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Constraining the dark energy with galaxy cluster x-ray data
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The equation of state characterizing the dark energy component is constrained by combining Chandra
observations of the x-ray luminosity of galaxy clusters with independent measurements of the baryonic matter
density and the latest measurements of the Hubble parameter as given by the HST key project. By assuming a
spatially flat scenario driven by a “quintessence” component with an equation offstatep, , we place the
following limits on the cosmological parametassand(Q,,: (i) — 1<w=—0.55 andQ,,=0.32°3%%/ (10) if
the equation of state of the dark energy is restricted to the intertat <0 (the usual quintessencand (ii)
w=-1.29"3%88and 0,,=0.31" 333! (10) if w violates the null energy condition and assume values below
—1 (extended quintessence or “phantom” energyhese results are in good agreement with independent
studies based on supernovae observations, large-scale structure, and the anisotropies of the cosmic background
radiation.
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I. INTRODUCTION tion of the redshift(see, for example[9]) or, as has been
recently discussed, it may still violate the null energy condi-
Recent observations of type la supernov@hble 13 have  tion and assume values less thard [10]. Actually, even in
provided direct evidence that the Universe may be accelerathe framework of 4-dimensional space-time gravitational
ing [1]. These results, when combined with measurements aheories, there are many ways in which one may implement
cosmic microwave backgrout@MB) radiation anisotropies “phantom energy,” namely, nonminimal couplings, purely
and dynamical estimates of the quantity of matter in the Unikinetic terms in the scalar field Lagrangian, scalar tensorial
verse, suggest a spatially flat Universe composed bf3 of  theories, etc(see[11] for a quick review.
matter (baryonictdark) and ~2/3 of an exotic component In order to improve our understanding of the actual nature
endowed with large negative pressure, the so-called “quinef the dark energy, an important task nowadays in cosmology
tessence.” Nowadays, it is recognized that the question res to find new methods or to revive old ones that could di-
lated to the nature of this dark energy is one of the mostectly or indirectly quantify the amount of dark energy
challenging problems of modern astrophysics, cosmologypresent in the Universe, as well as determining its equation
and particle physics. of state. In this concern, the possibility of constraining cos-
The absence of natural guidance from particle physicsnological parameters from x-ray luminosity of galaxy clus-
theory about the nature of this dark component gave origin teers constitutes an important and interesting tool. This
an intense debate and many theoretical speculations. In panethod was originally proposed by Saspk?] and Per{13]
ticular, a cosmological constantAj—the most natural based on measurements of the mean baryonic mass fraction
candidate—is the simplest but not the sole possibilityis a  in clusters as a function of the redshift. A recent application
time independent and spatially uniform dark componentpf a new version of this test was performed by Allenal.
which is described by a perfect fluid wifhy,=—p,. Some [14,15, who analyzed the x-ray observations in some re-
other candidates appearing in the literature are a decayingxed lensing clusters spanning the redshift range<@.1
vacuum energy density, or a time varyingterm[2], atime  <0.5 (see also[16]). By inferring the corresponding gas
varying relic scalar field componef8FQ which is slowly = mass fraction, these authors placed observational limits on
rolling down its potential3], the so-called X matter,” an  the total matter density paramet€,, and on the density
extra component simply characterized by an equation of staggarametek) , associated with the vacuum energy density, as
py= wpy [ X cold dark matte(XCDM)] [4,5], the Chaplygin  well as on the equation of state of the dark endrtg.
gas, whose equation of state is givengy —A/p whereA In the present paper, by following the methodology pre-
is a positive constant6], and models based on the frame- sented i 15], we discuss quantitatively how observations of
work of brane-induced gravity7], among other§8]. For the  the x-ray gas mass fraction of galaxy clusters constrains the
SFC and XCDM scenarios, the parameter may be a func- cosmic equation of state describing the dark energy compo-
nent. For the sake of completeness, as well as to detect the
possibility of bias in the parameter determination due to the

*Electronic address: limajas@dfte.ufrn.br impositionw= —1, we studied two different cases: thsual
"Electronic address: jvital@dfte.ufrn.br quintessence {1=w<0) and theextendedquintessence
*Electronic address: alcaniz@dfte.ufrn.br [10], in which the w parameter may assume values below
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—1. In the former case, a good agreement between theory

and observations is possible if 6:3),<0.35(68% C.L)

andw= —0.55. These results are in line with recent analyses

from distant SNe 1417], SNe+-CMB [9], gravitational lens-
ing statisticd 18], and the existence of old high redshift ob-
jects (OHRO’9) [19]. For extended quintessence we obtain
—2.1=w=<-0.6(68% C.L) with the matter density param-
eter ranging in the interval 0.27(),,<0.34(68% C.L).

This paper is organized as follows. In Sec. Il we present
the basic field equations and the distance formulas relevant
for our analysis. The corresponding constraints on the cos-

mological parameters and(},, are investigated in Sec. lll.
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For the standard cold dark matter mod8ICDM) we setw
=0 in Eq. (3) and the angular diameter distance reduces to
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We finish the paper by summarizing the main results in the

concluding section.

II. BASIC EQUATIONS

For spatially flat, homogeneous, and isotropic cosmolo
gies driven by nonrelativistic matter and a separately con
served exotic fluid with equation of statg,=wp,, the
Friedman’s equation is given by

2
E) =H?2
R [e]

3

Ro R,
R

R

)3(1+w)

Qm( +(1—Qm)< D

where an overdot denotes derivative with respect to time an
H,=100h kms 1Mpc ! is the present value of the Hubble
parameter.

[II. CONSTRAINTS FROM X-RAY GAS MASS FRACTION

In our analysis we consider the Chandra data analyzed in
recent papers by Alleet al.[14,15 and Schmidet al.[20].
The specific data set consists of six clusters distributed over

a wide range of redshifts (0<1z<<0.5). The clusters studied
are all regular, relatively relaxed systems for which indepen-
dent confirmation of the matter density parameter results is
available from gravitational lensing studies. As discussed in
Ref.[15], the systematic uncertainties asel0% (i.e., typi-
cally smaller than the statistical uncertainji€eBhe x-ray gas
mass fraction {g,J values were determined for a canonical
radiusr 509, Which is defined as the radius within which the
fhean mass density is 2500 times the critical density of the
Universe at the redshift of the cluster. Two data sets were
generated from these data, one in which the SCDM model

In order to derive the constraints from the x-ray gas massyith H,=50 kms *Mpc ™! is used as the default cosmol-
fraction in the next section, we use the concept of angulapgy, and the other one in which the default cosmology is the

diameter distancé ,(z). This quantity can easily be ob-

ACDM scenario withtH,=70 kms *Mpc™!, Q,,=0.3, and

tained in the following way. Consider that photons are emit-() , =0.7. In what follows we constrain the basic cosmologi-

ted by a source with coordinate=r, at timet,; and are
received at timet, by an observer located at coordinate
=0. The emitted radiation will follow null geodesics so that
the comoving distance of the source is defined by 1)

cal parameters using the SCDM scenario as the default cos-
mology.

By assuming that the baryonic mass fraction in galaxy
clusters provides a fair sample of the distribution of baryons

at large scale, the matter content of the universe can be ex-

dR pressed af21,22

tO dt JRO
R R(HOR()

r1=f
t

By considering the above equations, it is straightforward to
show that the comoving distancg(z) can be written as

025 . T T

1 dx

Jl/(1+z) XN X T+ (1—Q)x~ TF3)’
3

where the subscripp denotes present day quantities and

1
rl(Z):—H R
o'‘o

~
~~
~~

=R(t)/R,=(1+2) ! is a convenient integration variable. | T

The angular diameter distance to a light source=at; and | T el

t=t, that is observed at=0 andt=t, is defined as the ratio g ]

of the source diameter to its angular diameter, ie.,, | e
0']0.0 I 0{5 I 1!0 ! 1{5 2.0

Da= =R =(1+2) Ryr(2), @

FIG. 1. The model functiorfg‘;'sd [Eg. (8)] as a function of the
redshift for selected values ab and fixed values of(},,=0.3,

which provides, when combined with E(B), Qph?=0.0205, anch=0.72.
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FIG. 2. Confidence regions in the,-» plane by assuming the
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FIG. 3. The same as in Fig. 2 by assuming the Gaussian priors

SCDM model as the default cosmology. The regions in the grapth=0.72+0.08 andQ,h?=0.0205+0.0018.
correspond to 68%, 95%, and 99% likelihood contours for flat quin-

tessence scenarios.

Qy

= 7
fgad 1+0.1%?) @
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the considered x-ray gas mass fraction data. The best-fit
model for these data occurs fOr,,=0.33 andw= — 1.0 with
x2=1.98. Such limits become slightly more restrictive if we
assume soma priori knowledge of the value of the product
Q,h?=0.0205+0.0018[24] and of the value of the Hubble

where ), stands for the baryonic mass density parametefarameterh=0.72+0.08 [25]. To illustrate these new re-

Sincef ggD3? [12], the model function is defined by

15

o NG

(1+0.1%°%?Q,,

DR"M(z)

me
DRE(Zi)

gas z)=

where the term (8)%? represents the change in the Hubble

sults, in Fig. 3 we show the confidence regions in fhg
plane by assuming such priors. In this case, the best-fit
model occurs for,,=0.32, w=—1, and x3,,=1.95 with

the 1o limits on w andQ, given, respectively, by

w=-—0.55

parameter between the default cosmology and quintessene@ad

scenarios, while the rati® 3"

dynamical estimates on scales up to aboot 2Mpc [23].

For the sake of comparison, the current favored cosmologic
model, namely, a flat scenario with 70% of the critical energy

density dominated by a cosmological constant,
shown.

In order to determine the cosmological paramet@rs
andw, we use g¢? minimization for the range of),, andw
spanning the intervdlo,1] in steps of 0.02:

6
X2: I:fri:]naosd(zi;_fgasi]2 (9)

i=1 (o

gasi

(z)/DR%(z;) accounts for
deviations in the geometry of the universe from the SCDM
model. Figure 1 shows the behaviorfd\;fa‘;d as a function of
the redshift for some selected valuesegfwith fixed values
of O, andh. The value of(},, is fixed at 0.3 as suggested by

is also

0,=0.320"3%2.

This particular value ofw is close to the one recently ob-
tained by[16], i.e., «<—0.49 (20), which is also in rea-
sonable agreement with the bounds on the dark energy

£ressure—to—density ratio from independent cosmological data

Sets (see Table )l For the sake of completeness, we also
verified that by fixingw= —1 and extending the analysis for
arbitrary geometries the results [df5] are fully recovered.

So far we have assumed that the dark energy equation of
state is constrained to be=—1. However, as has been
observed recently, a dark component with. — 1 appears to
provide a better fit to SNe la observations than AXIGDM
scenarios ¢ =—1) [10]. In fact, although having some un-
usual properties, this “phantom” behavior is predicted by
several scenarios such as, for example, kinetically driven
models[26] and some versions of brane world cosmologies

where Of s 1€ the symmetric root-mean-square errors fof{27] (see alsd11] and references theregirin this concern, a
the SCDM data. The 68.3% and 95.4% confidence levels ar@atural question at this point is, how does this extension of

defined by the conventional two-paramepet levels 2.30
and 6.17, respectively.

In Fig. 2, by fixing the values 2}, (0.0205 andh (0.72),
we show contours of constant likelihog85% and 68%in
the Q),-w plane. Note that the allowed range for bdth,

andw is reasonably large, showing the impossibility of plac-analysis, we findQ,=0.312"3034,

the parameter space to<—1 modify the previous results?

To answer this question in Fig. 4, we show the 68% and 95%

confidence regions in the “extendefl ,-» plane by assum-

ing the same priori knowledge of the produd® h? and of

the value of the Hubble parameter as done earlier. From this
008 w=—1.29"3%% and

ing restrictive limits on these quintessence scenarios frony2,,=1.77, both the results at therllevel. By assuming no
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TABLE I. Limits to Q,, and w.

Method Reference Qm 1)
CMB+SNe la [4] =0.3 =-0.6
[9] — <-06
SNe la [17] — <—-0.55
SNe la-GL [36] 0.24 <-07
GL [18] — —0.55
SNe la+LSS [37] — <-0.6
Various [29] 0.2-0.5 <-0.6
OHRO’s [19] 0.3 <-0.27
CMB [38] 0.3 <-0.5
[32] — <-0.96
Y [33] 0.2-0.4 <-05
0(z) [30] 0.2 ~-1.0
CMB+SNetLSS [34] 0.3 <-0.85
CMB+SNetLSS [28] — <-0.71
CMB+SNe+LSS? [28] — >—2.68
SNe 1§ [28] 0.45 -1.9
CMB+SNe [41] ~0.3 <-0.75
SNet+x-ray cluster’ [35] =0.29 -0.95
X-ray clusters This paper =0.32 <-05
X-ray clusters This paper =0.31 -1.29

3Extended quintessence.

a priori knowledge on Q,h? and h we obtain w=

—1.28"

CMB+large scale structurd.SS)+SNe la data. At 95.4%

models, whatever the value & ,,, whereas for arbitrary

while the value of),, remains approximately geometry they obtained<—0.6 (95% C.L). Such results
the same. These limits should be compared with the oneagree with the constraints obtained from a wide variety of
obtained by Hannestad and "Msell [28] by combining

C.L. they found—2.68<w<—0.78.

different phenomena, using the “concordance cosmic”
method[29]. In this case, the combined maximum likelihood
analysis suggeste&<—0.6, which rules out an unknown

At this point we compare our results with other recentcomponent like topological defectdomain walls and string
determinations of» derived from independent methods. For for which w=—n/3, n being the dimension of the defect.
example, for the usual quintesserige., o= —1), Garnav- Recently, Lima and Alcan|2_{30] investigated the angular
ich et al.[17] used the SNe la data from the HighSuper- size—redshift diagrarhé(z)] in quintessence models by us-

nova Search Team to finé< —0.55 (95% C.L) for flat ing the Gurvitset al. published data séB81]. Their analysis
suggests— 1= w=—0.5, whereas Corasaniti and Copeland

[32] found, by using SNe la data and measurements of the
position of the acoustic peaks in the CMB spectruml
<w<-0.93 at Zr. More recently, Jairet al. [33] used the
] image separation distribution functiork §) of lensed qua-
sars to obtain—0.8<w=<—0.4 for the observed range of
0O ,~0.2-0.4, while Chaet al, [18] used gravitational lens
. (GL) statistics based on the final Cosmic Lens All Sky Sur-
vey (CLASS) data to findw< —0.55"313 (68% C.L). Bean
and Melchiorri[34] obtainedw< —0.85 from CMB+SNe
la+LSS data, which provides no significant evidence for
quintessential behavior different from that of a cosmological
] constant. A similar conclusion was also obtained by
Schueckeret al. [35] from an analysis involving the RE-
FLEX x-ray cluster and SNe la data in which the condition

. : . . & w=—1 was relaxed. A more extensive list of recent deter-
0.0 0.2 0.4 0.6 0.8 1.0 . . . . .

Q, _rp;rl;?encl)ns of the quintessence parameateis presented in

FIG. 4. Constraints on th€-» plane for extended quintes-
sence. The regions in the graph correspond to 68%, 95%, and 99%
confidence limits. As in Fig. 3, Gaussian priors on the values of The determination of cosmological parameters is a central
Qh? andh were assumed. goal of modern cosmology. We live in a special moment

0

IV. CONCLUSION
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where the emergence of a new “standard cosmology” driverin the coming years because their relative abunddaod

by some form of dark energy seems to be inevitable. The&onsequently the value &1, itself) may also independently
uncomfortable situation for some comes from the fact thabe checked trough the Sunyaev-Zeldovich effé&.

the emerging model is somewhat more complicated physi- As we have seen, the x-ray data at present also favor
cally speaking, while for others it is exciting because al-eternal expansion as the fate of the Universe in accordance
though it preserves some aspects of the basic scenario a ngyith SNe la datg1]. Our estimates of),, and » are com-
invisible actor which has not been predicted by particle physpatible with the results obtained from many independent
ics is coming into play. methods(see Table)l We emphasize that a combination of

_ Using the reasonable ansatz of a constant gas mass fragrese x-ray data with different methods is very welcome, not
tion at large scale, we placed new limits on i, andw  only because of the gain in precision but also because most
parameters for a flat dark energy model. The galaxy clustegosmological tests are endowed with a high degree of degen-
data used correspond to regular, relaxed systems whog®acy and may constrain rather well only specific combina-
fgadr) profiles are essentially flat aroundsoo, the mass  tions of cosmological parameters but not each parameter in-
results were confirmed from gravitational lensing studies andjividually. The basic results combining different methods
the residual systematic uncertainties in thgs values are il appear in a forthcoming communicatigao].

small [15]. Naturally, the analysis presented here also rein-

forces the interest in searching for x-ray data both for less

relaxed clusters, and perhaps more important, at higher red- ACKNOWLEDGMENTS

shifts. Hopefully, our constraints will be more stringent when
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