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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 prefigtioh) (and the
cosmic microwave background measurements with the dynamical estimates of the quantity of matter in the
Universe (1,,=0.3=0.1). 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 pf.stateA/pg , whereA
and « 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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[. INTRODUCTION tion of state proposed in Ref8], whereas fora=0 the
model behaves like scenarios with cold dark matter plus a
One of the most important goals of current cosmologicalcosmological constant\CDM).

studies is to unveil the nature of the so-called dark energy or In the context of the Friedman-Robertson-WalkERW)

guintessencethe exotic negative-pressure component re-cosmologies, when one inserts Ed) into the energy con-

sponsible for the accelerating expansion of our Universeservation law ¢, T%’=0), the following expression for the

Over recent years, a number of candidates for this dark erenergy density is immediately obtained:

ergy have been proposed in the literatydd, with the

vacuum energy densit{pr cosmological constanand a dy-

namical scalar field2,3] apparently constituting the most pc=

plausible explanations. From the observational viewpoint,

these_two classes of models are currently considered our be&t, equivalently,

description of the observed Universe, whereas from the the-

oretical viewpoint they usually face fine-tuning problems,

notably, the so-called cosmological constant probldinas pc=Pc,

well as the cosmic coincidence problem, i.e., the question of

explaining why the vacuum energy or the scalar field domi- . .

nates the Universe only very recently. The latter problemWhere Pc, 1S the current energy densitfrom now on a

happens even for tracker versions of scalar field models igubscripto means present day quantities, addienotes ei-

which the evolution of the dark energy density is fairly in- ther the Chaplygin gas or its generalized versidine func-

dependent of initial conditiong2,5]. tion R(t) is the cosmic scale factosz(l:Z“—A is a con-

Among the many dark energy candidates, a recent angant, andAs=A/péZ“ is a quantity related to the present

very interesting proposal has been suggested by Kamensh- . . . )
chik et al. [6] and developed by Biliet al. [7] and Bento Qay Chaplygin adiabatic sound Spe&i#aA/pcé «). AS

et al. [8]. It refers to the so-called Chaplygin ga€)( an  Can be seen from the above equations,Gtgas interpolates

1(1+a)

: 2

R

o 3(1+a)
A+B E)

1(1+ a)

R 3(1+a)
) : ()

AS+(1—AS)(EO

exotic fluid whose equation of state is given by between nonrelativistic mattefpc(R—0)=B/R*] and
negative-pressure dark component regimgs(R— )
pc=—Alp¢, (1) =~ JA]. This particular behavior of the Chaplygin gas in-

spired some authors to propose a unified scheme for the cos-
with =1 and A a positive constant. Actually, the above mological “dark sector[7-9], an interesting idea which has
equation fora#1 generalizes the original Chaplygin equa- also been considered in many different contexi§] (see,

however,[11]).
On the theoretical front, a connection between the Chap-
*Electronic address: jvital@dfte.ufrn.br lygin equation of state and string theory had long been iden-
"Electronic address: alcaniz@dfte.ufrn.br tified by Bordemann and Hoppéd2] and Hoppe[13] (see
*Electronic address: limajas@dfte.ufrn.br also[14] for a detailed revieyw As explained in such refer-
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ences, a Chaplygin-gas-type equation of state is associat&ec. IV, we finish the paper by summarizing the main results
with a parametric description of the invariant Nambu-Gotoand comparing our constraints with others derived from in-
d-brane action in @+ 2 spacetime. In the light-cone param- dependent analyses.

eterization, such an action is reduced to the action of a New-

tonian fluid which obeys qu) with a=1, with theC gas 1. THE CHAPLYGIN GAS MODEL
corresponding effectively to ad-brane gas in a _ _
(d+2)-dimensional spacetime. The FRW equation for spatially flat, homogeneous, and

Another interesting connection is related to recent atisotropic scenarios driven by nonrelativistic matter and a
tempts at describing the dark energy component through thefParately conserved gas component reads
original Chaplygin gas or its generalized version. Such a

possibility has provoked growing interest in exploring the R\’ Ro\?

observational consequences of this fluid in the cosmological ﬁ) - Hg(ﬂm(ﬁ T(1-Qp) Ast(1-Ay)
context. For example, Fabrét al. [15] analyzed some con- S+ 1) Ua+1)

sequences of such scenario using type la supernovae data x(&) ] 4)
(SNe 1a. Their results indicate that a Universe completely R ’

dominated by the Chaplygin gas is favored when compared
with ACDM models. Recently, Avelinet al. [16] used a where an overdot denotes the time derivativel,
larger sample of SNe la and the shape of the matter power 100h kms *Mpc™? is the present value of the Hubble
spectrum to show that such data restrict the model to a bgparameter{},, is the matter density parameter, and the de-
havior that closely matches that of/eaCDM model, while ~ pendence of theC gas energy density on the scale factor
Bentoet al. [17,18 showed that the location of the cosmic comes from Eq(3).
microwave backgroundCMB) peaks imposes tight con- ~ The comoving distance;(z) to a light source located at
straints on the free parameters of the model. More recently,= "1 andt=t; and observed at=0 andt=t, is given by
Dev, Alcaniz, and Jaif19] and Alcaniz, Jain, and Dej\9]
investigated the constraints on tiiegas equation of state 1 1 dx
from §trong Ie.nsin.g statistics and highage gstimates, re- ri(z)= RoHon'Xzf(X,Qm,As,a),
spectively, while Silva and Bertolarfi20] studied the use of
future SNAF‘ o_lata together_ with the result of searches fo(/vherex’=R(t)/RO=(1+z)‘1 is a convenient integration
strong gravitational lenses in future large quasar surveys to_ . ble and the dimensionless functiditx, Q. A,,a) is
constrainC gas models. Makleet al.[21] also showed that vana mesy
) . iven by

such models are consistent with current SNe la data for g
broad range of parameters. The trajectories of statefinder pa-
rameterd22] in this class of scenarios were studied in Ref. F=
[23] while constraints involving cosmic microwave back-
ground data have also been extensively discussed by many
authors[17,18,24,2% Now, in order to derive the constraints from x-ray gas mass

In this work, we study the possibility of constraining the fraction on theC gas, let us consider the concept of angular
generalized Chaplygin equation of state from x-ray luminos-diameter distanc® ,(z). Such a quantity is defined as the
ity of galaxy clusters. With a basis in measurements of theatio of the source diameter to its angular diameter, i.e.,
mean baryonic mass fraction in clusters as a function of red-
shift, we consider the method originally proposed by Sasaki ¢
[26] and Pen[27], and further modified by Alleret al. DAZE:R(tl)rl:(1+z)7lRorl(Z)! (7)
[28,29 who analyzed the x-ray observations in some relaxed
lensing clusters observed with Chandra in the redshift inter
val 0.1<z< 0.5 (see alsd30]). By inferring the correspond-
ing gas mass fraction, Allen and collaborators placed obser- _1
vational limits on the total matter density paramefgy,, as DS= Ho ! dx
well as on the density parametér, , associated with the A (142 e A, Q0 A @)
vacuum energy density. More recently, a similar analysis has

also been applied to conventional quintessence models Withs one may check, foA;=0 anda=1 the above expres-
an equation of statp,= wp, by Limaet al.[31]. sions reduce to the standard cold dark matter model

The paper is organized as follows. In Sec. Il we presenfSCDM). In this case, the angular diameter distance can be
the field equations and distance formulas necessary to owritten as

analysis. In Sec. Ill the corresponding limits Ghgas mod-

els from x-ray luminosity of galaxy clusters are derived. We oH-1

also examine the limits from a statistical combination be- DYPM=_— % _[(1+2)2-1]. 9
tween x-ray data and recent SNe la observations. Finally, in (1+2)%2

®

1/2

Qux 3+ (1-Q)| As+ (6)

X3(a+ 1)

(1-Ay ) U(a+1)

which provides, when combined with E(),

®
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FIG. 1. The model functiorﬁgma"sd.as a function of the redshift;‘or FIG. 2. (a) The A x? contours for thea-A4 plane according to
selected values of; and « and fixed values of),=0.3, Qyh°  the x-ray data discussed in the text. The contours correspond to
=0.0205, anch=0.72. 68%, 95%, and 99% confidence levels. The value of the matter
density parameter has been fixedgt=0.3. (b) Q,-As plane for
. LIMITS FROM X-RAY GAS MASS FRACTION the originalC gas model &=1). Note that the x-ray data tightly

Following Allen et al. [28,29 and Limaet al. [31], we constrain the matter density parameter.

consider the Chandra data consisting of six clusters distrib- .

uted over the redshift interval 0<lz< 0.5. The data are con- 9€NSIY parametemm has also been considered a free param-
stituted of regular, relatively relaxed systems for which inde-Ster to be adJUSt?d by the data. .

pendent confirmation of the matter density parameter results _The COSsz|QgIC§.| p_arame_teAg and aare det‘grm'”ed by
is available from gravitational lensing studies. The x-ray ga¢/SN9 & x° minimization with the priors{,h“=0.0205
mass fraction {g,9 values were determined for a canonical i0'0018[36]_ and th.?Zt 0'08. [37] for the range ofA
radiusr 5599, Which is defined as the radius within which the anda spanning the intervél,1] in steps of 0.02,

mean mass density is 2500 times the critical density of the

Universe at the redshift of the cluster. In order to generate the - i [foa(Zi O A, @)~ fgasi]®
data set the SCDM model witH,=50 kms * Mpc™! was X =& o2
used as the default cosmolo¢see[28] for details. Tgas'
By assuming that the baryonic mass fraction in galaxy Qph%-0.02082 [h-0.72]?
clusters provides a fair sample of the distribution of baryons [ 00018 j 008 | (11

at large scalésee, for instancg32]) and thatf goe< D [26],

the model function is defined 488] whereafgayi are the symmetric root-mean-square errors for

b0 DSCOM(7,) 15 the SCDM data. The 68.3% and 95.4% confidence levels are
fgnfsd(zi): b3/2 AC : 1 , (10 defined by the conventional two-parameths levels 2.30
(1+0.1179)Q, Dx(z) and 6.17, respectively.

In Fig. 2a we show contours of constant likelihood
where the bias factdo=0.93[34] is a parameter motivated (68%, 95%, and 99%in the parameter space-A for the
by gas dynamical simulations that takes into account the fact.ray data discussed earlier. From the above equation we find
that the baryon fraction in clusters is slightly depressed withhhat the best fit model occurs fér,= 1 which, according to
respect to the Universe as a whd@g]. The term (2)%2  £q (4), is independent of the index and equivalent to a
represents the change in the Hubble parameter between thecpMm universe. This model corresponds to an accelerating
default cosmology and quintessence scenarios and the ratigenario with the deceleration parameigr= —0.551 From
DR°"(z)/DK(z) accounts for deviations in the geometry this figure, we also see that boty anda are quite insensi-
of the universe from the default cosmologyCDM mode]. tive to these data and that, at 95.4% C.L., one can limit the
In Fig. 1 we show the behavior dff” as a function of the parameterA, to be greater than 0.52. Figure 2b shows the
redshift for some selected values Af and @ having the plane Q,,-A for the conventionalC gas (@=1). As one
values of(), andh fixed. For the sake of comparison, the should expect from different analys¢28,31, the matter
current favored cosmological model, namely, a flat scenariglensity parameter is very well constrained by this data set
with 70% of the critical energy density dominated by a cos-while the
mological constantACDM) is also shown. In order to have
bidimensional plots we fix the value 61, as suggested by
dynamical estimatef35], i.e., 0.3 in Fig. 1, as well as in all  Note that forA,= 1, Eq.(4) does not depend on the parameter
statistical analyses involving the generalized Chaplygin gasrherefore, the smoothness of the curves at these points is a conse-
However, in the case of a convention@lgas (@=1), the  quence of the step used for the parameters in the code.
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FIG. 3. (8 The likelihood contours in ther-Ag plane for the FIG. 4. The extendeds-a plane for the joint x-ray+ SNe la

joint x-ray + SNe la analysis described in the text. The contoursanalysis. Although completely modified in comparison with the pre-
correspond to 68%, 95%, and 99% confidence levéds. The vious ones, the best fit values for this extended analysis-(.02
Q,-As plane for the joint x-ray+ SNe la analysis. The best fit anda=0.45) are still in agreement with the causality imposed by
values are located a,=0.98 and(,,=0.3. At 95.4% we find the adiabatic sound speed4s 1/a). The dashed hyperbola corre-
A=0.84 and 0.273(,,<0.329. sponds to the limit conditiom§: 1.

parameteAs remains quite insensitive to it. The best fit oc- fit values (A;=1.02 and a=0.45), although completely
curs for models lying in the intervaRs=[0,1] and ),  modified in comparison with the previous ones, are still in
=0.3. At 95.4% C.L., we find 0.2680,<0.379. For an  agreement with the causalitp(< 1/a) imposed by the fact
x-ray analysis where th€ gas plays the role of a unified {5t the adiabatic sound speed=dp/dp in the medium
model for dark matter and dark energy, $88]. must be lesser than or equal to the light veloditge Eq.
(1)]. Some basic results of the above analysis are displayed
Joint analysis with SNe la in Fig. 4.

By combining the x-ray and SNe la data sets, more strin-
gent constraints on the cosmological paramefggsand Ag
are obtained. As was shown elsewhere, the parametier Alternative cosmologies with a quintessence component
highly insensitive to the SNe la data. To perform this analy-(dark energy may provide an explanation for the present
sis, we follow the conventional magnitude-redshift teste,  accelerated stage of the Universe as suggested by the SNe la
for example,[39]) and use the SNe la data set that corre-results. In this work we have focused our attention on a
sponds to the primary fit C of Perlmuttet al.[40] together  possible dark energy candidate, the so-called Chaplygin gas.
with the highest supernova observed so far, i.e., the 1997ff athe equation of state of this dark energy component has been
z=1.755 and effective magnitudm®*=26.02-0.34 [41]  constrained by combining Chandra observations of the x-ray
and two newly discovered SNe la, namely, SN 2002dz at |uminosity of galaxy clusters and independent measurements
=0.475 andm®"=22.73+0.23 and SN 2002dd @&=0.95 of the Hubble parameter and of the baryonic matter density
andm®"=24.68+0.2[42]. Figures 3a), 3(b), and 4 show the  as well as from a statistical combination between x-ray data
results of our analysis. In Fig(& we display contours of the and recent SNe la observations. We have shown that strin-
combined likelihood analysis for the parametric spAger. gent constraints on the free parameters of the model, namely,
In comparison with Fig. @) we see that the available pa- A,, «, andQ),,, can be obtained from this combination of
rameter space is reasonably modified with the valué&of observational data.
constrained to be greater than 0.73 at 95.4% C.L. and the It is also interesting to compare the results derived here
entire interval ofa=[0,1] allowed. The best fit model occurs with another independent analyses. For example, using only
for values ofA;=0.98 anda=0.93 with x5;,=61.38 and  SNe la data, Fabrist al. [15] found A;=0.93"39] for the
v=061 degrees of freedorrp(fnm/vzl.O). The most restric- original C gas model &= 1) with the matter density param-
tive limits from this joint analysis are obtained for the origi- eter constrained by the interval<Q),<0.35. The same
nal version ofC gas (@=1). In this case, the plan@,-As;  analysis for(},,=Q,=0.04 (in which the C gas plays the
[Fig. 3(b)] is tightly constrained with the best fit values lo- role of both dark matter and dark eneyggrovides A
cated atA;=0.98 andQ,= 0.3 with x%;/»=1.0. At 95.4% =0.87"J13. These values agree at some level with the ones
this analysis also provide&;=0.84 and 0.2%(),,<0.329.  obtained from statistics of gravitational lensifgGL), i.e.,

Note that the contoursi-Ag [Fig. 3@] and Q,-Ag [Fig. As=0.72 [19] and age estimates of high-galaxies, Ag
2(b)] are almost orthogonal, thereby explaining the shape o&0.85-A;=0.99 for the interval),,=0.2-0.4 with lower
the O ,-Ag plane appearing in Fig. 3b. We also observe thatvalues of A corresponding to lowef), [9]. The original
by extending thex-A plane to the intervdl0,2] the new best  Chaplygin gas model, however, seems to be incompatible

IV. DISCUSSION AND CONCLUSIONS
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with the localization of the acoustic peak of CMB as given
by WMAP [43] and BOOMERANG][44] data. For the case

PHYSICAL REVIEW D69, 083501 (2004

shown in Fig. 8b), by combining the x-ray and SNe la data
sets, more stringent constraints on the paramélgrandAg

of a generalized component, the same analysis shows that fare readily obtained. From the above analyses we also note

intermediary values of the spectral tilf the C gas model is
favored by this data set i#=0.2[18]. A similar analysis for
BOOMERANG and Arqueop$45]| data implies 0.5%A¢
<0.91 for <1 [8] whereas an investigation involving
WMAP and SNe la data sets restricisto be O<sa=<0.2
[25].

that the« parameter is more strongly restricted if causality
requirementsv(gs 1) are imposedsee Fig. 4. However, it
seems that an even better method to place limits on such a
parameter is through the physics of the perturbations, i.e.,
CMB and LSS datdsee, e.9.[23,24)).

It should be stressed that our results are in line with the

above quoted independent studies. In particular, even consid-

ering that the parameteX, is quite insensitive to the x-ray
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