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Cosmic equation of state from combined angular diameter distances:
Does the tension with luminosity distances exist?
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Using relatively complete observational data concerning four angular diameter distance (ADD)
measurements and combined SN + GRB observations representing current luminosity distance (LD)
data, this paper investigates the compatibility of these two cosmological distances considering three classes
of dark energy equation of state (EoS) reconstruction. In particular, we use strongly gravitationally lensed
systems from various large systematic gravitational lens surveys and galaxy clusters, which yield the Hubble
constant independent ratio between two angular diameter distances D,/ D, data. Our results demonstrate
that, with more general categories of standard ruler data, ADD and LD data are compatible at 1o level.
Second, we note that consistency between ADD and LD data is maintained irrespective of the EoS
parametrizations: there is a good match between the universally explored Chevalier-Polarski-Linder model
and other formulations of cosmic equation of state. Especially for the truncated generalized equation of state
(GEoS) model with # = -2, the conclusions obtained with ADD and LD are almost the same. Finally,
statistical analysis of generalized dark energy equation of state performed on four classes of ADD data
provides stringent constraints on the EoS parameters w, wy, and f8, which suggest that dark energy was a
subdominant component at early times. Moreover, the GEoS parametrization with # = 1 seems to be a more
favorable two-parameter model to characterize the cosmic equation of state, because the combined angular

diameter distance data (SGL + CBF + BAO + WMAP9) provide the best-fit value # = 0.751 7% .
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I. INTRODUCTION

The discovery of the present acceleration of the cosmic
expansion, which was first confirmed by the observations
from the type la supernova (SN Ia) surveys [1,2] invokes
a straightforward inclusion of an exotic source of matter
with negative net pressure, the so-called dark energy. There
are, however, other theoretical approaches trying to explain
cosmic acceleration by modification of gravity at cosmo-
logical scales [3-5]. So the nature of dark energy is still
a mystery. Therefore, if dark energy is responsible for the
accelerating expansion of the Universe, then it is necessary
to study the parameters effectively describing its properties,
such as its density parameter and coefficients in the cosmic
equation of state (EoS): w(z) = px/px, where px and py
are respectively its density and pressure and z is the redshift
[see Refs. [6-11] for more parametrizations of the w(z)
coefficient]. It follows then that the dark energy density
function in units of the critical density reads

Qy(z) x exp {3 AZ(I +w(Z)dIn(1+2)|. (1)

There are two direct probes of expansion history of the
Universe, which can be tested observationally. One is the
luminosity distance D;(z), and the other is the angular
diameter distance D,(z). Theoretically, both of the
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expressions of the two cosmological distances are defined
from the so-called coordinate distance

:WMQ—/%] )

where H,, is the Hubble constant, ¢ is the speed of light,
E(z;p) = H/H, is the expansion rate that has different
forms with different cosmological model parameters p, and
Q, is the spatial curvature density parameter; sinn(x) is
sinh(x) for €, > 0, x for Q; =0, and sin(x) for Q; <0,
respectively. The angular diameter distance D, (ADD) and
the luminosity distance D; (LD) are simply related to the
coordinate distance as

Dy=r/(1+72) (3)
and
D; =r(1 +2). (4)

At present there exist two classes of probes that may be
used to observe the above two cosmological distances and
thus equivalently w(z) by searching this sort of object at
different redshifts. In order to measure the luminosity
distance, we always turn to luminous sources of known
(or standardizable) intrinsic luminosity in the Universe,
such as SN Ia and less accurate but more luminous gamma-
ray bursts (GRB) in the role of “standard candles.” On the
other hand, in order to measure the angular diameter
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distance, we always turn to objects of known (or stand-
ardizable) comoving size acting as “standard rulers.” The
most commonly used standard ruler in cosmology is the
sound horizon at the epoch of last scattering, the scale of
which can be measured either through baryonic acoustic
oscillations (BAO) matter power spectrum (the bump in
the galaxy correlation function due to baryon acoustic
oscillations) or the cosmic microwave background (CMB)
temperature spectrum. At low redshifts, radio galaxies [12]
and clusters of galaxies [13,14] may be used as standard
rulers under certain assumptions.

The reason for contemplating ADDs and LDs separately
is that these two kinds of distances are based on different
principles. In the Euclidean space these distances coincide
but in Friedmann-Robertson-Walker spacetime, i.e., in
cosmological context, they do not. Indeed, they are related
with each other by the so-called Etherington principle:
D; = (1+ z)?’D,. Moreover, methodologies to measure
ADD and LD are based on different physical principles.
Therefore, these distinct classes of probes are prone to
different systematics, which makes them complementary
and also motivates to make cosmological inferences on
them separately. There have been arguments based on the
compatibility of results derived by using angular diameter
distances and luminosity distances, respectively, that a
certain tension in the estimated values of EoS parameters
can arise. Specifically we will use the word tension to
indicate that the EoS parameters values obtained with
techniques using ADD and LD differ from one another
at least by 20. It was found in [15] that systematic
differences occur between cosmological parameters
obtained from standard rulers (BAO and CMBR shift
parameter R) and standard candles (SNIaESSENCE-+
SNLS + HST sample). The shift in the best-fitted param-
eters inferred from standard candles and standard rulers
was also noticed and discussed in Ref. [16,17]. The
compatibility between SN Ia and BAO data was inves-
tigated in two different dark energy EoS reconstructions
including the well-known Chevalier-Polarski-Linder (CPL)
model [18]. Further papers have also noticed this disagree-
ment in cosmographic studies using different probes.
Reference [19] made a joint ADD analysis with the strong
gravitational lensing systems, the CMB acoustic peak
location, and BAO data. While comparing the results from
standard rulers with those obtained from the Union2 SN
compilation data [20], differences in central values of the
best-fit cosmological parameters were also reported.
More recently, the analysis performed by Planck mission
team [21] has revealed the tension between cosmological
parameters inferred from Planck data and those from the
SuperNova Legacy Survey (SNLS) three-year data [22],
Union2.1 sample [23], local measurements of H, and
BAO constraints. The authors found the following results:
(1) The Union2.1 best fit is clearly compatible with Planck,
especially for the value of Q,, within the ACDM model;
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(2) The combination of Planck and BAO measurements
can give tight constraints on the cosmic equation of state
w == —1, which reflects the compatibility between BAO and
CMB; (3) The SNLS SN sample, and direct measurements
of H, are in tension with Planck at about the 2¢ level for
the ACDM model. However, the mild tension seen between
SNLS3 and BAO/CMB seems to have gone away with the
recalibration efforts from the Sloan Digital Sky Survey/
SNLS joint calibration.

Up to now, there existed several explanations of this
tension or incompatibility between ADD and LD. First of
all, it may be just a statistical result produced by the limited
amount of observational data available [15]. This has been
noticed by many authors—e.g., [24], who constrained the
cosmological parameters of ACDM and XCDM cosmol-
ogies to examine the role of H(z) and SN Ia data in
constraining cosmological models. In fact, the power of
modern cosmology lies in building up consistency rather
than in single, precise, crucial experiments. In order to
draw firm and robust conclusions about the consistency
between ADD and LD, one will need to minimize statistical
uncertainties by increasing the depth and quality of
observational data sets. Second, priors on the cosmological
parameters including ,, and €, may strongly influence
the estimated values of the EoS parameters [15,25].
However, by considering lo deviations of the matter
fraction parameters for some priors, there appears to be
no tension among SN Ia, BAO, and their combination
(SN1Ia+ BAO) [18]. Third, as long as compatibility is
concerned, one cannot ignore the fact that tension may be
brought by some caveats in the dark energy EoS
parametrization.

In this context, it is clear that collection of more complete
observational data concerning angular diameter distance
measurements does play a crucial role. The purpose of our
paper is to show how the combination of the most recent
and significantly improved cosmological observations con-
cerning the CMB measurements [21,26-29], the BAO from
large-scale structure considerations [30], and SN Ia [23]
measurements can be used to probe the systematic
differences between ADD and LD in the analysis on the
cosmic equation of state. In addition to previously studied
probes we also use the strongly gravitationally lensed
systems [31], the x-ray gas mass fraction of galaxy clusters
[32], and high redshift gamma-ray burst data [33,34] to
provide additional constraints on dark energy EoS. The
idea of applying strong gravitational lensing systems to
probe the cosmic equation of state with the CPL para-
metrization was first discussed in Ref. [35] and also in more
recent papers [17,31]. In order to discuss the compatibility
between LD and ADD in a general framework, more w(z)
parametrizations will be considered.

As for the calculating method, we choose to determine
the best-fit values and the marginalized errors of each
model parameter through the Markov chain Monte Carlo

083006-2



COSMIC EQUATION OF STATE FROM COMBINED ...

(MCMC) method. The advantage of the MCMC method is
that it allows for a simple inclusion of priors and a com-
prehensive study of the effects of systematic uncertainties.
Our code is based on the publicly available CosmoMC
package [36], which generated eight chains and stopped
sampling when the worst e-values [the variance(mean)/
mean(variance) of 1/2 chains] R — 1 is of the order 0.01.

This paper is organized as follows. In Sec. II, we briefly
describe the methodology and observational samples for
both angular diameter distances and luminosity distances.
Then, in Sec. III, we will introduce three classes of EoS
parametrizations related to different dark energy models. We
further present the results of constraining EoS parameters
using the MCMC method and test the compatibility between
ADD and LD data in Sec. IV. In Sec. V, statistical analysis
of the generalized dark energy equation of state involving
the four angular diameter distance tests is presented. Finally,
the conclusions are summarized in Sec. VL.

II. THE METHOD AND THE SAMPLES

In order to probe dark energy models against observa-
tions, we consider four background tests that are directly
related to angular diameter distances: cluster baryonic
fraction data (CBF), D,/ D, data from strong gravitational
lensing (SGL) systems, BAO, and CMB observations. The
first two tests are always considered as individual standard
rulers while the other two probes are treated as statistical
standard rulers in cosmology. For the luminosity distances,
we choose to use SN Ia and GRB.

A. Angular diameter distance observations

The most direct angular size data were first derived from
the observations of compact radio structures in quasars and
radio galaxies [12]. Then it was found that we can also
measure the angular diameter distances by using the
Sunyaev-Zeldovich effect together with x-ray emission of
galaxy clusters [13,14,37,38]. However, the constraining
power of these ADD measurements is significantly affected
by the large observational uncertainties. For example, the
Bonamente sample [13] constrains €, to about 0.7 for
the flat ACDM model, indicating that it is less than 1%
effective in constraining €2,, compared with the latest BAO/
CMB constraints. Therefore, in this paper we will incorpo-
rate two new data sets directly related to angular diameter
distances: D,/ D, data from SGL systems and CBF data.

1. Dy /D, data from SGL systems

As one of the successful predictions of general relativity,
strong gravitational lensing, which can generate multiple
images of the background source at redshift z,, is sensitive
to angular distances between the source, the lens, and the
observer. Combined image separation, redshift measure-
ments, and the spectroscopy of the lens can give us the
ADDs. Considering that the mass distribution of the
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elliptical galaxy acting as lens could be accurately
described by the singular isothermal sphere (SIS) model
[39,40]; the Einstein radius in a SIS lens at redshift z; is

Dy(z).2,) 0%
0y = 4 2ALL L) TSI 5
D, 0.7,) &2 ®)

where ogig can be identified with the central velocity
dispersion. Correspondingly, the ratio of the angular
diameter distances between lens and source and between
observer and lens is rewritten as

Dls o C29E

Dobs — —
5
Dy gy 4mogis

(6)

Obviously, with the measured stellar velocity dispersion o
from spectroscopy and the Einstein radius 0y from image
astrometry [35,41,42], SGL systems will provide us the
third probe of ADD data in cosmology. However, this is
done indirectly—through the ratio between two angular
diameter distances. We apply such a method to a combined
gravitational lens data set, and selected 70 SGL systems
from Sloan Lens ACS and Lens Structure and Dynamics
survey [31].

In this work we take a subsample including 64 galaxy-
lens systems with the calculated distance between the
lens and the source smaller than that between the source
and the observer, D;,/D, < 1. Concerning the observa-
tional uncertainties both on the stellar velocity dispersion
oy and the Einstein radius @5 [35], we obtain the corre-
sponding uncertainty on the observational distance ratio
D% calculated through the propagation of uncertainty
statics (see Table I of Ref. [31] for details).

Let us note here that the SIS model velocity dispersion
ogis of the mass distribution and the observed stellar
velocity dispersion ¢ may not be exactly equal and this
is one of the systematics in this method. Based on the
observations in x ray, it was argued that there is a strong
indication that dark matter halos are dynamically hotter
than the luminous stars [43]. Therefore, a new parameter f
is included in our analysis to parametrize the relation
between the stellar velocity dispersion and the velocity
dispersion in the form of [44],

osis = fE0o- (7)

In fact, the free parameter f also reflects the effects of the
rms error yielded by the assumption of the SIS model to
relate O to the observed image separation Af, as well as
the decreasing of the typical image separations due to the
softened isothermal sphere potentials [45]. For example, it
was found that f; was in narrow range of 1 in our previous
work [31]. So, it would be reasonable to assume it is a
constant and include a 20% uncertainty on the images
separation due to all these above factors, which is equiv-
alent to the inclusion of a constant fr in the range
(0.8)'/2 < fr < (1.2)'/% [44]. Moreover, in order to obtain
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the constraint on the cosmological parameters of interest,
the “nuisance” parameter f is marginalized by integrating
off the full probability distribution function (PDF) [31].

For the completeness, we also turn to SGL systems
with clusters acting as lenses and galaxies acting as sources.
This type of strong lensing can produce giant arcs around
galaxy clusters with the observational arc position 6,.
If the hydrostatic isothermal spherical symmetric f-model
[46] can be used to describe the intracluster medium
density profile, the Hubble constant independent ratio
can also be obtained,

2
s HMC 1
Dob: :—62 kBTxﬂx\/e%Leg’ (8)

where Sy and 6, represent the slope and the core radius; kg,
m,, and u = 0.6 are the Boltzmann constant, the proton
mass, and the mean molecular weight, respectively [47].
The position of tangential critical curve 6, is usually
deemed to be equal to the observational arc position G,.

Some authors applied such a method to SGL systems
with both x-ray satellite observations as well as optical
giant luminous arcs, and selected ten lensing galaxy
clusters in the redshift range z = 0.1-0.6 [48]. The detailed
information of x-ray galaxy clusters, f, .., the redshift z,
and the temperature Ty is derived from the fitting results
of Chandra, ROSAT, ASCA satellites, and VIMOS-IFU
survey [13,49-51]. The final statistical sample of ten SGL
galaxy clusters with all the necessary parameters can be
found in Ref. [48].

Therefore, in this work we take a sample with 74
observational D;;/D, data points including 64 galaxy-lens
systems and ten cluster-lens systems, which are selected from
Table I of Ref. [31], and the corresponding y* function is

2 b
0j

th( . . _ THobs)\2
X%GL _ Z (Dz (Zl’p) Dz ) (9)

where o7, ; denotes the 16 error of the observational D§™.

2. CBF data

Recently, the x-ray gas mass fraction of clusters, i.e., the
CBF versus redshift data from the Chandra satellite have
become an effective probe at cosmological distances. The
matter content of the most massive galaxy clusters is
expected to provide an almost fair sample of the matter
content of the Universe. The ratio of baryonic-to-total mass
in these clusters should, therefore, closely match the ratio
of the cosmological parameters Q,/Q,,. Because more
than 80% of clusters’ baryonic mass is in hot x-ray emitting
intergalactic gas, a fair sample of measurements of the
cluster x-ray gas mass fraction (hereafter fg,) from the
detection of old, relaxed, rich clusters spanning some range
of redshifts could provide an important source of ADD to
probe the acceleration of the Universe and therefore the
cosmic equation of state [32,52-55].
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In this paper we will use the Chandra x-ray observations
of 42 hot (kT > 5 keV), x-ray luminous, relaxed galaxy
clusters in the redshift range z = 0.05-1.1 [32], which have
been shown to provide comparable constraints on dark
energy to current SN Ia measurements [54]. Compared with
the other astrophysical measurements, the CBF measures
derived from x-ray observations are made within a given
radius r,599 for each cluster (r,50 is the radius at which
the mean enclosed mass density is 2500 times the critical
density of the Universe at the cluster-located redshift). The
500 value for each cluster is determined directly from the
Chandra data and these values may greatly differ from each
other. For the 42 galaxy clusters, the value of r,5,, ranges
from 27832h5) kpc CL1415.2 43612 at z = 1.028) to
77673 ho) kpe (RXJ1347.5-1144 at z = 0.451). From the
Chandra data, reliable temperature measurements can also
be made at the outermost radii, which are generally well
consistent with these 7,5, values. The detailed information
of the 42 clusters (redshifts, rysqq values, mean mass-
weighted temperatures within r,5q, and the x-ray gas mass
fractions within r,5,) can be found in Table III of Ref. [32].

We stress here that, in order to obtain constraints on the
cosmological parameters of interest, fitting the reference
J gas data set that accounts for the expected variation in f g
is a more convenient method. The Allen sample [52] was
used to work with the SCDM reference cosmology, how-
ever, as the Allen (2008) sample [32] clearly favors the
ACDM over the SCDM cosmology. Therefore, in our
analysis the f,,; measurements in the reference cosmology
are written as

Q. Dref 1.5
faas (25 72500) = A 2500 <Q:]> (5:) . (10)

where Y55 is the gas depletion parameter. The factor A,
which is always very close to 1, quantifies the shift in the
angle subtended as the cosmology of interest is varied.
Compared with the previous studies neglecting the effect of
A, we include it here to guarantee the accuracy of our

analysis,
0\ (H@DAR) Y
A‘() ([H<z>DA<z>ref>' (1)

For the 0.7-1.2 rp5y shell, the slope factor is 7 =
0.214 £ 0.022 [32]. D4 and Dﬂff are the angular diameter
distances to the clusters computed in the current model
and reference flat ACDM cosmology with Q,, = 0.3 and
h =0.7 (h is the reduced Hubble constant expressed
as Hy = 100hkms~! Mpc™).

In order to account for other systematic uncertainties,
Eq. (10) is extended as [32]

_ KAyb(z) (@, (D¥'(2)\'°
1t =055 () (o) -
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Here, K is a calibration constant with a conservative 10%
Gaussian uncertainty K = 1.0 £ 0.1 [32]. The factor y,
with a uniform prior 1.1 <y < 1.2 [32], models non-
thermal pressure support in the clusters. b stands for the
bias factor quantifying the difference between the baryon
fraction in the cluster and the Universe as a whole. More
specifically, this factor is modeled as b = by(1 + ayz) with
priors 0.65 < by < 1.0 and —0.1 < @, < 0.1 from gasdy-
namical simulation results [32]. The parameter s = so(1 +
a,z) models the baryon gas mass fraction in stars. We use
the uniform prior with —0.2 < a; < 0.2 and the Gaussian
prior with sq = 0.16 £ 0.05 [32]. The standard systematic
uncertainties and priors on other parameters included in the
Chandra CBF analysis can also be found in Ref. [32]. Like ]
bf in the case in SGL data, these CBF nuisance parameters
are also marginalized over by multiplying the probability
distribution function for each parameter and then integrat-
ing [32,56]. Therefore, the resulting probability distribution
function only depends on three variables: Q,, Q,,, and the
parameter p describing the cosmic equation of state.

In our analysis, in order to allow for systematics
uncertainties, the rms fractional deviations in K, #, and
s are also added to the yZgp,

[fins(zi5P) = fom(z)? | (K—1)?
) o ga i gal i
Yrpr = Z o7 o
(1—02142 (59— 0.16)2 13)
0.0222 0052

In the above expression, f' ggg is the cluster gas mass fraction

from observations and o, is the total uncertainty of the CBF
data for the ith galaxy cluster.

3. BAO

As is well known, the BAO at recombination are
expected to leave acoustic peaks in the power spectrum
of galaxies, which provides a standard ruler measuring the
distance ratio
|

44444 0 0
0 34.602 0
Cong! = 0 0 20.661157
0 0 0
0 0 0
0 0 0

4. CMB observations
The second statistical standard ruler we use is the CMB,
which can provide the distance at high redshift in order to
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o rs(zd>
d: = DV(ZBAO), (14)

where r,(z,) stands for the comoving sound horizon scale
at recombination redshift z,,

ry(z.) = Hy™! / " e@/E@DdL. (15)

and the dilation scale Dy is given by [30]

Dutenno) = i s ([ 5g) | 09

Compared with previous works involving BAO as
standard ruler [15], we use six precise measurements of
the BAO distance ratio over a range of redshifts from z =
0.1 to z = 0.7 from the Sloan Digital Sky Survey (SDSS)
data release 7 [57], SDSS-III Baryon Oscillation
Spectroscopic Survey [58], WiggleZ survey [59], and
6dFGS survey [60]. We apply the maximum likelihood
method using the data points with the best-fit values as [28]

do 10 0.336 +0.015
doss 0.113 +0.002
b dy 57 _ | 007340001 a7
BAO T G 0.0916 +0.0071 |’
do 6o 0.0726 £ 0.0034
dy7s 0.0592 + 0.0032

We find the contribution of BAO to the corresponding y? as

)(123A0 = APEAOCBAO_]APBAO’ (18)

where APBAO = PBAO - PBAO’ and CBAO_l is the corre-
sponding inverse covariance matrix [28]

0 0 0
0 0 0
0 0 0 (19)
24532.1  =25137.77 12099.1
—25137.7 1345984 —64783.9
12099.1 —64783.9 128837:6

I

determine the property of dark energy. Therefore, we
implement the nine-year WMAP data (WMAP9) measure-
ments of the derived quantities, such as the angular scale
of the sound horizon (/,), the shift parameter (R), and the
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redshift of recombination (z,). The angular scale of the

sound horizon at recombination can be parametrized as
9;1/2 sin n[Ql/2 L

re(z.)

The commonly used CMB shift parameter R expresses as

\/\/f;__mk'sinn<\/9_k|[* %) (21)

and the redshift of recombination z ~ 1089 is more accu-
rately written as z, = 1048[1 + 0.00124(Q,7%) 0738 x
(1 + g;(Qph*)%)]. The values of relevant parameters g,
and g, can be found in Ref. [61].

/o

(20)

l,==x

R(Z*) =

0.0783(Q,h?)~0-238
1 4 39.5(Q,h2)0763

91 = (22)

0.560
1+ 21.1(Q,h2) 181

G = (23)

For the flat prior, the WMAP9 measured best-fit values
are [28]

1, 302.40
Z, 1090.88

and we construct the contribution of CMB to the y? value as

xémp = APGpComp ™ APy, (25)

with the corresponding inverse covariance matrix Ceyp ™',

1.0000  0.5250 —0.4235 —0.4475
Cop! = 0.5250  1.0000 —0.6925 —0.8240
-0.4235 -0.6925 1.0000  0.6109
-0.4475 -0.8240 0.6109  1.0000
(26)

In order to make a comparison with WMAP9, we will
also use the distance priors from the Planck first data
release [21,29], and examine their impact on the constraints
of dark energy equation of state (see Sec. IV).

We will present a combined analysis of the above four
tests to fit theoretical models to observational data, i.e., the
best-fit EoS parameters are obtained by minimizing

XZADD :Z§GL JWK%BF +)(123A0 +)(%:MB. (27)

B. Luminosity distance observations

It is commonly believed that SN Ia can be calibrated as
“standard candles.” SN Ia data do not provide the
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luminosity distance D; (z;) directly, but rather the distance
modulus defined as

Hn(2;) = m — M = Slog,oDy (z;)/Mpc + 25, (28)

where m and M represent the apparent and absolute mag-
nitude of a SN. In this paper, we use the latest Union2.1
compilation released by the Supernova Cosmology Project
Collaboration consisting of 580 SN Ia data points [23]. For
the purpose of the likelihood calculations the y? value of the
observed distance moduli can be calculated as follows:

XN = th — pobs (20)]Csn (21> 2) ()

— Hobs (Zj)]7
(29)

where pu(z;) is the theoretical value of the distance
modulus, pg(z;) is the corresponding observed value,
and Cgy(z;,2;) is the covariance matrix. Distance moduli
Hops and the covariance matrix Cqy are given in details in
Ref. [23] and can be found on the web site.' There are two
different covariance matrices corresponding to the cases
with and without systematic errors. In this paper we will
consider the case with systematic errors. The nuisance
parameter Hy is marginalized with a flat prior, and Eq. (29)
is rewritten as [62]

[Zij“icﬁl(zi, z;) —In10/5)
Zijcglll(zhzj)

In10 2
- 21n< - ), (30)
5 Zijcsgl(zi’zj)

)(SN = E :a CSN ZI’ZJ

where a; = pons (2;) — 25 — Slogyo[Ho Dy (z;)/c]-

As an extension of previous works, we also add GRBs as
complementary standard candles. Recently, GRBs, which
are the most luminous astrophysical events observable,
have been proposed as distance indicators at high redshift
[63—-67]. The main advantage of GRBs over SN Ia is that
they span a much greater redshift range, from low z to
z > 8 [68]. Moreover, comparing with SN, the high energy
photons in the gamma-ray band are nearly unaffected by
dust extinction. Therefore, it may be rewarding to test the
compatibility between LD and ADD with this newly
obtained GRB data. We use the “Hymnium” sample
containing 59 data points, which were derived out of
109 long GRBs by applying the cosmology-independent
luminosity relation calibration method (the well-known
Amati relation) [33,34]. The Hymnium GRB sample is also
given in terms of the distance modulus gyy(z;), which is
included in our analysis by adding the following y? [69]:

1http://supemova.lbl.gov/Union/
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o = a? o ai/oﬁi —In10/5)?
GRB — 2 59 2
7 Oui > i 1/%
We will present a combined analysis of the above two
tests to fit theoretical models to observational luminosity
distance data, i.e., the best-fit EoS parameters are obtained

)1 In10 2r
—2In .

5 2?21 1/07
by minimizing

ZIZ_D :)ng "’Z%;RB- (31)

III. COSMIC EQUATION OF STATE TESTED

In this paper, we assume three general classes of EoS
parametrization for w(z). To derive the tightest possible
constraints on the dark energy equation of state, we assume
a flat universe [27]. This is due to the well-known Q;-w
degeneracy.

A. Dark energy with constant equation of state

For the XCDM model, the equation of state parameter
for dark energy is a constant w, and in such a case this
component is attributed to some sort of an evolving scalar
field called quintessence or quintom [70,71]. In a zero-
curvature universe filled with ordinary pressureless dust
matter (cold dark matter plus baryons), radiation, and dark
energy, the Friedmann equation reads

EX(z:p) = (Q, + Q) (1 + 2)° + Q,(1 + 2)* + Qy(z).
(32)

where Q, = (82Gp,)/(3H3) is the current baryonic
matter component, Q. = (87Gppy)/(3H3) is the current
dark matter component, the current radiation component
Q, = (872Gp,)/(3H3) = 4.1736 x 107512 [72], and the
current dark energy component

Qx(z) = (1 =9, = Q. = Q,) x (1 + 2+ (33)

Obviously, when flatness is assumed, it is a cosmological
model with three parameters: p = {Q,h?, Q.h*, w} and a
nuisance parameter H,,.

B. Dark energy with variable equation of state

If we expect that w coefficients vary in time, it could
be an arbitrary function of the redshift, i.e., w = w(z).
In the following we will consider two parametrizations
stemming from the first order Taylor expansions: in the
scale factor a(z) [8,9] and in redshift z [6,7,10]. These are
the commonly used CPL w(z) = wqy + wpz/(1 + z) and
w(z) = wy + wp,z, respectively, where wy is the current
value of the EoS parameter, and wp (P = P1, P2) are free
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parameters quantifying the time dependence of the dark
energy EoS. Note that the ACDM model can be always
recovered by taking wy = —1 and wp = 0.

In the universe filled with dark energy, ordinary pressur-
eless dust matter and radiation, the density fraction of dark
energy can be expressed as

Quz) = (1-9, - -Q,)

3w
X (1 + Z)3(1+W()+WP|) exp <_ ] —:IZZ> (34)

in the CPL parametrization, and
Qu(z) = (1-9, -, - Q)
X (1 4 2)307we) exp(3wp)z) (35)

for the second case of the equation of state of dark energy
expanded up to the linear term in redshift. There are four
independent model parameters p = {Q,h%, Q.h?, wy, wp}
and a nuisance parameter H, in this model.

C. Dark energy with generalized
equation of state (GEoS)

Recently, a generalized EoS for dark energy was
proposed [11],

(I4+2)7f -1
g

From the above expression, it is straightforward to show
that the above two variable EoS parametrizations are
fully recovered when # — +1 and f — —1, respectively.
Obviously, the introduction of the new parameter f is
equivalent to put the EoS parametrizations (P1)—(P2) in a
more general framework that admits a wider range of
cosmological solutions (w; < 0 or wy > 0). For instance,
some cases of interest relating the parameters wy, wy, and
may be obtained as follows:
(1) p>0 (wp <0 or wy>0): at early times the
dark energy is a subdominant component
(2) p<0andwy > 0:atearly times the dark energy always
dominates over the other material components.
(3) # <0 and wy <0: at early times the dark energy
density vanishes.
For the generalized wy(z) model, the Friedmann equa-
tion for a spatially flat universe that contains only dust
matter, radiation, and dark energy can be expressed as

(36)

W(Z) =Wy — Wﬂ

Qy(z) = (1-Q,-Q. - Q,)

x (14 Z)3(l+wo+wzf/ﬁ) exp |:3’# <(1+Z’#>:| ’

(37)

where P= {Qbh21 Qch27 Wo, Wﬂ’ ﬁa HO}
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IV. COMPARING DATA SETS AND TESTING
THEIR COMPATIBILITY

Next we shall test the compatibility between the angular
diameter distance (SGL + CBF 4+ BAO + CMB) and the
luminosity distance (SN 4+ GRB). To compare these two
data sets we perform fits of different cosmological scenar-
ios and obtain the constraint results displayed in Table . We
take the following criterion of compatibility: if the con-
fidence contours of wy and wp from ADD data shift away
from the corresponding confidence contours from LD data,
in a way that 1o contours do not overlap, we call it a
tension; otherwise we conclude that results are compatible.
Results show that the combination with angular diameter
distance data reveals no tension in all cases, though it
also shows different features with respect to the previous
references. In fitting cosmological parameters within evolv-
ing EoS scenarios by using standard candles, we use the
priors on the Q,, either from WMAP9 or from Planck. The
reason is that we want to obtain more stringent constraints

PHYSICAL REVIEW D 90, 083006 (2014)

on EoS parameters since the size of the confidence region is
at the core of our study. Fitting the €,, would lead both to
very uncertain constraints on the density parameter itself
and also would inflate the confidence regions for the EoS
coefficients. We have verified this numerically. Although
priors always influence the analysis (especially when
obtained assuming a certain cosmological model), con-
clusions concerning compatibility of ADD and LD data
should not be affected due to the lack of constraint on Q,,
for the models we are using.

A. Dark energy with constant equation of state

By fitting the XCDM model to the above combined
standard rulers, we get Q,h? = 0.0227 £ 0.0009,
Q.h* = 0.1158 4 0.0075, w = —0.958 + 0.166, and H, =
67.50 & 3.55 kms~! Mpc~!. After marginalizing over H,
we obtain the dust matter density parameter Q, =
0.302 £ 0.024. As shown in Table I and Fig. 1, we find
the standard ruler data give strong preference for the flat

TABLE 1. Fits to different EoS models from combined ADD and LD data.

EoS parametrization

SGL + CBF 4+ BAO + WMAP9 SGL + CBF + BAO + Planck

SN + GRB

w = const

— 2
W =Wy + Wpi 777

With WMAP9 priors on matter densities
With Planck priors on matter densities

W= Wy + WprZ

With WMAP9 priors on matter densities
With Planck priors on matter densities

GEoS (f = +2)

With WMAP9 priors on matter densities

With Planck priors on matter densities

GEoS (f = -2)

With WMAP9 priors on matter densities

With Planck priors on matter densities

Q,, =0.302 +0.024

w = —0.958 + 0.166
Q,, = 0.292 + 0.035
wp = —1.050 + 0.375
wp; = 0.440 £ 1.250
wp = —1.050 £ 0.340
wp; = 0.400 £ 0.800

Q,, = 0.300 £ 0.025
w=—1.110 £ 0.141

Q, = 030870112
w = —0.972 + 0.450

Q,, = 0.305 +0.032 O
wp = —0.960 + 0.410 O
wp; = —0.600 = 1.250 O

]
]

wp = —0.975 £ 0.350
wpy = 0.025 & 1.425

O wo = —1.000 + 0.382 wo = —0.950 + 0.365
O wp; ==0240£1.120  wp, = —0.240 + 1.645
Q,, = 0.305 £ 0.026 Q,, = 0.308 £ 0.026 O
wo = —0.900 = 0.200 wo = —0.900 = 0.250 O
wpy = —0.10070450 wpy = —0.2501020 O
wo = —0.90010 054 O wo = —0.87570132
Wpy = —0.07701%9 O wpy = —0.1005010
O wo = —0.930 = 0.206 wo = —0.880 =+ 0.190
O wpy = —0.0851041% Wpy = —0.17570472
Q,, = 0.303 £ 0.033 Q,, = 0.310 £ 0.033 O
wo = —0.965 + 0.347 wo = —0.850 £ 0.460 O
wpy = —0.340 + 1.015 wps = —0.800 £ 1.900 O
wy = —0.720 £+ 0.245 O wy = —0.860 £ 0.250
wpz = —0.730 £ 0.715 O wpy = —0.7051 0302
O wo = —0.880 + 0.335 wo = —0.820 £ 0.310
O wpz = —0.400 + 1.125 Wpz = —0.50079750
Q, =0.277 £0.018 Q,, = 0.307 £0.019
wo = —1.05510953 wo = 1.061 7097 O
wpy = —0.01570930 wpy = —0.02410582 a
wo = —1.015700%0 O wo = —1.022 +0.023
Wpy = —0.00410057 O wpy = —0.00910 91
O wy = —1.05010%% wo = —1.051 £ 0.041
O Wpy = —0.0157008 Wpy = —0.01970012
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FIG. 1 (color online).
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The two-dimensional regions and one-dimensional marginalized distribution with the 1o and 26 contours

for parameters of the XCDM model from SGL + CBF + BAO + WMAP9 (black line), SN + GRB (red line), SGL + CBF(green line),

and BAO + WMAP9 (purple line), respectively.

quintessence dark energy model, which is quite different
from the results supporting a best fit that crosses the phantom
divide line w = —1 [15]. These results are also consistent
with those obtained from different sets of standard candle
probes including Unionl SN Ia compilation [73].

For comparison, in the following analysis our attention
will be paid to the fits with the combined luminosity distance
data. The joint contour plot of Q, and w (corresponding
to 68.3%and 95.4% confidence level) for standard rulers and
standard candles is shown in Fig. 1. Black lines indicate the
results from combined ADD data and red lines are from the
combined LD results. In order to examine the compatibility
between the ADD and LD data in constraining the cosmic
EoS parameter, the one-dimensional PDF of w is also plotted

in Fig. 1. It is obvious that the constraints of w using the
two data combinations are consistent with each other. On
the one hand, compared with the previous fitting results
[15,19], there is nearly no tension when comparing the best
fits from ADD data and LD data, because the separation is
smaller than 1o. On the other hand, the result tells us that
ADD and LD data are especially concordant in constraining
Q,,: the 1o confidence region of Q,, achieved from SGL +
CBF +BAO + WMAP9 is Q,, = 0.302 £0.024, while
SN + GRB suggest Q,, = 0.3087,)2.

In order to illustrate how much weight individual
standard rulers and statistical standard rulers have in our
analysis [74,75], we present the constraint results from the
individual standard ruler joint analysis (SGL + CBF) in
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Fig. 1. We find the constraint result of the EoS parameter
w = —0.948 £ 0.375 agrees very well with the SGL +
CBF + BAO + WMAP9 constraint and is clearly in agree-
ment with that obtained from LD data at 16. Meanwhile, in
the case where the BAO + WMAPY data are not combined
with SGL + CBF, the data contours and one-dimensional
marginalized probability distribution are obviously shifted,
which demonstrates the non-negligible effect of the inde-
pendent standard ruler data on model constraints. On the
other hand, we also note the other two statistical standard
rulers, BAO and CMB, which are always taken as priors in
the treatment and, combined with other data, can tightly

0.022 0.023 0.024

o
©

Q
o o
BN

0.1
0.022 0.023 0.024 0.1

Yo
. .
Lo 8
o L &

- @
-1
-15

0.0220.023 0.024 0.1 0.12
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constrain the matter density Q,, [76]. Therefore, the agree-
ment between the independent standard ruler (SGL + CBF)
and statistical standard ruler (BAO 4+ CMB) constraints is
reassuring and motivates the combination of these data sets.

B. Dark energy with variable equation of state

Fitting the data from the combinations of standard rulers
to the CPL parametrization, the most widely explored dark
energy model with variable equation of state coefficient,
we get the results shown in Fig. 2, where the marginalized
probability distribution of each parameter and the

Wp1
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1 1
0 0
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FIG. 2 (color online). The two-dimensional regions and one-dimensional marginalized distribution with the 16 and 26 contours of
parameters for CPL parametrization from the combined angular diameter distance data (upper). The lower panel illustrates 1o and 20
contours in the wy — wp; parameter space and their one-dimensional marginalized distributions obtained from the combined angular
diameter distance data and luminosity distance data, respectively (the matter density parameters Q, 4> and Q_h? are fixed at the WMAP9
best-fit values).
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marginalized two-dimensional confidence contours of para-
meters are presented. The best fitis €, 4% =0.0228 +0.0010,
Q.h* = 0.1155 +0.0055, wy = —1.050 & 0.375, wp; =
0.440 £1.250, and H, = 68.20 4 3.85 kms~! Mpc~'.
After marginalizing over Hj, we obtain the dust matter
density parameter €,, = 0.292 £ 0.035, which is also in
agreement with the earlier comprehensive results with
combined WMAP7, BAO, and SN Ia analysis [77].

In order to gain more insight into the compatibility
between ADD and LD fits and make comparisons with the
previous results, we choose to place priors on the energy
density parameters as Refs. [17,19] do. In Fig. 2 we show
the 68.3% and 95.4% confidence contours in the (wgy, wpy)
plane and one-dimensional marginalized parameter
likelihood distribution with the two data set categories
(standard ruler and standard candle data) for Q,h> =
0.02264 and Q. h> =0.1138 (the best fit of the final
WMAP9 observations [28]). One can see that the w
coefficient obtained from the full ADD sample is in good
agreement with the respective value derived from LD data.
One can see in Fig. 2 that the ¢ distance between best fit
values is negligibly small (i.e., the distance among the best
fits is less than 16). Notice that ACDM (wg, wp;) = (—1,0)
is consistent with the standard candle data and the standard
ruler data at less than 1o level. The compatibility between
fits for wy and wp; is greatly improved compared with
the previous literature using other independent combined
analysis [15,17,19]. Reference [17] obtained the cosmic
equation of state parameters in the CPL parametrization
with a combined sample of n = 20 strong lensing systems
from Sloan Lens ACS and Lens Structure and Dynamics
surveys, and independently noticed systematic deviation
between fits done on standard candles and standard rulers.
More recently, Ref. [19] extended the analysis by combin-
ing the SGL data with the CMB acoustic peak location
and BAO data; however, differences in central values of the
best-fit cosmological parameters are still visible between
standard rulers and standard candles. The difference in our
analysis may attribute to the more precise BAO and CMB
measurements, combined with other complementary astro-
physical probes including SGL and CBF. For comparison
we also report the values of the best-fit parameters both
from the ADD and LD data in Table L.

In the case of evolving equation of state in the
w = wy + wpyz parametrization, we obtain the results
from standard rulers as shown in Fig. 3. The best
fit is Q,h% = 0.0228 +0.0011, Q.h>=0.11750.0050
(Q,, = 0305 £0.026), wy=—0.900=+£0.200, wp, =
—0.100 4+ 0.325, and H, = 67.80 +3.41 kms~! Mpc~'.
Figure 3 shows a comparison between the two distance data
sets after assuming the WMAPY priors on the matter fraction
parameters ©,4? and Q_.h>. We note that the 1¢ confidence
interval for w from the combined ADD data set lies within the
1o confidence interval from the LD data, which demonstrates
the compatibility between the two distance observations,

PHYSICAL REVIEW D 90, 083006 (2014)

although the corresponding consistency is weaker than that
in the case of CPL parametrization. In this case, a possible
explanation of this tendency could be that this linear para-
metrization is largely redshift dependent asymptotically at
high redshifts (sensitive to the ADD data, especially CMB),
while the LD data could play an important role in the
relatively low redshift constraints. Therefore, it is not
surprising that, for this EoS parametrization, the mild differ-
ence in best fits between standard candles and standard rulers
persists, as also clearly reflected by Table 1. Moreover, the
negative central value of wp, fit in both joint analyses is fully
compatible with wp, = 0 case when the 1o confidence
interval is considered.

In the next subsections we will look deeper into the
results by applying the two distance data to more cosmic
EoS parametrizations. In the dark energy model with
generalized equation of state, the two EoS parametrizations
in the above subsection could be fully recovered when
p — —1 and B — +1, respectively. One can deduce that
these two models are different projections in different
parameter subspaces of the general EoS model. We choose
to assign different values f = +2 to this parameter and
obtain two time-dependent EoS parametrizations like CPL.

C. Truncated GEoS model with g = 12

In the first case, we consider the f = +2 parametrization
for dark energy with the following equation of state:

(1+2)72-1
—

The corresponding dimensionless dark energy density is
then

Qy(z) = (1-9,-Q,)

-2
x (1 4 2)30Fwtwes/2) ey F‘;m ((1 +2)72— 1)}

w(z) = wo — wp3 (38)

2
(39)

In this model, we also have four model parameters
p = {Q,h?, Q.h* wy, wps} and a nuisance parameter H,.
The results are displayed in Fig. 4, with the best
fit Q,h% =0.0228 +0.0010, Q h%>=0.118040.0040
(Q,, =0.303+0.033), wy=-0.965=+0.347, wp3=
—0.340 = 1.015, and H, = 68.60 4 1.99 kms~! Mpc~'.
At 68.3% C.L., we find that this model is still compatible
with ACDM, i.e., the case (wy = —1; wpy = 0) typically lies
very close to the 1o boundary though very close to it. We
further use the best-fit values of Q,h’> and Q. h’> from
WMAP9 to obtain the confidence contour of the EoS
parameters displayed in Fig. 4. Two-dimensional analysis
performed for w, and wp; shows the compatibility between
ADD and LD data at 1 ¢ (let us notice that most parts of the 1o
confidence contours intersect).

Performing similar analysis as before, this time with
f = —2, we obtain the equation of state
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FIG. 3 (color online).

(1+2z2)?-1

- (40)

w(z) = wo + wpy
and the dimensionless dark energy density
Qy(z) = (1-9,-Q,)

2
X (1 + Z)3(1+WO_WP4/2> exp |:3v;P4 <(1 + 22) - 1)] .

(41)

The results are displayed in Fig. 5 and Table I. The
joint analysis with standard rulers provides the
best-fit parameters as Q,h> =0.0226+0.0009, Q h*>=
0.1186+0.0036 (Q,,=0.27740.018), wy=—1.0557033,
wpy==0.0157092, and Hy=71.5042.25kms™! Mpc~!.
In particular, compared with the case with f = +2, when

The same as Fig. 2, but for the EoS parametrization w = wy + wp,z.

f = —2, both of the two EoS parameters w, and wp, will

be much more stringently constrained and the distance bet-
ween ADD and LD best fits gets greatly reduced. From
our analysis, the constraints of ADD and LD data are both
restrictive at the confidence level of 68.3% and the best-fit
results exhibit strong statistical agreement between ADD and
LD constraints on the cosmic equation of state, which is
indicative of a strong consistency between the standard ruler
and standard candle data sets. Another evidence highlighting
the equivalence between the two cosmological distance data
is that the estimated values of w, and wp, within 1o are
almost identical (16 contours match each other perfectly).
Now we choose to make two comparisons as follows.
First, we throw out the gamma-ray burst distances and
use only the SN Ia data to rederive the best estimate on the
EoS parameters. Constraints on three parametrizations of

083006-12



COSMIC EQUATION OF STATE FROM COMBINED ...

0.022 0.023 0.024

©

0.022 0.023 0.024 0.11 0.12 0.13

-0.5]

6

-1

0
~1.5]
0.

0.022 0.023 0.024 11 012 0.13 5 -1-05 0

PHYSICAL REVIEW D 90, 083006 (2014)

0

-2

v

A

N

-4

0.022 0.023 0.024 0.11 0.12 0.13 5 -1 -05 0

0.35

0.3

@

©
N

5 0.25 025
0.022 0.023 0.024 011 012 013 45 -7 05 0

25 0.3 035

75 75

70 70

65 65

75
70
65

O

QOIS

A

-15 -1 -05 0
w,

0022 0023 0024 011 012 013

2
2
Qph Q.h 0

0 L
-1}
[ep]
o
=
_3t
@SGL+CBF+BAO+WMAP9
(S SN+GRB
413 08 04
Yo

FIG. 4 (color online).

4 2 0

w

025 03 035 65 70 75

Q
P3 m HO

)
Wps

The two-dimensional regions and one-dimensional marginalized distribution with the 16 and 26 contours of

parameters for the truncated GEoS model with f = +2 from the combined angular diameter distance data (upper). Comparisons
between the combined angular diameter distance data and luminosity distance data are also shown (lower).

cosmic equation of state with two luminosity distance data
are shown in Fig. 6. Comparing the constraints from
SN data with those from SN + GRB data, we find the
two plots are almost the same, confirming that the current
GRB data are consistent with the SN observation, although
they contribute little to the existing LD constraints.
Second, we use the Planck first data release [21] instead
of WMAP?9 to check its effect on the constraints obtained in
the previous section. Like WMAPY, the reduced Planck
data we use are the mean values and covariance matrix of
{R,1,,Q,h*} from the Planck temperature data combined
with Planck lensing, as well as WMAP polarization at low
multipoles (/ < 23)[29], which represents the tightest con-
straints from CMB data at present. Note that the original

Planck + lensing + WP data derived from the Planck
archive data include the mean values and covariance matrix
of the data set {R, [,, Q,h?, n,}, where n, is the power law
index of primordial matter power spectrum. The Gaussian
distributions of the four reduced data points are given with
the following means and standard deviations ¢ [29]:

Za 301.57 £0.18
_ R 1.7407 + 0.0094
PPlanck = = = (42)
Q,h? 0.02228 £ 0.00030
i 0.9662 + 0.0075

The normalized covariance matrix of (I,, R, @, ny) is [29]
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FIG. 5 (color online). The same as Fig. 4, but for the truncated GEoS model with = —2.

FIG. 6 (color online).

The constraint results from luminosity distance data: SN (dashed line) and SN + GRB (solid line) on three

parametrizations of cosmic equation of state.
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the Planck best-fit values.
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NormCoVpyanek
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In order to obtain the covariance matrix for (,, R, w;), we
choose to marginalize the CMB distance priors over n, as

CPlanck(pi’pj) = 6(pi)6(pj)N0rmC0VPlanck(pivpj)v (44)

where i, j = 1,2, 3. The contribution of the Planck data to
the y? value is

2 _ T -1
XPlanck — APP]anck PlanckAPPIaan' (45)

We perform analysis with SGL + CBF + BAO + Planck
likelihood combinations and the results are shown in Table I.
The high value of Q,, is consistent with the parameter
analysis described by the Planck analysis [21]. For com-
parison, the constraint results from the combined angular
diameter distance data (SGL + CBF 4+ BAO + Planck) and
luminosity distance data (SN + GRB) are also shown in
Fig. 7. We find that Planck data give very similar results as
WMAP9 data on the EoS parameter w(z), and adding Planck
priors to ADD data leads to a more evident consistency with
the LD data for the five EoS parametrizations. The best-fit
values of the parameters along with their 1o uncertainties
from the two different distance data are also listed in Table I.

Now, from the above comparison and previous works,
we comment on the constraint compatibility between
ADD data from standard rulers and LD data from standard
candles. In our analysis with larger ADD data sets, we
obtain the cosmic equation of state parameters whose
values generally agree with LD results already known in
the literature. Our results from the observational ADD data
are reliable and the results are consistent with those using
the LD data of SN 4+ GRB. Obviously, for some cosmic
EoS parametrizations such as w = wqy + wp,z, small sys-
tematic deviation between fits done on standard candles
and standard rulers still exists; however, our findings reveal
that for all cases the ADD and LD 1¢ overlap significantly.

V. DARK ENERGY WITH GENERALIZED
EQUATION OF STATE

As a final check, we will investigate observational
bounds on the parametric spaces wy —wg —f from a
statistical analysis involving four classes of angular diam-
eter distance data. These larger samples covering a wider
range of redshift z will allow us to draw more information
about the evolutionary properties of the cosmic equation
of state.
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FIG. 8.

lo and 26 confidence level contours for the GEoS parametrization from the combined angular diameter distance data

(SGL + CBF + BAO + WMAPY). One-dimensional marginalized parameter likelihood distributions are also added.

With the combined SGL + CBF + BAO + WMAP9
data, Fig. 8 shows the marginalized probability distribution
of each parameter and the marginalized two-dimensional
contour plot for the y3pp given by Eq. (31). The best-fit
values of the main parameters are ,h>=0.0228+

0.0007,  QA?=0.118£0.004, Q,=0.286+0.017,
wo=—1.035%0 75, ws=—0.12070772, and f=0.7511045,

which indicates that at early times the dark energy is a
subdominant component. Apparently, compared with the
previous works, the combined ADD data could provide
more stringent constraints on the EoS parameters w, and wy
and present clear evidence supporting the CPL parametri-
zation for the cosmic equation of state with == 1. This
result marginally disagrees with the recent analysis with
SN +BAO + H(z): wy = —098, wy = 0.1, = -3.04,
and SN+BAO+CMB: wy=-1.0, wz=0.28, =0.1 [11].

VI. CONCLUSIONS

Recent observations have provided a lot of information
concerning distance measurements, which is useful to
analyze the dynamical behavior of the Universe.
However, previous studies by others raised the question
whether there is a tension between the angular diameter
distance and luminosity distance data when applied to

cosmography. Indeed, even a very interesting remark has
been made [78—80] that initiated a lot of subsequent studies
[81,82]. Namely, even though ADD and LD are based on
different concepts and give different values in physical
units, they are connected with each other by the so-called
Etherington duality principle. The breakdown of this
principle would mean that either the gravity is not a metric
theory (which is so improbable that it is almost impossible)
or there is some mechanism of nonconservation of the
number of photons on the path from the source to observer
(this could be as obvious as extinction or as exotic as, e.g.,
converting photons into axions) [79]. Our testing of the
consistency between ADD and LD can also be perceived
from this perspective.

We have collected relatively complete observational data
concerning four angular diameter distance measurements to
provide constraints on the cosmic equation of state, and
compared the fitting results with those obtained from larger
luminosity distance data. In addition to the previous probes,
we use the x-ray gas mass fraction of galaxy clusters and
strongly gravitationally lensed systems from various large
systematic gravitational lens surveys and galaxy clusters.
As an extension of the previous works, the newly updated
high redshift GRB data set is also included as comple-
mentary to SN Ia in the role of standard candles.
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COSMIC EQUATION OF STATE FROM COMBINED ...

We have performed joint analysis of three classes of
cosmological models invoked to explain accelerating
expansion of the Universe: (1) Constant dark energy equa-
tion of state w(z) = w; (2) Variable dark energy equation
of state, parametrized by w(z) = wy + wp;z/(1 + z) and
w(z) = wy + wpsz; and (3) Generalized dark energy equa-

(HZ,#. In order to verify if

tion of state w(z) = wy — wy
ADD data can provide results consistent with the widely
used LD data, we also display the constraints on the EoS
parameters with the combined angular diameter distance
data (SGL+CBF+BAO+WMAPY), in comparison with
the luminosity distance data (SN + GRB) in Table L
From the results listed, first of all, we find that the
combination with angular diameter distance data reveals
no obvious disagreement between standard candle and
standard ruler data, which is quite different from the
previous findings [15]. Second, when discussing the
tension between LD and ADD in a general framework,
we note that the consistency between ADD and LD data
shows up irrespective of the EoS parametrizations: there
is a good match between the universally explored CPL
model and other formulations of cosmic equation of state.
Third, we have considered the influence of the parameter /3
in the generalized equation of state. Especially for the
truncated GEoS model with f = —2, the angular diameter
distance data combination reveals no tension for this EoS
parametrization. These findings still hold when throwing
out the gamma-ray burst observations and substituting
WMAP9 with Planck data.

Finally, complementary conclusions are obtained from
the statistical analysis of the generalized equation of state.
Compared with the previous works, the combined ADD
data could effectively provide more stringent constraints
on the EoS parameters w,, wy, and f. In this aspect, the
constraint results indicate that dark energy seems to act as a
subdominant component at early times of the Universe.
Moreover, compared with other two-parameter and time-
dependent EoS parametrizations discussed in this paper,
the CPL parametrization is a more favorable model to

PHYSICAL REVIEW D 90, 083006 (2014)

characterize the cosmic equation of state with f = 1, since
the combined SGL + CBF 4 BAO +~ WMAP9 data pro-
vide the best-fit value f = 0.75 lfgﬁgg . However, this
conclusion still needs to be checked by future observational
data of high accuracy [8§3—85], which can hopefully provide
significantly more restrictive constraints on cosmological
parameters.

In conclusion, finding out whether the angular diameter
distances and the luminosity distances are consistent is a
permanent pursuit, especially in the constraints of dark
energy equation of state. Our results demonstrate that, with
more general categories of standard ruler data, the con-
troversial constraint tension between ADD and LD data does
not persist at 1. In this sense our results support the validity
of the Etherington duality principle, but of course it is not a
strong test because our analysis has different goals in focus.
Understanding of the systematic uncertainties of all data
used in this paper still needs to be improved. We hope that
future dark energy measurements from space [§6—88], which
may dramatically minimize systematic uncertainties by
design, will shed much more light into the dark Universe.

ACKNOWLEDGMENTS

We acknowledge fruitful discussions with M. Biesiada
and Z. X. Li. We thank the anonymous referee for valuable
comments which helped us to improve the paper. This work
was supported by the Ministry of Science and Technology
National Basic Science Program (Project 973) under
Grants No. 2012CB821804 and No. 2014CB845806, the
Strategic Priority Research Program “The Emergence of
Cosmological Structure” of the Chinese Academy of
Sciences (No. XDB09000000), the National Natural
Science  Foundation of China under  Grants
No. 11073005 and No. 11373014, the Fundamental
Research Funds for the Central Universities and
Scientific Research Foundation of Beijing Normal
University, and China Postdoctoral Science Foundation
under Grant No. 2014M550642.

[11 A.G. Riess et al., Astrophys. J. 116, 1009 (1998).

[2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999).

[3] S. Nojiri and S.D. Odintsov, Phys. Rev. D 68, 123512
(2003).

[4] S. M. Carroll, V. Duvvuri, M. Trodden, and M. S. Turner,
Phys. Rev. D 70, 043528 (2004).

[51 W. Hu and 1. Sawicki, Phys. Rev. D 76, 064004 (2007).

[6] P. Astier, Phys. Lett. B 500, 8 (2001).

[7] J. Weller and A. Albrecht, Phys. Rev. Lett. 86, 1939 (2001).

[8] M. Chevalier and D. Polarski, Int. J. Mod. Phys. D 10, 213
(2001).

[9] E. V. Linder, Phys. Rev. D 68, 083503 (2003).

[10] D. Huterer and E.V. Linder, Phys. Rev. D 75, 023519
(2007).

[11] E. M. Barboza, J. S. Alcaniz, Z.-H. Zhu, and R. Silva, Phys.
Rev. D 80, 043521 (2009).

[12] L.I. Gurvits, K.I. Kellermann, and S. Frey, Astron.
Astrophys. 342, 378 (1999).

[13] M. Bonamente, M. K. Joy, S. J. LaRoque, J. E. Carlstrom, E. D.
Reese, and K. S. Dawson, Astrophys. J. 647, 25 (2006).

[14] E. De Filippis, M. Sereno, W. Bautz, and G. Longo,
Astrophys. J. 625, 108 (2005).

083006-17


http://dx.doi.org/10.1086/300499
http://dx.doi.org/10.1086/307221
http://dx.doi.org/10.1103/PhysRevD.68.123512
http://dx.doi.org/10.1103/PhysRevD.68.123512
http://dx.doi.org/10.1103/PhysRevD.70.043528
http://dx.doi.org/10.1103/PhysRevD.76.064004
http://dx.doi.org/10.1016/S0370-2693(01)00072-7
http://dx.doi.org/10.1103/PhysRevLett.86.1939
http://dx.doi.org/10.1142/S0218271801000822
http://dx.doi.org/10.1142/S0218271801000822
http://dx.doi.org/10.1103/PhysRevD.68.083503
http://dx.doi.org/10.1103/PhysRevD.75.023519
http://dx.doi.org/10.1103/PhysRevD.75.023519
http://dx.doi.org/10.1103/PhysRevD.80.043521
http://dx.doi.org/10.1103/PhysRevD.80.043521
http://dx.doi.org/10.1103/PhysRevA.60.937
http://dx.doi.org/10.1103/PhysRevA.60.937
http://dx.doi.org/10.1086/505291
http://dx.doi.org/10.1086/429401

SHUO CAO AND ZONG-HONG ZHU

[15] R. Lazkoz, S. Nesseris, and L. Perivolaropoulos, J. Cosmol.
Astropart. Phys. 07 (2008) 012.

[16] E. V. Linder and G. Roberts, J. Cosmol. Astropart. Phys. 06
(2008) 004.

[17] M. Biesiada, A. Piérkowska, and B. Malec, Mon. Not. R.
Astron. Soc. 406, 1055 (2010).

[18] C. Escamilla-Rivera, R. Lazkoz, V. Salzano, and 1. Sendra,
J. Cosmol. Astropart. Phys. 09 (2011) 003.

[19] M. Biesiada, B. Malec, and A. Piérkowska, Res. Astron.
Astrophys. 11, 641 (2011).

[20] R. Amanullah et al., Astrophys. J. 716, 712 (2010).

[21] P.A.R. Ade and G. Efstathiou (Planck Collaboration),
Astron. Astrophys., doi:10.1051/0004-6361/201321591.

[22] A. Conley et al., Astrophys. J. Suppl. Ser. 192, 1 (2011).

[23] N. Suzuki et al., Astrophys. J. 746, 85 (2012).

[24] Z.X. Zhai, H. Y. Wan, and T.J. Zhang, Phys. Lett. B 689, 8
(2010).

[25] V. Sahni and A. Starobinski, Int. J. Mod. Phys. D 9, 373
(2000).

[26] D.N. Spergel et al., Astrophys. J. Suppl. Ser. 170, 377
(2007).

[27] G. Hinshaw et al., Astrophys. J. Suppl. Ser. 180, 225 (2009).

[28] G. Hinshaw et al., Astrophys. J. Suppl. Ser. 208, 19 (2013).

[29] Y. Wang and S. Wang, Phys. Rev. D 88, 043522 (2013).

[30] D.J. Eisenstein ef al., Astrophys. J. 633, 560 (2005).

[31] S. Cao, Y. Pan, M. Biesiada, W. Godlowski, and Z.-H. Zhu,
J. Cosmol. Astropart. Phys. 3 (2012) 16.

[32] S. W. Allen, D. A. Rapetti, R. W. Schmidt, H. Ebeling, R. G.
Morris, and A. C. Fabian, Mon. Not. R. Astron. Soc. 383,
879 (2008).

[33] N. Liang, W. K. Xiao, Y. Liu, and S. N. Zhang, Astrophys. J.
685, 354 (2008).

[34] H. Wei, J. Cosmol. Astropart. Phys. 8 (2010) 20.

[35] C. Grillo, M. Lombardi, and G. Bertin, Astron. Astrophys.
4717, 397 (2008).

[36] A. Lewis and S. Bridle, Phys. Rev. D 66, 103511 (2002).

[37] R. A. Sunyaev and Y. B. Zel’dovich, Comments Astrophys.
Space Phys. 4, 173 (1972).

[38] A. Cavaliere and R. Fusco-Fermiano, Astron. Astrophys.
667, 70 (1978).

[39] L. V.E. Koopmans, T. Treu, A.S. Bolton, S. Burles, and
L. A. Moustakas, Astrophys. J. 649, 599 (2006).

[40] L. V.E. Koopmans, A. Bolton, T. Treu, O. Czoske,
M. W. Auger, M. Barnabe, S. Vegetti, R. Gavazzi, L. A.
Moustakas, and S. Burles, Astrophys. J. 703, L51 (2009).

[41] T. Treu, L. V. Koopmans, A. S. Bolton, S. Burles, and L. A.
Moustakas, Astrophys. J. 640, 662 (2006).

[42] T. Treu, L. V.E. Koopmans, A.S. Bolton, S. Burles, and
L. A. Moustakas, Astrophys. J. 650, 1219 (2006).

[43] R.E. White and D. S. Davis, Bull. Am. Astron. Soc. 28,
1323 (1998).

[44] E. O. Ofek, H.-W. Rix, and D. Maoz, Mon. Not. R. Astron.
Soc. 343, 639 (2003).

[45] R. Narayan and M. Bartelmann, arXiv:astro-ph/9606001.

[46] A. Cavaliere and R. Fusco-Femiano, Astron. Astrophys. 49,
137 (1976).

[47] P. Rosati, S. Borgani, and C. Norman, Annu. Rev. Astron.
Astrophys. 40, 539 (2002).

[48] H. Yu and Z.-H. Zhu, Res. Astron. Astrophys. 11, 776.

[49] N. Ota and K. Mitsuda, Astron. Astrophys. 428, 757 (2004).

PHYSICAL REVIEW D 90, 083006 (2014)

[50] G. Covone, J.-P. Kneib, G. Soucail, J. Richard, E. Jullo, and
H. Ebeling, Astron. Astrophys. 456, 409 (2006).

[51] J. Richard et al., Astrophys. J. 662, 781 (2007).

[52] S. W. Allen, R. W. Schmidt, H. Ebeling, A. C. Fabian, and
L. van Speybroeck, Mon. Not. R. Astron. Soc. 353, 457
(2004).

[53] S.J. LaRoque, M. Bonamente, J. E. Carlstrom, M. K. Joy,
D. Nagai, E. D. Reese, and K. S. Dawson, Astrophys. J. 652,
917 (2006).

[54] L. Samushia and B. Ratra, Astrophys. J. Lett. 680, L1
(2008).

[55] S. Ettori, A. Morandi, P. Tozzi, I. Balestra, S. Borgani,
P. Rosati, L. Lovisari, and F. Terenziani, Astron. Astrophys.
501, 61 (2009).

[56] K. Ganga, B. Ratra, J. O. Gunderson, and N. Sugiyama,
Astrophys. J. 484, 7 (1997).

[57] N. Padmanabhan, X. Xu, D. J. Eisenstein, R. Scalzo, A.J.
Cuesta, K. T. Mehta, and E. Kazin, Mon. Not. R. Astron.
Soc. 427, 2132 (2012).

[58] L. Anderson et al., Mon. Not. R. Astron. Soc. 427, 3435
(2012).

[59] C. Blake et al., Mon. Not. R. Astron. Soc. 425, 405 (2012).

[60] F. Beutler, C. Blake, M. Colless, D. Heath Jones,
L. Staveley-Smith, L. Campbell, Q. Parker, W. Saunders,
and F. Watson, Mon. Not. R. Astron. Soc. 416, 3017
(2011).

[61] W. Hu and N. Sugiyama, Astrophys. J. 471, 542 (1996).

[62] Z.X. Li, P.X. Wu, and H. W. Yu, Phys. Lett. B 695, 1
(2011).

[63] B. E. Schaefer, Astrophys. J. 583, L67 (2003).

[64] B. E. Schaefer, Astrophys. J. 660, 16 (2007).

[65] E.L. Wright, Astrophys. J. 664, 633 (2007).

[66] L. Amati, C. Guidorzi, F. Frontera, M. D. Valle, F. Finelli,
R. Landi, and E. Montanari, Mon. Not. R. Astron. Soc. 391,
577 (2008).

[67] R. A. Daly, S. G. Djorgovski, K. A. Freeman, M. P. Mory,
C.P. O’Dea, P. Kharb, and S. Baum, Astrophys. J. 677, 1
(2008).

[68] N.R. Tanvir et al., Nature (London) 461, 1254 (2009).

[69] E. Di Pietro and J. F. Claeskens, Mon. Not. R. Astron. Soc.
341, 1299 (2003).

[70] B. Ratra and P. E. J. Peebles, Phys. Rev. D 37, 3406 (1988).

[71] R.R. Caldwell, Phys. Lett. B 545, 23 (2002).

[72] E. Komatsu et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 180, 330 (2009).

[73] M. Kowalski et al., Astrophys. J. 686, 749 (2008).

[74] Y. G. Gong, R. G. Cai, Y. Chen, and Z.-H. Zhu., J. Cosmol.
Astropart. Phys. 01 (2010) 019.

[75] Y. G. Gong, B. Wang, and R. G. Cai, J. Cosmol. Astropart.
Phys. 04 (2010) 019.

[76] Y. G. Gong, Q. Gao, and Z.-H. Zhu, Mon. Not. R. Astron.
Soc. 430, 3142 (2013).

[77] E. Komatsu et al., Astrophys. J. Suppl. Ser. 192, 18 (2011).

[78] B. A. Bassett and M. Kunz, Phys. Rev. D 69, 101305
(2004).

[79] B. A. Bassett and M. Kunz, Astrophys. J. 607, 661 (2004).

[80] J.-P. Uzan, N. Aghanim, and Y. Mellier, Phys. Rev. D 70,
083533 (2004).

[81] S. Cao and N. Liang, Res. Astron. Astrophys. 11, 1199
(2011).

083006-18


http://dx.doi.org/10.1088/1475-7516/2008/07/012
http://dx.doi.org/10.1088/1475-7516/2008/07/012
http://dx.doi.org/10.1088/1475-7516/2008/06/004
http://dx.doi.org/10.1088/1475-7516/2008/06/004
http://dx.doi.org/10.1088/1475-7516/2011/09/003
http://dx.doi.org/10.1088/1674-4527/11/6/004
http://dx.doi.org/10.1088/1674-4527/11/6/004
http://dx.doi.org/10.1088/0004-637X/716/1/712
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1088/0067-0049/192/1/1
http://dx.doi.org/10.1088/0004-637X/746/1/85
http://dx.doi.org/10.1016/j.physletb.2010.04.040
http://dx.doi.org/10.1016/j.physletb.2010.04.040
http://dx.doi.org/10.1142/S0218271800000542
http://dx.doi.org/10.1142/S0218271800000542
http://dx.doi.org/10.1086/513700
http://dx.doi.org/10.1086/513700
http://dx.doi.org/10.1088/0067-0049/180/2/225
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1103/PhysRevD.88.043522
http://dx.doi.org/10.1086/466512
http://dx.doi.org/10.1088/1475-7516/2012/03/016
http://dx.doi.org/10.1111/j.1365-2966.2007.12610.x
http://dx.doi.org/10.1111/j.1365-2966.2007.12610.x
http://dx.doi.org/10.1086/590903
http://dx.doi.org/10.1086/590903
http://dx.doi.org/10.1088/1475-7516/2010/08/020
http://dx.doi.org/10.1051/0004-6361:20077534
http://dx.doi.org/10.1051/0004-6361:20077534
http://dx.doi.org/10.1103/PhysRevD.66.103511
http://dx.doi.org/10.1086/505696
http://dx.doi.org/10.1088/0004-637X/703/1/L51
http://dx.doi.org/10.1086/500124
http://dx.doi.org/10.1086/507024
http://dx.doi.org/10.1046/j.1365-8711.2003.06707.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06707.x
http://arXiv.org/abs/astro-ph/9606001
http://dx.doi.org/10.1146/annurev.astro.40.120401.150547
http://dx.doi.org/10.1146/annurev.astro.40.120401.150547
http://dx.doi.org/10.1088/1674-4527/11/7/004
http://dx.doi.org/10.1051/0004-6361:20041087
http://dx.doi.org/10.1051/0004-6361:20053384
http://dx.doi.org/10.1086/517875
http://dx.doi.org/10.1111/j.1365-2966.2004.08080.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08080.x
http://dx.doi.org/10.1086/508139
http://dx.doi.org/10.1086/508139
http://dx.doi.org/10.1086/589744
http://dx.doi.org/10.1086/589744
http://dx.doi.org/10.1051/0004-6361/200810878
http://dx.doi.org/10.1051/0004-6361/200810878
http://dx.doi.org/10.1086/304296
http://dx.doi.org/10.1111/j.1365-2966.2012.21888.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21888.x
http://dx.doi.org/10.1111/j.1365-2966.2012.22066.x
http://dx.doi.org/10.1111/j.1365-2966.2012.22066.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21473.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19250.x
http://dx.doi.org/10.1111/j.1365-2966.2011.19250.x
http://dx.doi.org/10.1086/177989
http://dx.doi.org/10.1016/j.physletb.2010.10.044
http://dx.doi.org/10.1016/j.physletb.2010.10.044
http://dx.doi.org/10.1086/368104
http://dx.doi.org/10.1086/511742
http://dx.doi.org/10.1086/519274
http://dx.doi.org/10.1111/j.1365-2966.2008.13943.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13943.x
http://dx.doi.org/10.1086/528837
http://dx.doi.org/10.1086/528837
http://dx.doi.org/10.1038/nature08459
http://dx.doi.org/10.1046/j.1365-8711.2003.06508.x
http://dx.doi.org/10.1046/j.1365-8711.2003.06508.x
http://dx.doi.org/10.1103/PhysRevD.37.3406
http://dx.doi.org/10.1016/S0370-2693(02)02589-3
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1086/589937
http://dx.doi.org/10.1088/1475-7516/2010/01/019
http://dx.doi.org/10.1088/1475-7516/2010/01/019
http://dx.doi.org/10.1088/1475-7516/2010/04/019
http://dx.doi.org/10.1088/1475-7516/2010/04/019
http://dx.doi.org/10.1093/mnras/stt120
http://dx.doi.org/10.1093/mnras/stt120
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1103/PhysRevD.69.101305
http://dx.doi.org/10.1103/PhysRevD.69.101305
http://dx.doi.org/10.1086/383520
http://dx.doi.org/10.1103/PhysRevD.70.083533
http://dx.doi.org/10.1103/PhysRevD.70.083533
http://dx.doi.org/10.1088/1674-4527/11/10/008
http://dx.doi.org/10.1088/1674-4527/11/10/008

COSMIC EQUATION OF STATE FROM COMBINED ... PHYSICAL REVIEW D 90, 083006 (2014)
[82] S. Cao and Z.-H. Zhu, Sci. China Phys. Mech. Astron. 54, [85] M. Sereno and D. Paraficz, Mon. Not. R. Astron. Soc. 437,

2260 (2011). 600 (2014).

[83] S. Cao, G. Covone, and Z.-H. Zhu, Astrophys. J. 755, 31 [86] A. Cimatti ef al., Exp. Astron. 23, 39 (2009).
(2012). [87] R. Laureijs et al., arXiv:1110.3193.

[84] Y. Chen et al., arXiv:1312.1443. [88] J. Green et al., arXiv:1208.4012.

083006-19


http://dx.doi.org/10.1007/s11433-011-4559-7
http://dx.doi.org/10.1007/s11433-011-4559-7
http://dx.doi.org/10.1088/0004-637X/755/1/31
http://dx.doi.org/10.1088/0004-637X/755/1/31
http://arXiv.org/abs/1312.1443
http://dx.doi.org/10.1093/mnras/stt1938
http://dx.doi.org/10.1093/mnras/stt1938
http://dx.doi.org/10.1007/s10686-008-9096-7
http://arXiv.org/abs/1110.3193
http://arXiv.org/abs/1208.4012

