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Abstract

We use theChandra measurements of the X-ray gas mass fraction of 26 rich clusters released by Allen et al. to perform constraints on the
holographic dark energy model. The constraints are consistent with those from other cosmological tests, especially with the results of a join
analysis of supernovae, cosmic microwave background, and large scale structure data. From this test, the holographic dark energy also tends
behave as a quintom-type dark energy.

0 2005 Elsevier B.VOpen access under CC BY license.

Recent observations of Type la supernovae (SN¢llalh-  a proper potential. The feature of this class of models is that the
dicate that the expansion of the Universe is accelerating at thequation of state of dark energy evolves dynamically dur-
present time. These results, when combined with the observiig the expansion of the Universe. However, as is well known,
tions of cosmic microwave background (CMB)] and large there are two difficulties arise from all these scenarios, hamely
scale structure (LSY3], strongly suggest that the Universe is the two dark energy (or cosmological constant) problems—
spatially flat and dominated by an exotic component with largehe fine-tuning problem and the “cosmic coincidence” problem.
negative pressure, referred to as dark en¢yyThe first year  The fine-tuning problem asks why the dark energy density to-
result of the Wilkinson Microwave Anisotropy Probe (WMAP) day is so small compared to typical particle scales. The dark
shows that dark energy occupies about 73% of the energy @nergy density is of order 167 GeV*, which appears to re-
our Universe, and dark matter about 23%. The usual baryoqguire the introduction of a new mass scale 14 or so orders of
matter which can be described by our known particle theorynagnitude smaller than the electroweak scale. The second diffi-
occupies only about 4% of the total energy of the Universe. Alculty, the cosmic coincidence problem, states “Since the energy
though we can affirm that the ultimate fate of the Universe iddensities of dark energy and dark matter scale so differently
determined by the feature of dark energy, the nature of darkluring the expansion of the Universe, why are they nearly equal
energy as well as its cosmological origin remain enigmatic atoday”? To get this coincidence, it appears that their ratio must
present. The most obvious theoretical candidate of dark enerdye set to a specific, infinitesimal value in the very early Uni-
is the cosmological constant which has the equation of state verse.

w = —1. An alternative proposal is the dynamical dark energy Recently, considerable interest has been stimulated in ex-
(quintessence]5] which suggests that the energy form with plaining the observed dark energy by the holographic dark en-
negative pressure is provided by a scalar field evolving dowrrgy model. For an effective field theory in a box of sizewith
UV cut-off A, the entropysS scales extensively§ ~ L3A3.
However, the peculiar thermodynamics of black hfdg has
~ Correspondi led Bekenstein to postulate that the maximum entropy in a box
orresponding author. 3 . .
E-mail address: zhangxin@ihep.ac.ofX. Zhang). of volumeL* behaves nonextensively, growing only as the area
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of the box, i.e. there is a so-called Bekenstein entropy boundsubstituting(6) into (5), one obtains the following equation

S < Spy = mM2L?. This nonextensive scaling suggests that .

quantum field theory breaks down in large volume. To recon-{ /o0 /——=— w2 |1

cile this breakdown with the success of local quantum field/ V1= Qydx' =ce Vox L ()
theory in describing observed particle phenomenology, Cohefi

et al.[7] proposed a more restrictive bound—the energy boundwherex = Ina. Then taking derivative with respecttdn both
They pointed out that in quantum field theory a short distanceides of the above relation, we get easily the dynamics satis-
(UV) cut-off is related to a long distance (IR) cut-off due to the fied by the dark energy, i.e. the differential equation about the
limit set by forming a black hole. In other words, if the quan- fractional density of dark energy,

tum zero-point energy densiyy is relevant to a UV cut-off, 49 2
| X =Qx(1—[2x)(1+?/!2x>. ®)

the total energy of the whole system with sizehould not ex-

ceed the mass of a black hole of the same size, thus we have

L3px < LMI%. This means that the maximum entropy is in or- This equation describes behavior of the holographic dark en-
3/4 ergy completely, and it can be solved exa¢1l9,12] From the

der of S;,;. When we take the whole Universe into account’energy conservation equation of the dark energy, the equation
h [ his hol hi i i '
the vacuum energy related to this holographic princ[gleis 9f state of the dark energy can be gijan)

viewed as dark energy, usually dubbed holographic dark energ

The largest IR cut-off. is chosen by saturating the inequality 1dInpx 1 2
so that we get the holographic dark energy density w=—1- 3dna _ 3 1+ oV $2x ). ©)
px =3c*M5L 2, (1) Note that the formulapy = lf;gx p0a~3 and the differential

wherec is a numerical constant, and, = 1/v/87G is the equation off2x (8) are used in the second equal sign. It can be
reduced Planck mass. If we tall;eas tkl:e size of the current S€€N clearly that the equation of state of the holographic dark
y energy evolves dynamically and satisfie6l + 2/¢)/3< w <

Universe, for instance the Hubble scate™!, then the dark : :
energy density will be close to the observed data. However,_l/3 due to 0< £2x < 1. In this sense, this model should be

Hsu[9] pointed out that this yields a wrong equation of stateattribmed. to the glass of dynamical .dark energy models even
for dark energy. L{10] subsequently proposed that the IR cut- though without quintessence scalar field. The parangitys

off L should be taken as the size of the future event horizon & significant role in this model. If one takes= 1, the behavior
of the holographic dark energy will be more and more like a

r dt’ r da’ cosmological constant with the expansion of the Universe, and
Ru(a) =a a(t) =4 | oz (2)  the ultimate fate of the Universe will be entering the de Sitter
t a phase in the far future. As is shown in REf0], if one puts the

Then the problem can be solved nicely and the holographiparametet2? = 0.73 into(9), then a definite prediction of this
dark energy model can thus be constructed successfully. Thaodel,wg = —0.903, will be given. On the other handii 1,
holographic dark energy scenario may provide simultaneouslthe holographic dark energy will behave like a quintom-type
natural solutions to both dark energy problems as demonstratethrk energy proposed recently in R@f7], the amazing feature
in Ref.[10]. For related work sefl1-16] of which is that the equation of state of dark energy component
Consider now a spatially flat FRW (Friedmann—Robertson-w crosses the phantom divide1, i.e. it is larger than-1 in
Walker) Universe with matter componep, (including both  the past while less than1 near today. The recent fits to current
baryon matter and cold dark matter) and holographic dark enSNe la data with parametrization of the equation of state of dark
ergy componenpy, the Friedmann equation reads energy find that the quintom-type dark energy is mildly favored
[18,19] Usually the quintom dark energy model is realized in

3M§H2 = Pm + X (3) terms of double scalar fields, one is a normal scalar field and the
or equivalently, other is a phantom-type scalar fi¢R0] (for quintom model see

H2 2 e.g.[21]). However, the holographic dark energy in the case

— = Q,?la’3 +2x—. (4) 1 provides us with a more natural realization for the quintom
Hy Hy picture. If ¢ > 1, the equation of state of dark energy will be

Note that we always assume spatial flatness throughout thidways larger than-1 such that the Universe avoids entering the
Letter as motivated by inflation. Combining the definition of de Sitter phase and the Big Rip phase. Hence, we see explicitly,
the holographic dark enerdgt) and the definition of the future the determination of the value ofis a key point to the feature

event horizon(2), we derive of the holographic dark energy as well as the ultimate fate of
00 ) the Universe.
dina _ ¢ (5) The holographic dark energy model has been tested and con-
Ha' Ha/Q2x strained by various astronomical observatifit3,13,16] In a

a

recent work[16], it has been explicitly shown that regarding
the latest supernova data as well as the CMB and LSS data,

1 \/ﬁ 1 6 the holographic dark energy behaves like a quintom-type dark
Ha a(l- X)Ho\/ST,?,' ©6) energy. This indicates that the numerical parametan the

We notice that the Friedmann equati@) implies
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model is less than 1. The best fit results provided18] are:  obtained from(4), expressed as

c=0.81,20 =0.28, andz = 0.65, which lead to the present Q0(14 2%\ V2
equation of state of dark energy = —1.03 and the deceler- E(z) = <ﬂ> . (12)
ation/acceleration transition redshift = 0.63. It is necessary 1-92x

to test dark energy models and constrain their parameters usif¢pte that for the holographic dark energy model the dynami-
as many techniques as possible. Different tests might provideal behavior of2x is determined by8); while for the SCDM
different constraints on the parameters of the model, and a conmodel we have2y = 0 and$22 = 1. It should be pointed out
parison of results determined from different methods allows ughat the fyasdata used here are determined assuming an SCDM
to make consistency checks. In this Letter, we use the X-ray gagodel with 2 = 0.5. Hence there appears &ay0.5 factor in
mass fraction of rich clusters, as a function of redshift, to con{10). We use the same Gaussian priors in our computation as
strain the holographic dark energy model, and to compare thi28,30] with 4 = 0.72+ 0.08, 20h? = 0.0214+ 0.002, and
results with the previous analysis. b=0.824+0.089, all Ir errors.

The matter content of the largest clusters of galaxies is To constrain the parameters of the holographic dark energy
thought to provide an almost fair sample of the matter content ofnodel, we use & statistic
the Universe. A comparison of the gas mass fraction of galaxy 26 [ ;mod,. . 2 5
clusters, fgas= Mgag/ Mrot, inferred from X-ray observations, ,2— [fgas (@i5 P) — foasil <'Ql?h2 — 00214)

with Q,? determined by nucleosynthesis can be used to con- i=1 UJ%gasi 0.002
strain the density parameter of the Univen’sﬁ directly [22]. h—072\2 b — 0.824\ 2
Sasak{23] and Perj24] were the first to describe how thgas (W) (W) , (13)

data of clusters of galaxies at different redshifts could also, in
principle, be used to constrain the geometry and, therefore, datkhere fia2%(z;; P) is computed by the holographic dark energy
energy relevant parameters of the Universe. The geometricatodel using10), and fgas; andoy,,.; are the measured value
constraint arises from the fact that the measufgg values ~ and error fron{28] for a cluster at redshiti;, respectively. The
for each galaxy cluster depend on the assumed angular diariemputation ofx? is carried outin a five-dimensional space, for
eter distances to the clusters ggsx d3/2. The measuredyas  the five parameters = (827, ¢, i, 2)h?, b). The probability
values should be invariant with redshi3—25]when the ref- ~ distribution function (likelihood) of20 andc is determined by
erence cosmology used in making the measurements match@grginalizing over the “nuisance” parameters
the true, underlying cosmology. The first successful application 2
of such a test to constrain cosmological parameters was carri&(ggv C) = f dh d(QI?hz) dbe /2, (14)
out by Allen et al[26]; see alsg27—31]and references herein.
Note that the optically luminous galaxy (stellar) mass in clus
ters is about A9/ times the X-ray emitting gas mass, thus
20 = 20 fgad1 + 0.19V/h). In what follows we use thefgas
values, determined by Allen et §28] from Chandra observa-
tional data, to constrain the parameters of the holographic dal
energy model. The redshifts of the 26 clusters range from 0.0
to 0.89.

Following [26-31] we fit the fyas data to the holographic
dark energy model described by

where the integral is over a large enough rangé:0f2242,
and b to include almost all the probability. We now compute
L£(£29, ¢) on a two-dimensional grid spanned & andc. The
68.3%, 95.4%, and 99.7% (namely 120, and 3 ) confidence
gontours consist of points where the likelihood equals3l/?,

—6.18/2 ande—1183/2 of the maximum value of the likelihood,
respectively.

Fig. 1 shows our main results. We plot 886, 95.4%, and
99.7% confidence level contours in the £22) plane. The best
fit happens at = 0.61, 20 = 0.24,h = 0.73,22h? = 0.0212,
b2? ho d$CPM@i) 732 1oy @ndb=0.812, withxZ;, = 25.00. These results are in accor-
(1+0.19Vh) 29 [ﬁ d7%z; 29, c)} » (10 Gance with those obtained [80] where some common results,

_ _ 2% =0.24 andx2,, ~ 25, were got fromfgas fits to three
whered'1°?andd3°PM are the angular diameter distances to themodels—1 CDM model, XCDM parametrization, antiCDM
clusters in the current holographic model and reference SCDMyqdel (quintessence with power law potential). Friéig. 1we
cosmology, respectively, arids a bias factor motivated by gas- see clearly that the quality of théasconstraints is much better
dynamical simulations which suggest that the baryon fraction ifhan that of the SNe la constraints (see Fig. 216(), namely
clusters is slightly lower than for the Universe as a whole (segne contours are tighter than those derived from SNe la data.
[27,28]and references herein for detailed discussions). The afe find, however, that thgfgas constraints on the holographic
gular diameter distances to the clusters are defined as model are consistent with those from a joint analysis of SNe

la, CMB, and LSS data, but the constraints from the latter are
(11) tighter; see Fig. 6 of16] for comparison. Thed fit values for

c and 29 are:c = 0.61704> and 20 = 0.247998. We notice

that the fit value ot is less than 1 in & range, though it can
WhereHo_1 (here we use the natural unit, namely the speed obe slightly larger than 1. This implies that according to fhg
light is defined to be 1) represents the Hubble distance witltonstraints the holographic dark energy basically behaves as a
value Ho‘1 =2997.91 Mpc, and E(z) = H(z)/Ho can be  quintom-type dark energy inslrange.

fgnddz) =

/

_ _ dz
dA:Hol(l+Z) 1/m,
, ,
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Fig. 1. Confidence level contours of 68.3%, 95.4% and 99.7% i 5191) Fig. 3. Likelihood distributions of parameter in the fits of SNe only,
) 0 10.06 SNe+CMB+LSS, andfgasdata.
plane. The & fit values for the parameters are?, = 0.247y5c and

c= 0.61‘_*8:‘2‘?, and the minimum value of? in the five-dimensional parameter

space isy2, = 25.00. On the whole, the results derived from tlfig,s constraints are

consistent with those from other cosmological tests. The para-

06 ' ' ' meterc which plays an important role in the holographic dark

o7k ' energy model is demonstrated to be less than 1 basically in 1
o8l ] range, which shows that the holographic dark energy tends to
09| ] behave as quintom-type dark energy in the cosmological evo-
a0f lution. For comparing the probability distribution of the para-
3 oaaf ] meterc determined by different cosmological tests, we show
2r ] in Fig. 3the likelihood plots ofc corresponding to constraints
12 ] from SNe, SNa-CMB-+LSS (for detail se¢L6]), and fgasdata,
sl , [ . [ . respectively, by furthermore marginalizing over the “nuisance”
00 05 1.0 15 20 parameter2’ . We see that the X-ray data provide a fairly good

way for constraining the holographic dark energy.
In summary, we used in this Letter the recent X-ray clus-

0.5 - u

0o ter gas mass fraction data from tihandra X-Ray Observa-
o5l i tory to constrain the parameters of the holographic dark energy
o - model. We considered a spatially flat FRW universe with matter
ol T and holographic dark energy. For the holographic dark energy
sl i model, the numerical parameteplays a very important role in
determining the evolutionary behavior of the space—time as well
%0 05 10 Ts 20 as the ultimate fate of the Universe. The constraints from the

fgasdata show that ind range the parameteris basically less
Fig. 2. Equation of state of dark energyand deceleration parametgrversus  than 1, which implies that the holographic dark energy tends to
redshiftz, from the best it of thefgastest. behave as a quintom-type dark energy. These constraints are
consistent with those derived from other cosmological tests.
. . The fygasdata are proven to be efficacious in constraining dark
We now d_lscuss about the cosmologlcgl consequences IeecL]ergy. We hope that the futuygasdata should provide an even
by the best fit results of thgy,s data analysis. The evolutions : )
. . tighter constraint on holographic dark energy model and other
of the equation of state of dark energy and the deceleration pa;
. . . dark energy models.
rameter of the Universe corresponding to the best fit are shown
in Fig. 2. From this figure, we see that the equation of state
dark energyw has a value ofvg = —1.29 and the deceleration
parametey; has a value ofjp = —0.97 at present. The typical

" i ) One of us (X.Z.) is grateful to Ling-Mei Cheng for useful
characteristic of the quintom-type dark energy is that the equa;. . ; .
. ! ; - “discussions. This work was supported by the Natural Science
tion of state can cross 1. For this case, the crossing behavior

(w(z¢) = —1) oceurs at a redshift of = 0.62. In addition, Foundation of China (Grant No. 111105035001).

the transition from deceleration to acceleratigz7) = 0) oc-
curs at the redshifty = 0.70. Comparing our plots ifig. 2
with the mOdel'mdependent pIOtS |]1]8], we find that the holo- [1] A.G. Riess, et al., Astron. J. 116 (1998) 1009, astro-ph/9805201;

graphic plots for the: = 0.61 case are in good agreement with s perimutter, et al., Astrophys. J. 517 (1999) 565, astro-ph/9812133.
those model-independent plots for the redshift range0-2. [2] C.L. Bennett, et al., Astrophys. J. Suppl. 148 (2003) 1, astro-ph/0302207;
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