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Abstract We use the latest data to investigate observational canistran the new
generalized Chaplygin gas (NGCG) model. Using the Markowi€iMonte Carlo
method, we constrain the NGCG model with type la supernor@a the Union2
set (557 data), the usual baryonic acoustic oscillationgBAbservation from the
spectroscopic Sloan Digital Sky Survey data release 7 gaample, the cosmic mi-
crowave background observation from the 7-year Wilkinsanrbvave Anisotropy
Probe results, newly revised data Aifz), as well as a value digao(z = 0.55) =
(3.90° + 0.38°) for the angular BAO scale. The constraint results for the IGC
model arewx=—1.0510701052 (10) 703225 (20), n=1.011715:0859 (10) 00505 (20)
and Qx=0.729710 5522 (10) 150355 (20), which give a rather stringent constraint.
From the results, we can see that a phantom model is slighttyréd and the proba-
bility that energy transfers from dark matter to dark enasg# little larger than the
inverse.

Key words: new generalized Chaplygin gas — angular BAO scale — cosnitdbg
observations

1 INTRODUCTION

Cosmic observations suggest that the present universeéagming an accelerated state (Riess et al.
1998; Perlmutter et al. 1999; Pope et al. 2004). In order pdadx this, a component with negative
pressure known as dark energy was proposed. The most sintbfgaular model for dark energy is
the cosmological constant). This model has successfully explained many phenomend, dgo
encounters some theoretical problems; for example, thecicience problem and the “fine-tuning”
problem. Therefore, many other models have been proposkediing quintessence (Peebles & Ratra
1988; Ratra & Peebles 1988), holographic dark energy (Cehah 1999; Li 2004), quintom (Guo
et al. 2005; Feng et al. 2005), phantom (Caldwell 2002), dnaorld (Dvali et al. 2000; Zhu &
Alcaniz 2005) and so on. Among these, the generalized Chapbas (GCG) model, acting as a
unification of dark energy and dark matter, is a good candi@@énto et al. 2002, 2004). It has
been widely studied and seems to be in agreement with diffeteservational data (Zhu 2004; Lu
et al. 2009; Xu & Lu 2010; Park et al. 2010). Moreover, GCG dmdriginal Chaplygin gas (CG)

x Supported by the National Natural Science Foundation ofi&hi



160 K. Liao, Y. Pan & Z. H. Zhu

model (Kamenshchik et al. 2001) can be connected to stridgbaane theory (Bili¢ et al. 2002).
The equation of state (EoS) of GCG is expressed as

A

4 (1)
PGea
Under the Friedmann-Robertson-Walker (FRW) metric wite #émergy momentum conservation
equation, we can obtain (Amendola et al. 2003)

pGceGg = —

1
paca = PGCG,0 [A* +(1— A*)073(1+a)} e (2)

whereA, = A/p(ljcoé_’o andpgca o is the energy density today. In addition to the paramdter is
also a new parameter that makes the GCG model different fierariginal CG model. When = 1,

it becomes CG. The core aspect of CG and GCG is when the sctbe feas very small in the early
universe, it acted as a dust, but recently it has behavea ldasmological constant. The interacting
CG model was discussed in Zhang & Zhu (2006) and the inteiqgeneralized Chaplygin gas
model was addressed in Setare (2007a,b). Other modelsaun¢l®sChaplygin gas were proposed
including the modified Chaplygin gas (MCG) model (Chimend®2; Chimento & Lazkoz 2006),
variable Chaplygin gas (VCG) model (Guo & Zhang 2007), edtzhChaplygin gas model (Meng
et al. 2005) and new modified Chaplygin gas (NMCG) model (©@paidhyay & Debnath 2008).

Since the GCG model can be equal to the interacifi@PM model (Fabris et al. 2004; Zhang
et al. 2006), a new generalized Chaplygin gas (NGCG) modawik equivalent to a kind of inter-
acting XCDM model, was proposed as a unification of X-typekaarergy with the EoS parameter
wx and cold dark matter (Zhang et al. 2006). The interacting gemeralized Chaplygin gas model
has been discussed in Jamil (2010).

There are different kinds of observational data which camded to constrain cosmological
models: type la supernovae (SNe la), observational Huldolerpeter data, baryon acoustic oscilla-
tion (BAO), cosmic microwave background (CMB) data, legsihiao & Zhu 2012) and so on. For
BAO, using spectroscopic determinations of the redshiftataxies, several detections at different
redshifts have been studied (Percival et al. 2007, 20103.mbthod examines the three-dimensional
averaged distance parameiey. The radial BAO data were discussed by Gaztafiaga et al9t)00
Recently, a new determination of the BAO scale using thegrhetric sample of luminous red galax-
ies in the Sloan Digital Sky Survey (SDSS) data release 7 |DR® performed (Crocce et al. 2011,
Carnero et al. 2012). They derived a valudgho(z = 0.55) = (3.90° £ 0.38°), including sys-
tematic errors, for the angular BAO scale. It is the first climeasurement of the pure angular BAO
signal. Combined with previous BAO signals, it can breakdbgeneracies in the determination of
model parameters.

In this paper, we use the Markov Chain Monte Carlo (MCMC) rodtto constrain the NGCG
model from the latest data including the BAO data at 0.55. Throughout the paper, the unit with
light velocityc = 1 is used.

In Section 2, we give a brief introduction of the NGCG modalSection 3, we introduce the
observational data. The full parameter space using diffetembinations of data is provided in
Section 4. Finally, we summarize our results in Section 5.

2 THE NEW GENERALIZED CHAPLYGIN GASMODEL

We give a very brief introduction to the new generalized Qygip gas model in this section. For
details of this model, please refer to Zhang et al. (20063ufsng the universe is flat with the FRW
metric, the EoS of NGCG fluid (Zhang et al. 2006) is

Ala)

(e} )
PNcea

(3)

PNGCG = —
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whereaq is the scale factor and is the parameter similar to the one in the GCG model. NGCG
fluid consists of dark energyy ~ a—30+wx) \wherewy is the EoS parameter, and dark matter
ppm ~ a~ 3. Naturally, the energy density of the NGCG can be considased

Aq—30+wx)(14a) | Ba—3(1+a)} e

PNGCG = ) (4)
with
A+ B =plaoc,o )

where A and B are positive constants. Considering the energy consen/atiuation[l(a) can be
derived .
A(CL) _ _wXAa73(1+wx)(1+a) ) (6)

We can easily see that it becomes GCG when the EoS parametarkoénergy componenty is

—1. On the other hand it becomes XCDMif= 0. It is remarkable that describes the interaction
between dark energy and dark matter. Wher 0, the energy transfers from dark matter to dark
energy. By contrast, the energy transfers from dark energhatk matter in the case < 0. Based

on Zhang et al. (2006), we take the radiation component iatwicleration, which dominated the
early universe. The whole density consists of the NGCG carapt the baryon matter component
and the radiation component,; = pnaoa + pb» + pr- The Friedmann equation can be expressed as

H(a) = HoE(a), ()
where
E@? = (1-Q,—N)a ™ [1- Qixu ) v
1—Qp—Q

+ a2+ Qa ™t (8)

HereHy, Qx, Q, andQ, represent the Hubble constant, dimensionless dark ersgyonic matter
and radiation today respectively. Consistent with theinabpaper, the parametgr= 1 + a.

3 CURRENT OBSERVATIONAL DATA

Now, we introduce the methods of constraints on the NGCG iMndesing the latest data.

3.1 Baryon Acoustic Oscillation Including Data at z = 0.55

For BAO, the distance scale is defined as (Eisenstein et @8)20
1/3

o= [z 5) | ©

and baryons were released from photons at the so-callecegiadh. The corresponding redshit
is given by
1291 (Qyoh?)0-201

[1 + 0.659(Qm0h2)0~828}

[1 + bl(Qbfﬁ)bz} , (10)

zZd =

where .
by = 0.313(Quoh?) 0419 [1 + 0.607(Qm0h2)0'674}
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and
by = 0.238(Qmeh?)0223

(Eisenstein & Hu 1998). For observations of BAO, we choosatieasurement of the distance ratio
(d,) atz = 0.2 andz = 0.35 (Percival et al. 2010). The definition is given by

-

wherery(zq4) is the comoving sound horizon. The SDSS DR7 galaxy sampésghe best-fit values
of the data setd o, dy.35) (Percival et al. 2010)

5 (doz ) _ (0.1905+0.0061
Pratrix = ( do.35 ) B ( 0.1097 + 0.0036 ) ' (12)
Thex? value of this BAO observation from SDSS DR7 can be calculate(Percival et al. 2010)

X?ﬂatrix - APT CmatrixilAPmatrixa (13)

matrix

where the corresponding inverse covariance matrix is

—\ —17227 86977 (14)

Cmatrix -

1 (30124 —17227)

Moreover, a new determination of the BAO scale using a phetdmsample of luminous red
galaxies in the DR7 is presented (Crocce et al. 2011; Castel02012). It makes use 6f 1.5 x 10°
luminous red galaxies with photometric redshifts. Theyayealue ofdgao(z = 0.55) = (3.90° £
0.38°) for the angular BAO scale including systematic errors. this first direct measurement of
the pure angular BAO signal. The definition®fao is expressed as (Sanchez et al. 2011)

OBA0 = rs(za) (15)

where the comoving radial distang€z) depending on the NGCG model is defined as

1 “ dz
x(z) = Fo/o m . (16)

The corresponding? of these BAO data is expressed as

) [Osa0 — 0.0681]2
- 17
Xangular 0.006632 ) ( )

where the unit has been transformed into radians. Since ttiea are independent of previous
signals, the totak? can be expressed as

2 2 2
XBAO = Xmatrix + Xangular' (18)
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3.2 Observational Hubble Parameter Data

It is known that we use the distance scale of SNe la, CMB and BA@onstrain cosmological

parameters. However, the distance scale is determineddyrating the Hubble parameter, which
cannot reflect the fine structure 8f(z). Thus, investigating thé/ (=) data directly reveals a more
realistic evolution of the Universe. Many works have beenedosing the newly reviseH (z) (Xu

& Wang 2011; Ma & Zhang 2011). The measurement of Hubble patandata as a function of
redshiftz depends on the differential ages of red-envelope galaxies

1 dz
14+ zdt’
We choose 12 data from this method (Riess et al. 2009; Stexin 2010). In addition, the data can
be obtained from the BAO scale as a standard ruler in thelrdilection. So, we choose another

three data at different redshifts (Gaztafiaga et al. 2009a)
Thex? value of theH (z) data can be expressed as

H(z) = (19)

)

15 2 — e
X%I _ Z [H( 1) UfzobS( )] (20)
i=1

2

whereo; is thelo uncertainty of the observational(z) data.

3.3 Typela Supernovae

SNe la have been playing an importantrole in studying cosgyasince they first revealed the accel-
erated expansion of the universe. The recent data (Uniaed)igen by the Supernova Cosmology
Project collaboration including 557 values (Amanullahle2810). The new data have been used
to constrain cosmological models (Xu & Wang 2010a,b; LiaaleR012). In practice, people use

the distance moduli of supernovae to reflect the cosmolbgiodel and constrain the cosmological

parameters. The distance moduli are determined by the asityndistance

u = 5log(dy, /Mpc) + 25, (21)

wheredy, is the luminosity distance. In the flat universe, it is cortadavith redshift which is an
observable quantity

dr, = (1+ z)/ dz'/H(%"). (22)
0
We choose the marginalized nuisance parameter (Nessetisi€oRiropoulos 2005) foy?
B2
2 =A—- 23
XSNe C ? ( )

where
557
A = Z (‘udata _ Mtheory)Q/o,iQ’
i
557
B = Z (ludata _ Mthcory)/UiQ’
[
557

C = 2:1/01-2

K2

ando; is the Ir uncertainty of the observed data.
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3.4 Cosmic Microwave Background

For CMB, the acoustic scale is related to the distance ratiisexpressed as

91:1/251'”” {911(/2 o Edé)} /Ho

: (24)

l, =
T 7s(2x)

wheresinn(y/|S2|x) denotesin(y/|Qxk|z), 1/|Qx|x andsinh(y/|Qk]|z), for Q. < 0, Qx = 0 and
Q) > 0, respectivelyr,(z,) = Hy ™ * fz°° ¢s(%)/E(z)dz is the comoving sound horizon at the epoch
where photons decoupled. The CMB shift parameter R is egpdess (Bond et al. 1997)

Al/206-1/2 . 12 [7 dz
R=Q.59, smn[ﬂk /0 E(z)}’ (25)

where the redshift, corresponding to the decoupling epoch of photons is giveitiioy& Sugiyama
1996)

—0.738
2. = 1048 [1 +0.00124 (Qbhz) (1 +a (Qmohz)gz)} : (26)
where
G = 0'0783(Qbh]2)70.238(1+39.5(Qbh2)70.763)71’
g2 = 0.560(1 + 21.1(Qp%)18H) 1,

For the CMB observation, we choose the data set includinqatimeistic scalelf), the shift
parameter R) and the redshift of recombination.(. The 7-year Wilkinson Microwave Anisotropy
Probe (WMAP7) measurement gives the best-fit values of tteestd (Komatsu et al. 2011)

) la 302.09 +0.76
Pous = | R | = [ 1.725+0.018 | . (27)
Z, 1091.3 £0.91

Thex? value of the CMB observation can be calculated as (Komatal 2011)
Xems = APEyComs ™ APoyE, (28)
whereAPcvs = Povs — Pous and the corresponding inverse covariance matrix is

2.305 29.698 —1.333
Comp ! = | 29.698 6825.270 —113.180 | . (29)
~1.333 —113.180 3.414

4 CONSTRAINTSON THE NGCG MODEL VIA THE MCMC METHOD

In order to constrain the parameters of the NGCG model, wehes@isual maximum likelihood
method of they? fitting with the MCMC method. We implement the Metropolisgtiags algorithm
with a uniform prior probability distribution. By using thilonte Carlo method, we generate a
chain of sample points distributed over the parameter spacerding to the posterior probability,
then repeat the process until the established convergecoeagy is achieved. In our testing, the
convergence of the chairg — 1 is set to be less than 0.003 which is small enough to satigfy th
required accuracy. The code we use is based on CosmoMCMGgKeBridle 2002). We combine
the SNe, BAO, CMB and{ (z) data by multiplying the likelihood functions to constraietNGCG
model. The totak? can be expressed as

X = X&ne + XBao + XeMB + X7 (30)
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Fig.1 The 2-D regions and the 1-D marginalized distribution wiik tc and2c contours of pa-
rameters, h?, Qpuvh?, wx, 1, Qx, Age/Gyr,Q,,, and Hy in the NGCG model, for the data sets
SNe+CMB+BAO+ (2).

We show the 1-D probability of each parame®@gk?, Qpnh?, wx, 1, Qx, Age/Gyr,Qy,, Ho)
(U, QpmM, Qx and,, correspond to baryon matter, dark matter, dark energy amtbthal matter
respectively) and 2-D plots for parameters in the NGCG muadtdl SNe + CMB + BAO +H (z) in
Figure 1.

The best-fit values of NGCG model parameters with the foudiof data above are

wx = —1.0510701583(10) 103558 (20) |
n = LOLTEG0505(10) 1076 (20)
Qph® = 0.022470:3015(10) 150014 (20) ,
Qx = 0.729710:037%3(10) 150402 (20)

with the x2 ., = 543.668. We also constrain the NGCG model with other combinatiordasé for
comparison: SNe + CMB + BAO and CMB + BAO #(z). They are shown in Figures 2 and 3
respectively.

The best-fit values of each parameter with theand2c uncertainties ang? ; are presented
in Table 1. We can see the combination of the latest data givesher tight constraint on NGCG
parameters, especially for which describes the interaction between dark energy aridrdatter.
The best-fit ofvy is slightly smaller than —1, which is a little different froghang et al. (2006),
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Table 1 The best-fit values of parametefs, h?, Qpuvh?, wx, n, Qx, Age/Gyr, Q,, and Hy
for the NGCG model with thelo and 20 uncertainties, as well ag?;,, for the data sets
SNe+CMB+BAO+I (z), SNe+BAO+CMB and CMB+BAOH (z).

The NGCG Model

SNe+CMB+BAO+ () SNe+BAO+CMB CMB+BAO+H (2)

2 +0.0012 +0.0017 +0.0012 +0.0017 +0.0011 +0.0016

Qph 0.02247 5010 (10) Tgio14 (20)  0.02247 5017 (10) Typ015(20)  0.02257 55017 (1o o)t 0.0015 (20)
0.0079 0.0109 0.0072 0.0106 0.0084 0.0113

Qpmh? 0. 1139Jr0 0075 (1‘7)+0 o102(20) 0. 11441L0 oos7 (10 )to.ous(QU) 0. 1153+0 0097(10)+0.0138 (20)

ox  -LOSI0I (10) 02 (30) —L029T I (1) 0T 20) —11156 0TI (1) 042 2
v LT ) Lo0re B 1) 00 ) 10170788 (1) 88 o)
Qx0TI (1) OO o) 07232 D0 (1)1 008 (20) 0,767 0% (1) O (o)
Age/Gyr 13.737015(10) 35 (20) 13.755015(10) 7555 (20) 1370707, (10) 705 (20)
Q020510 002 ) 02768 OIS 1) 00 (20) 02033002 1) 0033 (20)
Ho 71031530 (10) 1138 (20) 70.291550 (10) 15 5} (20) 72.3675 10 (10) 7563 (20)
Xin 543.668 533.586 12.701

andn is a little larger than 1. Considering the uncertainty, ¢heslicate that the evolution of the
universe that the NGCG model represents is neaAtBBM model. On the other hand, the results
still accommodate an interacting XCDM model. In the Tange for SNe + CMB + BAO +#1(z),

wx = (—1.2195,-0.8947), « = n — 1 = (—0.0385,0.0585). The result ofvx indicates that the
dark energy acting as a phantom is slightly favored. Thetcaim$ on« indicates the probability that
energy transfers from dark matter to dark energy is a littgér than the inverse. Moreover, since
« is constrained to a very small range n@athe interaction between dark sectors seems very weak.
The results also totally rule out the original CG model arel WMCG model which requirec = 1.

This is in agreement with Zhang et al. (2006); Wu & Yu (2007).

5 CONCLUSIONS

With the MCMC method, we give constraints on the NGCG modstfthe latest data including the
SNe la data from Union2, BAO data from the SDSS DR7 galaxy $aamp CMB observations from
WMAP7, as well as the newly obtained angular BAO sighalo (z = 0.55) = (3.90° £+ 0.38°),
which is the first direct measurement of the pure angular BAgdad. The best-fit values of the
parameters for NGCG atex=—1.0510"0 1253 (10) 103355 (20), n=1.011715-0259 (10) 70 0572 (207)
Qph2=0.0224700912(10) F0-0017(20) and Qx=0.729715-0222(10) 00359 (20), with the 2, =
543.668, which give a rather tight constraint. From the results we sae that thé\CDM model

is near the best-fit point and it remains a good choice forarjplg the observation. However, the
NGCG model permits an interacting XCDM model. The constregsults seem to slightly favor a
phantom and the energy transfers from dark matter to danggnéoreover, sincex is constrained
to a very small range near 0, the interaction between datkiseseems very weak. The results are
consistent with the situations in references (Guo et al72@ben et al. 2010; Feng et al. 2008; Cao
et al. 2011a; Cao et al. 2011b). These papers as well as omanderate that current observations
cannot distinguish the directions of energy transformmatiell, thus the coincidence problem has
not been solved so far in this way. For future study on theaidance problem, we hope more data
and other independent observations can improve the dissihgbility. Besides, since the constraint
results for these interacting XCDM models slightly favoe tnergy transfers from dark matter to
dark energy, we may suspect this method might not be validXplaining the coincidence problem.
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