 the
model behaves like scenarios with cold dark matter plu
cosmological constant (LCDM).

In the context of the Friedman-Robertson-Walker~FRW!
cosmologies, when one inserts Eq.~1! into the energy con-
servation law (umT;n

mn50), the following expression for the
energy density is immediately obtained:

rC5FA1BS Ro

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

, ~2!

or, equivalently,

rC5rCoFAs1~12As!S Ro

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

, ~3!

where rCo
is the current energy density~from now on a

subscripto means present day quantities, andC denotes ei-
ther the Chaplygin gas or its generalized version!. The func-
tion R(t) is the cosmic scale factor,B5rCo

11a2A is a con-

stant, andAs5A/rCo

11a is a quantity related to the prese

day Chaplygin adiabatic sound speed (vs
25aA/rC

o
11a). As

can be seen from the above equations, theC gas interpolates
between nonrelativistic matter@rC(R→0).AB/R3# and
negative-pressure dark component regimes@rC(R→`)
.AA#. This particular behavior of the Chaplygin gas i
spired some authors to propose a unified scheme for the
mological ‘‘dark sector’’@7–9#, an interesting idea which ha
also been considered in many different contexts@10# ~see,
however,@11#!.

On the theoretical front, a connection between the Ch
lygin equation of state and string theory had long been id
tified by Bordemann and Hoppe@12# and Hoppe@13# ~see
also @14# for a detailed review!. As explained in such refer
©2004 The American Physical Society01-1
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ences, a Chaplygin-gas-type equation of state is assoc
with a parametric description of the invariant Nambu-Go
d-brane action in ad12 spacetime. In the light-cone param
eterization, such an action is reduced to the action of a N
tonian fluid which obeys Eq.~1! with a51, with theC gas
corresponding effectively to a d-brane gas in a
(d12)-dimensional spacetime.

Another interesting connection is related to recent
tempts at describing the dark energy component through
original Chaplygin gas or its generalized version. Such
possibility has provoked growing interest in exploring t
observational consequences of this fluid in the cosmolog
context. For example, Fabriset al. @15# analyzed some con
sequences of such scenario using type Ia supernovae
~SNe Ia!. Their results indicate that a Universe complete
dominated by the Chaplygin gas is favored when compa
with LCDM models. Recently, Avelinoet al. @16# used a
larger sample of SNe Ia and the shape of the matter po
spectrum to show that such data restrict the model to a
havior that closely matches that of aLCDM model, while
Bento et al. @17,18# showed that the location of the cosm
microwave background~CMB! peaks imposes tight con
straints on the free parameters of the model. More rece
Dev, Alcaniz, and Jain@19# and Alcaniz, Jain, and Dev@9#
investigated the constraints on theC gas equation of state
from strong lensing statistics and high-z age estimates, re
spectively, while Silva and Bertolami@20# studied the use o
future SNAP data together with the result of searches
strong gravitational lenses in future large quasar survey
constrainC gas models. Makleret al. @21# also showed tha
such models are consistent with current SNe Ia data fo
broad range of parameters. The trajectories of statefinde
rameters@22# in this class of scenarios were studied in R
@23# while constraints involving cosmic microwave bac
ground data have also been extensively discussed by m
authors@17,18,24,25#.

In this work, we study the possibility of constraining th
generalized Chaplygin equation of state from x-ray lumin
ity of galaxy clusters. With a basis in measurements of
mean baryonic mass fraction in clusters as a function of r
shift, we consider the method originally proposed by Sas
@26# and Pen@27#, and further modified by Allenet al.
@28,29# who analyzed the x-ray observations in some rela
lensing clusters observed with Chandra in the redshift in
val 0.1,z,0.5 ~see also@30#!. By inferring the correspond
ing gas mass fraction, Allen and collaborators placed ob
vational limits on the total matter density parameterVm , as
well as on the density parameterVL , associated with the
vacuum energy density. More recently, a similar analysis
also been applied to conventional quintessence models
an equation of statepx5vrx by Lima et al. @31#.

The paper is organized as follows. In Sec. II we pres
the field equations and distance formulas necessary to
analysis. In Sec. III the corresponding limits onC gas mod-
els from x-ray luminosity of galaxy clusters are derived. W
also examine the limits from a statistical combination b
tween x-ray data and recent SNe Ia observations. Finally
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Sec. IV, we finish the paper by summarizing the main res
and comparing our constraints with others derived from
dependent analyses.

II. THE CHAPLYGIN GAS MODEL

The FRW equation for spatially flat, homogeneous, a
isotropic scenarios driven by nonrelativistic matter and
separately conservedC gas component reads

S Ṙ

R
D 2

5Ho
2H VmS Ro

R D 3

1~12Vm!FAs1~12As!

3S Ro

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

where an overdot denotes the time derivative,Ho
5100 h km s21 Mpc21 is the present value of the Hubbl
parameter,Vm is the matter density parameter, and the d
pendence of theC gas energy density on the scale fact
comes from Eq.~3!.

The comoving distancer 1(z) to a light source located a
r 5r 1 and t5t1 and observed atr 50 andt5to is given by

r 1~z!5
1

RoHo
E

x8

1 dx

x2F~x,Vm ,As ,a!
, ~5!

where x85R(t)/Ro5(11z)21 is a convenient integration
variable and the dimensionless functionF(x,Vm ,As ,a) is
given by

F5FVmx231~12Vm!S As1
~12As!

x3(a11) D 1/(a11)G 1/2

. ~6!

Now, in order to derive the constraints from x-ray gas ma
fraction on theC gas, let us consider the concept of angu
diameter distanceDA(z). Such a quantity is defined as th
ratio of the source diameter to its angular diameter, i.e.,

DA5
,

u
5R~ t1!r 15~11z!21Ror 1~z!, ~7!

which provides, when combined with Eq.~5!,

DA
C5

Ho
21

~11z!
E

x8

1 dx

x2F~x,Vm ,As ,a!
. ~8!

As one may check, forAs50 anda51 the above expres
sions reduce to the standard cold dark matter mo
~SCDM!. In this case, the angular diameter distance can
written as

DA
SCDM5

2Ho
21

~11z!3/2
@~11z!1/221#. ~9!
1-2
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III. LIMITS FROM X-RAY GAS MASS FRACTION

Following Allen et al. @28,29# and Lima et al. @31#, we
consider the Chandra data consisting of six clusters dis
uted over the redshift interval 0.1,z,0.5. The data are con
stituted of regular, relatively relaxed systems for which ind
pendent confirmation of the matter density parameter res
is available from gravitational lensing studies. The x-ray g
mass fraction (f gas) values were determined for a canonic
radiusr 2500, which is defined as the radius within which th
mean mass density is 2500 times the critical density of
Universe at the redshift of the cluster. In order to generate
data set the SCDM model withHo550 km s21 Mpc21 was
used as the default cosmology~see@28# for details!.

By assuming that the baryonic mass fraction in gala
clusters provides a fair sample of the distribution of baryo
at large scale~see, for instance,@32#! and thatf gas}DA

3/2 @26#,
the model function is defined as@28#

f gas
mod~zi !5

bVb

~110.19h3/2!Vm
F2h

DA
SCDM~zi !

DA
C~zi !

G 1.5

, ~10!

where the bias factorb.0.93 @34# is a parameter motivate
by gas dynamical simulations that takes into account the
that the baryon fraction in clusters is slightly depressed w
respect to the Universe as a whole@33#. The term (2h)3/2

represents the change in the Hubble parameter betwee
default cosmology and quintessence scenarios and the
DA

SCDM(zi)/DA
C(zi) accounts for deviations in the geomet

of the universe from the default cosmology~SCDM model!.
In Fig. 1 we show the behavior off gas

mod as a function of the
redshift for some selected values ofAs and a having the
values ofVb and h fixed. For the sake of comparison, th
current favored cosmological model, namely, a flat scen
with 70% of the critical energy density dominated by a co
mological constant (LCDM) is also shown. In order to hav
bidimensional plots we fix the value ofVm as suggested by
dynamical estimates@35#, i.e., 0.3 in Fig. 1, as well as in al
statistical analyses involving the generalized Chaplygin g
However, in the case of a conventionalC gas (a51), the

FIG. 1. The model functionf gas
mod as a function of the redshift fo

selected values ofAs and a and fixed values ofVm50.3, Vbh2

50.0205, andh50.72.
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density parameterVm has also been considered a free para
eter to be adjusted by the data.

The cosmological parametersAs anda are determined by
using a x2 minimization with the priorsVbh250.0205
60.0018 @36# and h50.7260.08 @37# for the range ofAs
anda spanning the interval@0,1# in steps of 0.02,

x25(
i 51

6
@ f gas

mod~zi ,Vm ,As ,a!2 f gas,i #
2

s f gas,i
2

1FVbh220.0205

0.0018 G2

1Fh20.72

0.08 G2

, ~11!

wheres f gas,i
are the symmetric root-mean-square errors

the SCDM data. The 68.3% and 95.4% confidence levels
defined by the conventional two-parametersx2 levels 2.30
and 6.17, respectively.

In Fig. 2~a! we show contours of constant likelihoo
~68%, 95%, and 99%! in the parameter spacea-As for the
x-ray data discussed earlier. From the above equation we
that the best fit model occurs forAs51 which, according to
Eq. ~4!, is independent of the indexa and equivalent to a
LCDM universe. This model corresponds to an accelera
scenario with the deceleration parameterqo520.55.1 From
this figure, we also see that bothAs anda are quite insensi-
tive to these data and that, at 95.4% C.L., one can limit
parameterAs to be greater than 0.52. Figure 2b shows t
plane Vm-As for the conventionalC gas (a51). As one
should expect from different analyses@28,31#, the matter
density parameter is very well constrained by this data
while the

1Note that forAs51, Eq.~4! does not depend on the parametera.
Therefore, the smoothness of the curves at these points is a co
quence of the step used for the parameters in the code.

FIG. 2. ~a! The Dx2 contours for thea-As plane according to
the x-ray data discussed in the text. The contours correspon
68%, 95%, and 99% confidence levels. The value of the ma
density parameter has been fixed atVm50.3. ~b! Vm-As plane for
the originalC gas model (a51). Note that the x-ray data tightly
constrain the matter density parameter.
1-3
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CUNHA, ALCANIZ, AND LIMA PHYSICAL REVIEW D 69, 083501 ~2004!
parameterAs remains quite insensitive to it. The best fit o
curs for models lying in the intervalAs5@0,1# and Vm
50.3. At 95.4% C.L., we find 0.268<Vm<0.379. For an
x-ray analysis where theC gas plays the role of a unifie
model for dark matter and dark energy, see@38#.

Joint analysis with SNe Ia

By combining the x-ray and SNe Ia data sets, more st
gent constraints on the cosmological parametersVm andAs
are obtained. As was shown elsewhere, the parametera is
highly insensitive to the SNe Ia data. To perform this ana
sis, we follow the conventional magnitude-redshift test~see,
for example,@39#! and use the SNe Ia data set that cor
sponds to the primary fit C of Perlmutteret al. @40# together
with the highest supernova observed so far, i.e., the 1997
z51.755 and effective magnitudemeff526.0260.34 @41#
and two newly discovered SNe Ia, namely, SN 2002dc az
50.475 andmeff522.7360.23 and SN 2002dd atz50.95
andmeff524.6860.2 @42#. Figures 3~a!, 3~b!, and 4 show the
results of our analysis. In Fig. 3~a! we display contours of the
combined likelihood analysis for the parametric spaceAs-a.
In comparison with Fig. 2~a! we see that the available pa
rameter space is reasonably modified with the value ofAs
constrained to be greater than 0.73 at 95.4% C.L. and
entire interval ofa5@0,1# allowed. The best fit model occur
for values ofAs50.98 anda50.93 with xmin

2 561.38 and
n561 degrees of freedom (xmin

2 /n.1.0). The most restric-
tive limits from this joint analysis are obtained for the orig
nal version ofC gas (a51). In this case, the planeVm-As
@Fig. 3~b!# is tightly constrained with the best fit values lo
cated atAs50.98 andVm50.3 with xmin

2 /n.1.0. At 95.4%
this analysis also providesAs>0.84 and 0.27<Vm<0.329.
Note that the contoursa-As @Fig. 3~a!# and Vm-As @Fig.
2~b!# are almost orthogonal, thereby explaining the shape
the Vm-As plane appearing in Fig. 3b. We also observe t
by extending thea-As plane to the interval@0,2# the new best

FIG. 3. ~a! The likelihood contours in thea-As plane for the
joint x-ray 1 SNe Ia analysis described in the text. The conto
correspond to 68%, 95%, and 99% confidence levels.~b! The
Vm-As plane for the joint x-ray1 SNe Ia analysis. The best fi
values are located atAs50.98 andVm50.3. At 95.4% we find
As>0.84 and 0.273<Vm<0.329.
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fit values (As51.02 and a50.45), although completely
modified in comparison with the previous ones, are still
agreement with the causality (As<1/a) imposed by the fact
that the adiabatic sound speedvs

25dp/dr in the medium
must be lesser than or equal to the light velocity@see Eq.
~1!#. Some basic results of the above analysis are displa
in Fig. 4.

IV. DISCUSSION AND CONCLUSIONS

Alternative cosmologies with a quintessence compon
~dark energy! may provide an explanation for the prese
accelerated stage of the Universe as suggested by the S
results. In this work we have focused our attention on
possible dark energy candidate, the so-called Chaplygin
The equation of state of this dark energy component has b
constrained by combining Chandra observations of the x-
luminosity of galaxy clusters and independent measurem
of the Hubble parameter and of the baryonic matter den
as well as from a statistical combination between x-ray d
and recent SNe Ia observations. We have shown that s
gent constraints on the free parameters of the model, nam
As , a, andVm , can be obtained from this combination o
observational data.

It is also interesting to compare the results derived h
with another independent analyses. For example, using
SNe Ia data, Fabriset al. @15# found As50.9320.20

10.07 for the
original C gas model (a51) with the matter density param
eter constrained by the interval 0<Vm<0.35. The same
analysis forVm5Vb50.04 ~in which the C gas plays the
role of both dark matter and dark energy! provides As

50.8720.18
10.13. These values agree at some level with the o

obtained from statistics of gravitational lensing~SGL!, i.e.,
As>0.72 @19# and age estimates of high-z galaxies, As
>0.852As>0.99 for the intervalVm50.2–0.4 with lower
values ofAs corresponding to lowerVm @9#. The original
Chaplygin gas model, however, seems to be incompat

s

FIG. 4. The extendedAs-a plane for the joint x-ray1 SNe Ia
analysis. Although completely modified in comparison with the p
vious ones, the best fit values for this extended analysis (As51.02
anda50.45) are still in agreement with the causality imposed
the adiabatic sound speed (As<1/a). The dashed hyperbola corre
sponds to the limit conditionvs

251.
1-4
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with the localization of the acoustic peak of CMB as giv
by WMAP @43# and BOOMERANG@44# data. For the case
of a generalized component, the same analysis shows tha
intermediary values of the spectral tiltns theC gas model is
favored by this data set ifa.0.2 @18#. A similar analysis for
BOOMERANG and Arqueops@45# data implies 0.57<As
<0.91 for a<1 @8# whereas an investigation involvin
WMAP and SNe Ia data sets restrictsa to be 0<a<0.2
@25#.

It should be stressed that our results are in line with
above quoted independent studies. In particular, even con
ering that the parameterAs is quite insensitive to the x-ray
data alone, the matter density parameter is very well c
strained. This result is also in agreement with the limits
rived by Allenet al. @29# for LCDM models. In addition, as
gh

in

. B

08350
for

e
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shown in Fig. 3~b!, by combining the x-ray and SNe Ia da
sets, more stringent constraints on the parametersVm andAs

are readily obtained. From the above analyses we also
that thea parameter is more strongly restricted if causal
requirements (vs

2<1) are imposed~see Fig. 4!. However, it
seems that an even better method to place limits on su
parameter is through the physics of the perturbations,
CMB and LSS data~see, e.g.,@23,24#!.
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