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Abstract

The Sunyaev-Zeldovich effect (SZe) is a global distortion of Cosmic Microwave Bckground (CMB) spectrum as result of its
interaction with a hot electron plasma in the intracluster medium for large gravitational virialized structures such as galaxy clusters.
Furthermore, this hot gas of electrons emits X-Rays due to its fall in the gravitational potential well of the cluster. The analysis
of SZe and X-Ray data, provide a method for calculating distances to galaxy clusters at any redshift (Angular diameter distance
(ds) and gas mass fraction (fg,)). On the other side, many of these galaxy clusters produce a Strong Gravitational Lens effect
(SGL), which has become an useful astrophysical tool for cosmology. We use these cosmological tests, in addition to the more
traditional ones (SNIa, CMB, BAO), to constraint alternative models of dark energy (wCDM, CPL, IDE, EDE) and study the history
of expansion through the cosmographic parameters (H(z), q(z), j(z)). Using Akaike and Bayesian Information Criterion (AIC, BIC)
we find that the wCDM and ACDM models are the most favored by the observational data. In addition, we found that at low
redshift appears an peculiar behavior of slowdown of aceleration, which occurs only on dynamical dark energy models using only

galaxy clusters (da ciusiers + foas)-
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1. Introduction

Several authors have used the Sunyaev-Zeldovich effect
(SZe), X-rays and strong gravitational lensing (SGL) data
from galaxy clusters to provide independent estimations of
cosmological parameters. The combination of X-rays and the
SZe data lead to two useful cosmological tests: the angular
diameter distance ds [19] and the gas mass fraction f,q, of
the galaxy clusters [13]]. For instance, [19] combined the SZe
and X-rays observations from 25 galaxy clusters to constrain
their three-dimensional shape. Thus, they can infer the cluster
d4 which can be used to estimate cosmological parameters.
[13] calculated the ds of a 38 galaxy clusters with redshifts
0.14 < z < 0.89 to measure the Hubble parameter. Their
estimation of Hj is in agreement with other cosmological
probes. [4], using SZe and X-rays observations, determine fo,s
of 26 galaxy clusters with redshifts 0.07 < z < 0.9 to constrain
the density parameter and the EoS of DE. Additionally, the
SGL observations can be used as an additional method to
probe the nature of dark matter and dark energy. [10] use
a sample of 80 strong gravitational lensing (SGL) galactic
systems from Sloan Lens ACS (SLACS), Lens Structure
and Dynamics (LSD) surveys and galaxy clusters to fit the
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parameters of popular cosmological models. They found their
parameter estimation is consistent with those obtained from
the classical cosmological tests. Thus, we use these tools from
galaxy clusters as independent complementary probes to put
constraints on cosmological models.

2. Cosmological constraints using galaxy clusters

The galaxy clusters are the biggest gravitational structures
in the Universe. They are in the transition between the linear
and non-linear regimes of the structure formation. Gravitational
lensing of background sources produced by these systems are
used to infer the shape of matter distributions in the Universe.
Nevertheless, some lensing results such as high Navarro-Frenk-
White concentration parameters and the predictions of the Ein-
stein radii distributions are in tension with the standard ACDM
model [9]. Therefore, the study of galaxy clusters is very im-
portant for cosmology because they offer information that can
be used to develop cosmological tests that help to distinguish
between different models of DM and DE. In the following, we
describe three differents data from galaxy clusters that can be
used to develop these tests: the SZe, X-ray and SGL.

2.1. Angular diameter distance using S-Z/X-Ray method
The SZe [33| 35] is a small distortion in the CMB spectrum
due to the inverse Compton scattering of the CMB photons
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when they pass through the hot gas of galaxy clusters. This
small fluctuation in the CMB temperature scales as ATs; o
Tcms f n.T.dl, where Tcyp is the temperature of CMB, n,
and T, are the electron number density and temperature of the
hot gas, respectively, and the integration is along the line of
sight. The X-ray emission scales as S, o« f nZAeedl/ (1 +2)°%,
where A, is the X-ray cooling function and z is the cluster
redshift[13], [19]. With these two relations the cluster angular
diameter distance can be infered as

ATS,
T2,,55 (1 +2)*

ey

dA,cluster (Z) o

which is an experimental quantity that depends basically on
the physical properties of the cluster and its geometry [19]]. This
method for measuring distances is completely independent of
other techniques and it can be used to measure distances at high
redshifts directly. We use the estimations of the d4 from the
sample of 25 galaxy clusters of [19] to constrain cosmologi-
cal models. We use the 25 measurements of angular diameter
distances (d4 ) from galaxy clusters as obtained through SZ/X-
Ray method by De Filippis et al. (2005) [19]. In our analysis
we use a maximum likelihood determined by a y? statistics,
give by

25

da(z;,©) — da (z:, ®))*
szis(zi’@:z( 4(2i, @) — dy (2 ))’ @)

2
i=1 94,

where dj .(z;, ®) is the observational angular diameter dis-
tance, whose data are given by [19] and O’(ZZL_ is the contribution
of the statistical errors. da(z;,®) is the diametral angular
distance which depends on the model of the universe.

2.2. The gas mass fraction foq

Other independent cosmological technique is to derive d, us-
ing the gas mass fraction data from galaxy clusters. In order to
use fgqs as cosmological test we need to assume that there is
a proportion between the baryonic fraction of the galaxy clus-
ters and the global fraction of baryonic matter and dark matter
of the Universe. Moreover, it is necessary to assume that the
baryonic fraction from clusters does not depend on the redshift
[? 1. This assumption is valid if one considers that these clus-
ters are formed approximately by the same time. Thus, the gas
mass fraction is defined as: fous = My /Mo, Where My, is the
X-rays gas mass and M,,, is the dynamical total mass from the
galaxy cluster respectively. To relate f,,, with the parameters
of a particular cosmological model we can write Mg,s and M,
in terms of d4(z) as follows [26]].

ACDM —
gas (Z) =

boQ, (d,?CDM(z) ]3/ 2’ @)

1+a Qo da(z)

where d4(z) is the angular diameter distance for a cosmolog-
ical model and dQCDM (z) is the angular diameter distance for a
reference model, in this case the standard model ACDM.
and €, are the baryonic density parameter and the today dark

matter density parameter of the Universe respectively. Here
b is a bias factor which relates the baryonic fraction from the
clusters and the Universe. The constant « relates the baryonic
luminous mass and the baryonic gas mass. This constant is
a~0.19vVh [4] being h the normalized Hubble constant. Here,
we use the fy,; measurements from 42 galaxy clusters obtained
by [5l]. We use 42 measurements of feas of galaxy cluster from
[B]. Thus, the Xz formula to test the different cosmological
models we have

&2 [féngM(Zi, ®) - f:gas(zis ®)]2

0= .
=1 O s
Q2 —0.0214\> (h—-072\> [b-0.824 2( "
0.0020 0.08 0.089

where f,,s is observational gas mass fraction data 3,
JaSPM(2) is the gas mass fraction of the cosmological models
tested and oy, is the error of data. In the former expression we

have considered constant values for b = 0.824 [4]].

2.3. Gravitational lensing

Strong gravitational lensing occurs whenever the light rays
of a source are strongly deflected by the lens that multiples im-
ages can be produced. The position of these images depend on
the properties of the lens mass distribution [24]]. Because the
Einstein radii, 0, also depends on a cosmological model, the
SL observations can be used as an additional method to probe
the nature of dark matter and dark energy [10]. Another impor-
tant lensing observable that can be used to infer cosmological
parameters is the size of the Einstein radii. In this paper, we use
the method which consists in comparing the ratio 9 of angu-
lar diameter distances between lens and source, d4(z;, z5), and
between observer and lens, d4(0, zy), with its observable coun-
terpart D° given by

Ls ’ ,
iz, J, 42 1EE.©)

D(z1,25) = = —= , ()
! da(0, z,) fOZA d7 |E(Z,®)
obs _ c*0g (6)
4710'% Is

where o5 is the SIS velocity dispersion and E(z,®) =
H(z,®)/H,, being H(z, ®) the Hubble parameter of the cosmo-
logical model to be tested and Hy = H(0,®). © is the vector
of the parameters of the cosmological model [16]]. Here, we
use a sample of 80 strong lensing systems by [10] which con-
tains 70 data points from SLACS and LSD and 10 data points
from galaxy clusters. The fit of the theoretical models to strong
lensing observations can be found by the minimization of

80 (D{)bs _z){h)z
Xs1= ) ———— 7

i=1 O_D,i

where the sum is over the sample and o’%i denotes the vari-
ance of Z);.’bs. Additionally with these data sets and in order
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to diminish the degeneracy between the free parameter of the
models, we use 580 Supernovae data (SNIa) from Union 2.1
[34], CMB (Planck13) [1]], as well as data from BAO (BOSS,
WiggleZ, SDSS, 6dFGS) observations, adopting the three mea-
surements of A(z) obtained in [[7,[11]], and using the covariance
among these data given in [31]].(See appendix [6).

3. Theoretical framework and dark energy models

The concordance model ACDM is the most accepted today,
which predicts that the universe consists of approximately 4%
of luminous matter, 26% of Cold Dark Matter (CDM) and
about 70% is a exotic component known as dark energy (DE)
which it is traditionally presented as the main responsible for
the late accelerated expansion of the Universe. In ACDM
model, the CDM is made up of colisionless non baryonic
particles and the DE is provided by the cosmological constant
A with an equation of state (EoS) w = —1. This model is
in excellent agreement with the cosmological observations
of the anisotropies of the CMB radiation, baryonic acoustic
oscillations (BAO) and Supernova Ia (SNIa). Nevertheless,
the standard model has some fundamental problems related to
the nature of the dark matter and dark energy [21} 2]. In the
context of DE, there are several theoretical arguments against
a cosmological constant. One is the coincidence problem, that
is, why today the value of dark energy density is of the same
order of magnitude than dark matter density. Other important
fundamental issue is the fine tuning of the present value of
A which is completely in disagreement with the predictions
of particle physics [36, [18]. Therefore, several dark energy
models with a dynamical EoS have been proposed to alleviate
the problems of the cosmological constant [21]].

In order to put constraints on DE cosmological models using
dacluster> feas and SGL from galaxy clusters we need to calcu-
late the theoretical angular diameter distance of the model and
then compare it with the observations. In addition, to investi-
gate whether a cosmological model can predict an accelerated
expansion phase of the Universe, we must study the behavior of
the deceleration parameter g(z). The angular diameter distance
for a Friedmann-Lemaitre-Robertson-Walker model universe,
for a source at redshift z is

30006701 VI |
dA(z,®)—m m ( E(z,0) ) ®

where h = Hy/100kms™'Mpc~! is dimensionless Hubble pa-
rameter and the function sin ¢(x) is defined such that it can be
sinh(x) when Q; > 0, sin(x) when Q; < 0 and x when ; = 0
[22]]. In the standar FLRW cosmology, the expansion rate as
a function of the scale factor H(a) is given by the Friedmann
equation as:

1 ﬂ/ ’
E2(a, Q) = Qa™* + Qua™® + Qa2 + Qye L T 1@ gy

where H(a)/Hy = E(a,;), Hy is the curent value of the
expansion rate and the scale factor is related to redshift as 1+z =

a'. In the equation (@) Q; is the current energy density divided
by the critical density today p.,; = SHS/ 871G, In the form of the
i-th component of the fluid density of: radiation (2,), matter
(Q,,), curvature () and dark energy ({2x). The ratio of the
pressure to the energy density w(a) = p(a)/p(a) is the EoS of
dark energy, the which divide our models into two cases: in
one the energy density of the fluid is constant and in the other
the energy density of the fluid is dynamic. In all cosmological
models, the density parameter of curvature is free ; and on
which constraints are obtained. For each model of dark energy
corresponds a vector of parameters ®;""de’ = {6;,Q;}, where 9; =
{h, €} for the analysis of the present work. The deceleration
parameter g(z) is defined as[29]

i(x)az)  1+z dE(z,0)
()  E@®) dz

q(2) = - (10)

being a the scale factor of the Universe.

3.1. ACDM

We begin our analysis with the standard cosmological model.
In this paradigm, the DE is provided by the cosmological con-
stant A, with an EoS, such that w = —1. In this model the
dimensionless Hubble parameter E*(z, ®) is given by

EX(z,0) = Q. (1 +2)* + Q,(1 +2)° + (1 + 2% + Qy, (11)

where Q,, and Qx = Qp = 1 — Q,, — Q; — Q, are the density
parameters for matter and dark energy respectively and €, is ra-
diation parameter. The parameter vector is ®; = {h, Q;, Q,,,, Qi }
and the best fit is shown in Table[Il

A Cold Dark Matter model

h =0.7063 + 0.0067
Q,, = 0.2839 + 0.0046

Q; = 0.0048 + 0.0024
Q, = 0.04411 + 0.00099

Table 1: Best fit parameters with all data set to ACDM model.

3.2. wCDM model

An extension of the standard model where A hasw = —1is to
consider that the EoS still is constant but its value can deviate of
—1. In this case the dimensionless Hubble parameter E2(z, ®)
for a FLRW universe with curvature reads as

EXz,0) = Q(1+2*+Q,(1+2°+
Q1+ 2)% + Qx(1 + )3, (12)
where Qy = a - Q, - Q4 - Q). In

this model the set of free parameters are

= {h,Qp, Q, Qy, w}. As in the case of ACDM model,
first we estimate the parameters using the data from galaxy
clusters. Then, we use all observational data. The best fit
values are showed in the Table
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w Cold Dark Matter model
h =0.7080 = 0.0070

Q,, = 0.2839 + 0.0049

w = —1.0862 + 0.0010

Q = 0.0007 £ 0.0028
Q, =0.0437 £ 0.0010

Table 2: Best fit parameters with all data set to wCDM model.

3.3. Chevalier-Polarski-Linder model

Other simple extension to the standard scenario is to allow
that equation of state of dark energy varyies with time or red-
shift via some parametrization. One of the most popular func-
tion is the Chevallier-Polarski-Linder (CPL) parametrization

[25] given by

z
w(z) = wog + wi——, 13
(z) = wo +w T4z (13)
where wy y wy are constants to be fitted. The dimension-
less Hubble parameter E(z) for some parametrization can be
expressed as

E’(2) = Q,(1+2)* + Qu(1+ 2> + Qu(1 +2)° + Qx X(2), (14)

where Qy = (1 — Q; — Q,, — Q,) and

3W1Z]' (15)

X(z) = (1 + )0 exp [——1 "
z

The free parameters to be constrained are @ =
{h, Qp, O, Qp, wo, w1 ). The best fit values using galaxy clus-
ters and all the cosmological tests are showed in the Table[3]

Chevalier-Polarski-Linder model

h =0.7059 + 0.0075
Q,, = 0.2865 + 0.0058
wo =—-0.92 +£0.15

Q; = -0.0032 + 0.0035
Q, =0.0439 £ 0.0011
w; =-1.09 +0.90

Table 3: Best fit parameters with all data set to CPL model.

3.4. Interacting Dark Energy model

In interacting dark energy (EDE) models there is a relation
between the energy density of dark energy p, and the energy
density of dark matter p,, that could alleviate the cosmic co-
incidence problem. For this the general approach is common
to introduce an interacting term in the right side of continuity
equations in the following way [6]

Pm + 3Hp, =06Hp,,
pox + 3H( +wy)p,=—-0Hp,, (16)

where w, is the equation of state of dark energy and ¢ is
a constant interacting term to be fitted with the observations.
Thus, the dimensionless Hubble parameter for this interacting
model is as follows

Q0+ + (1 +2)% + Q,¥()
+Qx (1 + )30+, (17)

E*(z,0) =

where Qy = (1 - Q,, — Q; — Q,) and

(6C1 + 2704w 4 3w, (1 + 2)9)
0+ 3w,

Y(z) = (18)

This model is characterized by six parameters @ =
{h, Qp, O, Q,,, Wy, 0}. We show the best fit values of these pa-
rameters in Table [4]

Interacting Dark Energy model

h =0.7186 = 0.0097
Q,, = 0.3201 + 0.0049
w, = —0.8163 £ 0.0031

Q= 0.0211 + 0.0044
Q, =0.0424 £ 0.0012
¢ =-0.0188 + 0.0030

Table 4: Best fit parameters with all data set to IDE model.

3.5. Early Dark Energy model

In the early dark energy (EDE) scenarios it is proposed that
the energy density of dark energy can be significant at high red-
shifts. This can be if the dark energy tracks the dynamics of the
background fluid density [32]. These models could ameliorate
the coincedence problem of the cosmological constant. Here,
we generalize the EDE model proposed by [20] adding a cur-
vature term. The dimensionless Hubble parameter for this EDE
model is

Q1+ 2%+ Q1 +2)° + Q1 +2)?

E*(z,0) = ,
( 1-Qx

19)

where Qy is given by

Qy, = Qe [1- (1 + 2]
Qx, + f(2)

Qy = +Q[1-(1+2™] (20)

and
f@) = Q1420 +Q,(1+2)" 4 (1 +2)"71(21)
such that Qyx, = 1 - Q, — Q; — Q, is the current dark

energy density. Thus, we have five free parameters ® =
{h, Qp, Qi, U, Q,, wo}. The best fit is shown in Table[3}

Early Dark Energy model

h=0.714 £0.011
Q,, = 0.3241 £ 0.0053
Q, =0.055+0.015

Q; = 0.0138 + 0.0041
Q, = 0.0421 + 0.0012
wo = —1.151 + 0.054

Table 5: Best fit parameters with all data set to EDE model.
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: where L, is the maximum likelihood of the model under
wCDM - consideration, & is the number of parameters and N the number
| of data points. BIC imposes a strict penalty against extra
parameters for any set with N data. It is worthy to note that
BIC considers the number N of data points used in the fit.
Thus, it imposes a strict penalty against extra parameters for
any set of data InN > 2. The prefered model is that which
e ]l minimizes AIC and BIC. However, the absolute values of

h Q them are not of interest, only the relative values between the

wel WCDM - CPL | different models [23]].. Therefore the “strength of evidence”

: i can be characterized in the form AAIC = AIC; — AIC,;,

ABIC = BIC; — BIC,,;,, where the subindex i refers to value of

AIC (BIC) for model i and AIC,,;, (BIC,,;,) is the minimum

] ! value of AIC (BIC) among all the models [13]. We give the
- i judgements for both criterion in Tables [6| and

02 ACDM

0286

Q
wo

AAIC Level of Empirical Support For Model i
————— \ . EDE 0-2 Substantial
IDE 4-17 Considerably Less
> 10 Essentially None
3 3
Table 6: AAIC criterion.
0 A 0 ABIC Evidence Against Model i

0—-2  Not Worth More Than A Bare Mention

Figure 1: Diagrams of statistical confidence marginalizing different cosmolog-

ical parameters at 1o, 20 and 3¢ for the cosmological models. 2-6 Positive
6-10 Strong
. > 10 Very Strong
4. Analysis and results
The maximum likelihood estimate for the best fit parameters is: Table 7: ABIC criterion.
1, .
Linax = €xp =5 Xomin (22) Thus, if we have a set of models of dark energy first we

should estimate the best fit y? and then we can apply the AIC

_ and BIC to identify which model is the prefered one by the
observations. Table |8| shows the values of k, )(fm.n, AIC and

BIC for the DE models from all cosmological tests, Whose data

Xonin = X3n1a + XeMB T X840 + Xay e T X 10 F X561 (23)  points are: SNIa (580), CMB (3). BAO (7). daciusters (25). foas
(42), SGL (80). Notice that the wCDM model gives the low-

The Figure[T]we shows the diagrams of statistical confidence at  egt value of AIC and BIC, therefore is the cosmological model
1o, 20 and 30 for different cosmological models and several most favored by observational data. The AAIC and ABIC val-
parameter space, from a joint analysis. We use the Fisher  yes for the other models are measured with respect to wCDM
matrix method to propagate the errors and thus to obtain the and ACDM respectively. Following [31]], we can classify the
associated uncertainties. This method is widely used in the  DE models in two groups: 1. The models that shows a sub-

analysis of the constraint of cosmological parameters from  gtantial level of empirical support and not worth more than a
different observational data set [J3]].

2

min

If L,.c has a Gaussian errors distribution, then y
—21In L4y, So, for our analysis:

In this paper we use the Akaike and Bayesian information crite- Model k )(lzn i AIC BIC AAIC ABIC
rion (AIC, BIC), which allow to compare cosmological models ACDM 4 777256 785.256 803.666 2.973 0.000
with different degrees of freedom, with respect to the observa- wCDM 5 772283 782.283 805.295  0.000 1.629
tional evidence and the set of parameters [30]. The AIC and CPL 6 870.757 8827757 922372 100474 118.706
BIC can be calculated as: IDE 6 867941 879.941 907.556 97.658 103.89
EDE 6 839966 851966 879.581 69.683 75915
AIC = -21In L4, + 2k, (24)

Table 8: AIC and BIC analysis to diferent dark energy models using all data
BIC = 2InL,,. + kInN, (25) sets.
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bare mention of evidence against to wCDM and ACDM; 2. Es-
sentially none substantial level of empirical support and very
strong evidence against to CPL, IDE and EDE models.

sets, we obtained the best-fit parameters for different cosmo-
logical models. We use the information criteria including the
AAIC and the ABIC, to compare different models and to see
which is the most favored by current observational data. Our
analysis shows that wCDM and ACDM dark energy models is
preferred by Akaike and Bayesian criterion. By first time we
report that observational data are in favor of the cosmological
model wCDM, at least with AIC. However, the ACDM model
remains the best fit for BIC (See Table[8). In Table[2]and Figure
[[]we can see that ACDM model (w = —1) is excluded to a level
of statistical confidence of 20~ and 10 (w = —1.0862 + 0.0010)
combining all observational data for the present analysis and
also from all other cosmological models.

5. History of the expansion

Figure2]shows the plot of the deceleration parameter g(z) us-
ing only data from galaxy clusters (See Table[J). As expected,
the models studied give g(z) < O at late times and g(z) > O at
earlier epoch, which means that the history of the expansion is
slowed down in the past and speeded up at present. All cosmo-
logical models presents a redshift of transition (z;) between the
two periods (see Figure [2), however, all models of dynamical
dark energy present an interesting behavior of slowing down of
acceleration at low redshift (late times) using only data from
BAO, which can be characterized through the change of sign
of the parameter j(z) (CPL: j(zjow) — 0, when z;,, ~ 0.42;
IDE: j(zjo,,) — 0, when z5,,, ~ 0.83; EDE: j(z;,,) — 0, when
Zow ~ 0.16). We can interpret j(z) as the slope at each point of
q(z), which indicates a change in acceleration (Appendix A6).
This result is consistent with the one presented by J. Barrow, R.
Bean and J. Magueijo [8]], who raises the possibility of a sce-
nario consistent with the current accelerating universe and does
not involve an eternal accelerated expansion. In [12]] extensive
analysis it is made of this possibility. This can be also a clear
behavior of dynamical dark energy at low redshift in this mod-
els with variation of the density of dark energy over time.

By other side we perform the study of the history of the of
cosmic expansion through the H(z), q(z) and j(z) parameters
with data from galaxy clusters, using da cigers + foas: We
find new evidence (presented in previous work with BAO
[14]), showing peculiar behavior of the deceleration parameter
q(z) in later times (z;,,, < 0.5), which is appreciated through
change of sign of the parameter j(z) (+— -) indicating that
the universe could decelerate in the near future (Figure [2).
This phenomenon raises the possibility that an accelerated
expansion does not imply the eternal expansion, even in the
presence of dark energy [12]]. This anomalous behavior only
appears in dynamic models of dark energy, which in principle
can be an indication of the need for a scalar field such as
quintessence or phantom. However, the Figure 2] shows that A
—— still can not be ruled out in this analysis, since all models are
in the region of error propagation to 1o of wCDM and would

021 7 =

—— —— EDE

N _f 02
N4 ;

-06F A 0.0

=02
8 e ~04
-08 -0.6

0 2 4 6 8101214

0.0 05 1.0 1.5 20 2.5

3.0

Figure 2: Desaceleration parameter vs redshift using only galaxy clusters data,

oem==T have to make a deeper analysis, for example by including other

observational evidence for better restriction, which will be
presented in next paper.
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the strange behavior of the deceleration parameter to later times for models of
dynamical dark energy (CPL, IDE, EDE).

6. Summary and discussion

In the present work we compared different cosmological
models of dark energy, paying particular attention to the data
obtained from galaxy clusters and SGL. By using these data

lator Strengths for Astrophysical and Laboratory Plasmas”.
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Appendix

Appendix A. Cosmography

In this section we introduce of the most popular cosmologi-
cal tests, which can help us to uncover some signs of the nature
of dynamic dark energy.

It is natural to describe the kinematics of the cosmic expan-
sion through the Hubble parameter H(¢) an and its dependence
on time, i.e. the deceleration parameter ¢(¢). Following to [12]
the scale factor a(f) expands into a Taylor series around the cur-
rent time (7y) as:

Hy q0 .0 2 Jo, 3 3
I+—[t—to)l—=—H; [t —to]"+=H; [t — t9]"(A.1
o) T [t - 1] o o [t =10l ! o [t— 1wl (A1)

J
3

where in general we can have a kinematic description of the
cosmic expasion through the set of parameters:

3

1da 1 d%a 1d°a
H) = ——=- =" _HO2 )= -—HO3(A2
()= =g = —=ZHO ™ j() = ~ =S HW 7 (A2)

To characterize whether the universe is currently accelerated
or decelerated, the history of expansion is fit through decelera-
tion parameter ¢(z) = —a(z)/a(zx)H(z)*. If q(z) > 0, d(z) < 0;
then the expansion decelerate, as expected due to gravity (i.e.
dark matter, baryonic matter, radiation). The discovery that the
universe is currently accelerating, already has about one decade
and a half old [27] [28]. The simplest explanation for the accel-
erating universe is the cosmological constant A, however, there
is still no compelling theoretical explanation based on physical
foreground and not only phenomenological. To take account
information about the dynamics of the expansion we to use (9)

and

(AZ2), then we obtain [T0} which directly depends on the

cosmological model and its matter-energy content. In general,
if Qx # 0 is sufficiently large (i.e. Qx > €Q,), then g¢(z) < 0
and da(z) > 0, which corresponds to an expansion accelerated
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the universe as shown by observational data at present, which
also indicates a cosmological constant different from zero. If
the acceleration of the universe is driven by a new fluid, then it
is important to identify signs to determine if the energy density
of the fluid is constant or dynamic.
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