Journal of Cosmology and
Astroparticle Physics

Related content

Constraints on interacting dark energy models " e cosmos black holes. dade mater.

and dark energy

from Planck 2015 and redshift-space distortion A pilter

- The Dark Universe: The Dark Universe

d ata C Heymans

- Cold or warm? Constraining dark matter

To cite this article: André A. Costa et al JCAP01(2017)028 with primeval galaxies and cosmic
reionization after Planck

A. Lapi and L. Danese

View the article online for updates and enhancements. Recent citations

- Constraining neutrino mass in dark energy

dark matter interaction and comparison
with 2018 Planck results

Hamid Reza Amiri et al

- Eractional dark energy
Ricardo G. Landim

- Dynamics of a quintom dark energy model
non-minimally coupled with a mixed kinetic

geometric term
Mihai Marciu

This content was downloaded from IP address 143.107.128.45 on 16/06/2021 at 19:34


https://doi.org/10.1088/1475-7516/2017/01/028
http://iopscience.iop.org/book/978-1-6817-4513-8/chapter/bk978-1-6817-4513-8ch6
http://iopscience.iop.org/book/978-1-6817-4513-8/chapter/bk978-1-6817-4513-8ch6
http://iopscience.iop.org/book/978-1-6817-4513-8/chapter/bk978-1-6817-4513-8ch6
http://iopscience.iop.org/book/978-0-7503-1373-5/chapter/bk978-0-7503-1373-5ch1
http://iopscience.iop.org/article/10.1088/1475-7516/2015/09/003
http://iopscience.iop.org/article/10.1088/1475-7516/2015/09/003
http://iopscience.iop.org/article/10.1088/1475-7516/2015/09/003
http://dx.doi.org/10.1140/epjc/s10052-021-09267-6
http://dx.doi.org/10.1140/epjc/s10052-021-09267-6
http://dx.doi.org/10.1140/epjc/s10052-021-09267-6
http://dx.doi.org/10.1103/PhysRevD.103.083511
http://dx.doi.org/10.1139/cjp-2020-0037
http://dx.doi.org/10.1139/cjp-2020-0037
http://dx.doi.org/10.1139/cjp-2020-0037
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjst82L5Ln7ShdMZnp42Gx3YuPs5uEWA37LcYRdpajI8ufLcYEhK6SF20HJ4Ge_fVYMTInOOFg92J7mRmC8dYZgzAo0fg3JP6ZM6AOkgnkM8moDpztMN8kgSVHTjS2JoH0jkTAgsj1n9okeu52ckIbnVK-hu4F30pNlL2hbHF_BAzACDX8rYHyjjiiGNEtIVgKsYxtCvkcxVTDsRTdfpJOZmLdVgKIiiMzrepnMFNc8r9IQcyUanur8a5SsNe9AN44mp0M-Fa8QxyML2BmKjrhg&sig=Cg0ArKJSzDus4da9rH85&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

ournal of Cosmology and Astroparticle Physics

An IOP and SISSA journal

Constraints on interacting dark energy
models from Planck 2015 and
redshift-space distortion data

André A. Costa,” Xiao-Dong Xu,’ Bin Wang® and E. Abdalla®

®Instituto de Fisica, Universidade de Sao Paulo,
C.P. 66318, 05315-970, Sao Paulo, SP, Brazil

bDepartment of Mathematics and Applied Mathematics, University of Cape Town,
Rondebosch 7701, Cape Town, South Africa

¢Department of Physics and Astronomy, Shanghai Jiao Tong University,
200240 Shanghai, China

E-mail: alencar@if.usp.br, xiaodong.xu@uct.ac.za, wang_b@sjtu.edu.cn,
eabdalla@usp.br

Received July 20, 2016
Revised December 15, 2016
Accepted January 4, 2017
Published January 16, 2017

Abstract. We investigate phenomenological interactions between dark matter and dark en-
ergy and constrain these models by employing the most recent cosmological data including
the cosmic microwave background radiation anisotropies from Planck 2015, Type la super-
novae, baryon acoustic oscillations, the Hubble constant and redshift-space distortions. We
find that the interaction in the dark sector parameterized as an energy transfer from dark
matter to dark energy is strongly suppressed by the whole updated cosmological data. On
the other hand, an interaction between dark sectors with the energy flow from dark energy
to dark matter is proved in better agreement with the available cosmological observations.
This coupling between dark sectors is needed to alleviate the coincidence problem.
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1 Introduction

Cosmology is one of the fields of science with the quickest development today, especially
concerning observations. The cosmological data from different observations have been rapidly
updating in the past decade, not only in numbers but also in their quality. This allows the
derivation of more reliable scientific results and tighter constraints on theoretical models
in cosmology. The whole available host of updated cosmological data includes those from
geometrical measurements of the universe such as the measurement of the Hubble constant
(Hp), the luminosity distances of Type Ia supernovae (SNIa) and the pattern of baryon
acoustic oscillations (BAO) imprinted in the galaxy distribution, and also the temperature of
photons from the cosmic microwave background (CMB) and observations of the large-scale
structure (LSS).

Recently, Planck Collaboration released their most recent results on the CMB
anisotropies [1]. These data provide the utmost observations on temperature and polarization
of the photons from the last scattering surface at redshift around z = 1090. Comparing with
Planck 2013 data, significant improvements have been made in reducing systematic errors
in the new data and the overall level of confidence has been significantly increased. One of
the most notable improvements in the Planck 2015 data set is that its residual systematics
in polarization maps have been dramatically reduced compared to 2013, and its agreement
to WMAP is within a few tenths of a percent on angular scales from the dipole to the
first acoustic peak [1]. The 2015 Planck results make important contributions in a variety
of theoretical analyses in cosmology and contain smaller uncertainties compared with those
determined in 2013 results. However areas that were in tension in 2013 with other astrophys-
ical data sets [2], such as the abundance of clusters of galaxies, weak gravitational lensing
of galaxies or cosmic shear, distances measured with BAO using Lyman-« forest at high-z
and the determination of the Hubble constant with the Hubble Space Telescope (HST) [3, 4]
have been confirmed to still remain in tension today, although the disagreement is lessened
in some cases. If these tensions are not related to systematics, they can point out to physics
beyond the standard model.

Another observable, which is worthy of mentioning, is the redshift-space distortion
(RSD). It has been measured more and more precise in the past few years. This observable is a
key signature to disclose the large scale structure, which is believed as a powerful complemen-
tary observation to break the possible degeneracy in cosmological models. This is because the
dynamical growth history in the cosmological structure can be distinct even if they undergo



similar evolution in the background. A lot of measurements on the RSD have been reported,
see for example [5-13]. It is expected that including the large scale structure information by
adding the RSD measurements can provide a rich harvest from complementary data sets and
obtain tight constrains on theoretical models covering a greater range of cosmology.

In this paper we will employ such great amount of precise new cosmological data to test
the interaction models in the universe between dark matter and dark energy. It is well known
that our universe is undergoing an accelerated expansion driven by a mysterious dark energy
occupying nearly 70% of the energy content of the universe. The galaxies and other large
scale structures distributed in our universe are created by dark matter component which
occupies 25% of the energy budget of the universe. Considering that dark energy and dark
matter dominate the energy content of the universe today, it is reasonable to assume that
these dark components can interact between themselves. A dark matter and dark energy
interaction is an attractive theoretical model, since it can allow solutions with a constant
ratio between energy densities of dark matter and dark energy at late times, which can help
to alleviate the coincidence problem in the concordance cosmological model. For a review on
theoretical challenges, cosmological implications and observational signatures on interactions
between dark sectors can be referred to [14] and references therein.

Since the lack of information on the nature and dynamics of dark matter and dark
energy, it is difficult to describe these components from first principles. This makes it hard
to describe the interaction between them from a fundamental theory. The interaction be-
tween dark sectors is usually described phenomenologically by assuming that the interaction
only represents a small correction to the evolution history of the Universe. Similar to how
interactions behave in particle physics, one expects the coupling kernel between dark sectors
to be a function of the energy densities involving dark energy, dark matter and of time. In
table 1 we present the phenomenological models that have been commonly considered. These
models have been confronted with different observational data sets, such as CMB data on
temperature and polarization power spectra from WMAP5 [15], WMAPT [16] and Planck
2013 [17, 18], together with other different external observational data. Recently the new
Planck 2015 data have also been used to constrain one of the phenomenological interacting
models with the kernel of the interaction in proportional to the energy density of dark en-
ergy only [19]. In addition to the phenomenological models of the interaction between dark
sectors, some attempts on describing the coupling in a field theory have been studied, see for
example [20] and other related references in the review [14]. Besides the data related to the
universe expansion history and CMB, the observational data on the large scale structure such
as the RSD data sets have also been employed in constraining the interaction models. In com-
bining with the Planck 2013, it was argued that the RSD data can rule out a large interaction
rate in 1o region [21, 22]. More complete references on testing the interaction models between
dark sectors with different observational data sets can be found in the recent review [14].

The main motivation of the present paper is to confront the phenomenological interact-
ing dark energy models to a whole host of updated cosmological data, including the Planck
2015 result, the new RSD data together with other different external data sets. We are going
to check the consistency of the constraints on the model parameters obtained from Planck
2013 results and examine the effectiveness of increasing the confidence level and tighten-
ing the constraints on model parameters by including the complementary observables such
as RSD and other external data sets. We hope that the updated precise data can help to
improve limits on the interaction between dark sectors.



Weak lensing is also sensitive to the amount of dark matter and could be used to
constrain coupled dark energy models. However, in the current state-of-art, weak lensing
measurement has a number of its own problems, therefore one cannot yet draw conclusive
results from lensing observations. There are some issues concerning their systematic uncer-
tainties in both their measurement and the modelling of physics (such as intrinsic alignment,
baryonic effects on density evolution, nonlinear evolution of the dark matter field) that need
to be better understood [23-25]. Despite of those problems, there are some efforts to con-
strain coupled dark energy models using weak lensing [26]. In this work we will not consider
weak lensing data.

The organization of the paper is as follows. In section 2, we review the evolution
description of the background dynamics and the linear perturbation when there is interaction
between dark sectors. In section 3, we introduce the observational data that we are going to
use and the methods for data analysis. In the following section we report the main results by
confronting our models to observational data and we discuss and compare with the results
obtained in previous works. Finally, in section 5 we present our conclusions and discussions.

2 Phenomenological interacting dark energy models

We consider a cosmological model with an interaction between dark matter and dark energy.
In this model, the conservation of the energy-momentum tensor for dark matter or dark
energy satisfies respectively

VT = Q. (2.1)

where (1) represents either dark matter with the subscript (c), or dark energy with the
subscript (d). The presence of the term Q’(’l) implies that these components are not conserved
independently, and there is an energy-momentum flux between them. However, the Bianchi
identity requires that the energy-momentum tensor of the total dark sectors still satisfy the
conservation law, such that Q(”C) = —Q(” )

We assume that the universe is described by a flat Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric with small perturbations over a smooth background. Thus, the line
element is given by

ds* = a® [—(1 + 2¢)dn* + 20;Bdndzx’ + (1 + 2¢)8;jdx'da’ + D;jEdx'da’] (2.2)

where .
Dyj = <al-aj - 35ijv2> : (2.3)

The function a = a(n) is the scale factor of the universe and 7 is the conformal time. ¢, B,
¢ and E are functions of space and time describing small deviations from the homogeneous
and isotropic universe. Actually, we are only considering scalar perturbations, but, at the
linear perturbation level, all other modes decouple and scalar perturbations are responsible
for the structure formation.

The matter content is identified with the energy-momentum tensor of a perfect fluid,

T" (n,z,y,2) = (p+ P)U'U” + Pg"”, (2.4)

where, for each species, the energy density is written as p(n, z,y,2) = p(n)[1 + d(n, z,y, 2)],
the pressure is P(n,z,y,z) = P(n) + 0P(n,x,y,2) and the four-velocity vector is



Model Q DE EoS Constraints

I 3XoH pg —1<w<0 Ao <0
1I 3)\2de w< —1 0 < Ay < —2w8,
111 3\ Hp. w< —1 0< M\ <—w/4

IV | 3\H (pg + pec) w< —1 0< A< —w/4

Table 1. In this table we present different stable phenomenological interacting dark energy models.

Ut =a"1(1- ¥, vy). Thus, we have split the components of the energy-momentum ten-
sor into background quantities and small perturbations. Combining the conservation equa-
tion (2.1) with the line element (2.2) and the energy-momentum tensor (2.4), we obtain, at
the background level, the continuity equations

pe+3Hpe = CL2QS = +a@,
pa+3H (1 +w) pa = a*QY = —aQ. (2.5)

In these equations, H is the Hubble parameter expressed in conformal time, H = a/a = aH,
and the dot represents the derivative with respect to the conformal time. w = P;/pg is the
equation of state of dark energy and @ is the energy transfer in cosmic time coordinates,
which will be written as @ = 3H (A1pc.+A2p4). Table 1 shows the phenomenological models we
are going to investigate. The inequalities are the stability conditions for the models [27, 28].

Taking into account the first-order perturbation equations, the energy-momentum con-
servation in the synchronous gauge yields [17]

. h 1
O = — <kvc + 2) + 37‘[)\2; (5d — 50) , (2.6)

. h
da=—(1+w) (k:vd + 2) +3H(w — ¢2)da + 3H7 (30 — dc)

—3H (2 — ) BH (1 +w) + 3H (\r + )] 2, (2.7)
1
Ve = —Hv, — 3H <)\1 + T’)\2> Ve s (2.8)
‘ 3H ke2da
bq = —H (1 - 3c2) vd+m(1+c§) (M7 + A2) vg + o (2.9)

where v() is the peculiar velocity of the (I) component and h = 6¢ is the synchronous gauge
metric perturbation. We have defined r = p./p4, ce is the effective sound speed and ¢, is the
adiabatic sound speed for the dark energy fluid at the rest frame.

3 Cosmological data sets

In order to confront our interacting models described in the previous section to the observa-
tional data, we will employ the Bayesian statistics. We implement the background dynamics
and linear perturbation equations of the theoretical model into the CAMB code [29] and
derive the theoretical predictions. On the other hand, we use the CosmoMC code [30, 31] to
estimate the parameters that best describe the observational data.



We use the most recent results of CMB anisotropies from Planck 2015 [1]. In our anal-
ysis we take the data for the low-I (I = 2 — 29) temperature and polarization spectrum (TT,
TE, EE, BB), combined with the high-l TT, TE and EE CMB data in the range [ = 30—2508
for TT and | = 30—1996 for TE and EE. In addition to the CMB data, we also consider BAO
measurements. We combine four different BAO measurements: the 6dFGS at effective red-
shift zeg = 0.106 [32], the SDSS-MGS at effective redshift z.g = 0.15 [33], the BOSS-LOWZ
at effective redshift zeq = 0.32 and the CMASS-DR11 at effective redshift zeq = 0.57 [34]. We
further employ Type Ia supernovae data to better constrain the parameters of our interacting
models. For the SNIa data we consider the “Joint Light-curve Analysis” (JLA) [35], which is
a combination of SNLS and SDSS together with several samples of low redshift supernovae.
Furthermore, we include a conservative gaussian prior for Hy based in recent results [36]

Hy = 70.6 +3.3kms™'Mpc™t. (3.1)

The distances to galaxies are usually inferred through their redshifts. This induces an
error on the distances since the redshift is also affected by the peculiar motions of galaxies.
Thus, such peculiar velocities produce anisotropies in the transverse versus line-of-sight direc-
tions in the redshift space. On large scales, the galaxies tend to fall towards concentrations,
therefore, the velocity field is coupled to the density field. This generates a systematic effect
in the redshift space that can be used to constrain the growth rate of structure. Following
this idea, several groups have worked to constrain the parameter combination fog(z) which
is considered to be model independent, where

f (3.2)

dina 0, Pm om " pm

dnd, H! <56pc T ooy - aQ aQ)
= + 4 m :
The indices m, b represent the total matter (excluding neutrinos) and baryons, respectively.
The last equality shows the dependence of the growth rate on the interaction between dark
sectors, which comes from the fact that cold dark matter no longer evolves in the same way as
baryons in an interacting scenario. If the interaction is null, we re-obtain the standard result.
The growth rate defined in equation (3.2) actually is a function of the wave number k
as well as the redshift, f = f(k, z). We plot the dependence of f with k at a fixed redshift in
figure 1. Since matter structures grow on spatial scales much smaller than that of the Hubble
horizon (k > H), we can take the subhorizon condition in the calculation of f by fixing k at a
large enough value. We can see from figure 1 that f(k) is approximately constant for several
orders of magnitude from the largest k, a pattern that we can observe in all the redshifts of
interest. Therefore, that choice for k seems reasonable.
Another feature we learn from figure 1 is that f defined in eq. (3.2), agrees very well

with f = [o’s(;ml)(z)]2 / [o—édd) (2))? for the ACDM model [2], where O'évd) measures the smoothed

density-velocity correlation and is defined analogously to og = O'édd). However, for the inter-

acting models, the difference between these two definitions can lead to differences on fog(z)
of the same order or more as the error on the observational measurements reported in table 2.

In figure 2a we show the evolutions of f for our interacting models. We notice that
the growth factor of interacting dark energy models can behave in very different ways as
compared to the ACDM model. For Model I, the growth factor f can be enhanced at the
present moment. While for Model II and IV, the growth factor can be a negative value at
the present if the coupling is strong enough.
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Figure 1. The growth rate f as a function of the wave number k. The blue line is for f =
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z fog(2) Reference
0.02  0.360 % 0.040 [11]
0.067  0.423 £ 0.055 [10]
0.10  0.37 4 0.13 [13]
0.17 0.51 £ 0.06 [5]

0.22 0.42 £ 0.07
0.25 0.3512 £ 0.0583
0.30 0.407 £ 0.055
0.35 0.440 £ 0.050
0.37 0.4602 £ 0.0378
0.40 0.419 £ 0.041
0.41 0.45 + 0.04
0.50 0.427 £ 0.043
0.57 0.427 £ 0.066
0.6 0.43 £ 0.04
0.6 0.433 £ 0.067
0.77 0.490 £ 0.180
0.78 0.38 £ 0.04
0.80 0.47 £ 0.08 [

(©7700 [N &5 (09 (<109 [ (&7 00 [N

=
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Table 2. RSD data.

In order to confront our models to large scale structure observations, in table 2 we
list the available fog(z) data sets at different redshifts. Note that the measurement of fog
at z = 0.02 [11] is not obtained using RSD observations, but is inferred from the peculiar
velocities directly from the distance measurements.

To confront the interacting models to observational data, we need to carry out numerical
fitting analysis and we need to set the priors of cosmological parameters as listed in table 3.
Furthermore, we fix the relativistic number of degrees of freedom to N.g = 3.046, the total
neutrino mass to Y m, = 0.06eV and the spectrum lensing normalization to Ay = 1. We
also use a big bang nucleosynthesis consistent scenario to predict the primordial helium
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Figure 2. Evolutions of f and fog(z) as a function of redshift. The blue line is for Model I, the
orange line for Model II, the green line for Model III and the red line is for Model IV. All lines are
plotted with the same strength of the interaction, A; = 0.1, where the equations of state of dark energy
are taken as w ~ —1. The purple line is the best fit for Model II, as described in the sixth column
of table 9, and the brown line is plotted with the same parameters, but without the interaction. We
include the data in table 2 with corresponding error bars in the right panel.

Parameters Prior
Qph? [0.005,0.1]
Q.h? [0.001,0.99]
1006 (0.5, 10]
T [0.01,0.8]
N [0.9,1.1]
log (1010 Ay) [2.7,4]
Model 1 Model IT | Model III | Model IV
w [—1,-0.3] | [-3,—1] [—3,—1] [—3,—1]
A [—0.4,0] [0,0.4] [0,0.01] [0,0.01]

Table 3. The priors for cosmological parameters considered in the analysis for different interaction
models.

abundance. Finally, we set the statistical convergence according to the Gelman and Rubin
criterion R — 1 = 0.03 [37].

4 Numerical fitting results

In our numerical analysis we explore different combinations of the observational data sets.
We first report the results by using only the CMB data sets from Planck 2015 and then
combine it with other data sets such as BAO, SNIa and finally test the interacting model
with the combination of all of these data together with the Hy data.

In table 4 we list the best fit and 68% C.L. values for relevant parameters of Model I
from different analyses. The 1-D marginalized posterior distribution is shown in figure 3a for
some parameters of interest, where we also include our previous results in [17] by using Planck
2013 results for better comparison. Figure 4a have some 2-D posterior distributions. From



Planck Planck+BAO Planck+SNIa Planck+BAO-+SNIa+HO0

Parameter Best fit 68% limits Best fit  68% limits Best fit  68% limits Best fit  68% limits
Qph? 0.02231  0.0222F39001%  0.02213  0.02223700001%1 0.02227  0.022270000158  0.02224  0.0222370-000129
Q.h? 0.04788 0.0713170:9472  0.1085  0.078+J9305 0.09446 0.0785t8;3§;§§ 0.08725 0.0792t8;8§’2§
1000rc 1.045  1.044739015,  1.042 1.04370:00352 1.042 1.04370:009996  1.043 1.04370009996
T 0.08204 0.08063f8j8%51) 0.07242 0.08214Jj8;8£} 0.102 0.08041t8;3{2§ 0.09792 0.08204t8;3}2§
In(1004,) 3.102  3.097T00%8  3.079  3.099700%, 3137  3.00670038  3.131 3.09910 053
ns 0.9639 0.9633t3;83§{§ 0.9649 0.9646t3;3832f‘ 0.9634  0.963870001%  0.9658  0.964510004%
w -0.9765 —0.903175:623 -0.9977  —0.912475023%  -0.9787  —0.915170 0222 -0.9434  —0.91917) 0222
A -0.1831  —0.129775:43 o -0.03784 —0.113775:59%8  -0.07739  —0.1141750:0%5.  -0.09201  —0.11070085,
Hy 7236 68.1739 67.95  68.0571% 68.68  67.997143 68.45  68.187143

Qe 0.8647 0.7899t3;§’8§2 07156 0.780670%43 07511 0.779570984  0.7649  0.779670:94%
Qm 0.1353  0.210170355,  0.2844  0.219470%%4 0.2489  0.2205700727  0.2351  0.22047007%%
o3 1.622  1.4387013 0.9007  1.2447099% 1.024 12331098 1.059 1.2191398
Age/Gyr 1371 13.817000% 13.81 13.870-0308 13.78 13.870-033¢ 13.79 13.870-033¢
Xmin = XoMB T Xprior  XeMB  Xprior + XBao XEMB + Xprior + XéN1a Xems + Xprior + XBao T Xéxta T Xi

12935.29 + 10.89  12936.04 + 9.76 + 5.20 12935.22 + 12.32 + 696.44 12939.85 + 8.89 + 4.93 + 695.39 + 0.44

Table 4. Cosmological parameters — Model 1.

Planck Planck+BAO Planck+SNIa Planck+BAO+SNIa+HO0
Parameter Best fit 68% limits Best fit  68% limits Best fit  68% limits Best fit  68% limits
Qph? 0.02232  0.0222575:990102  0.02221  0.0222375:50014%  0.02217  0.0222270900152 0.02229  0.02224F 0990152
Qch? 0.1314  0.1334700%522  0.1405  0.13527390955  0.1436  0.135775004,  0.1314  0.13517000a4
1000rc 1.04 1.0475:000651 1.04 1.0475:00056 1.039  1.0470:9%0541 1.04 1.0410:000541
T 0.07543  0.07653*3:0177  0.08067 0.08071*99172  0.08452 0.0792379917  0.09871 0.081+391T4
In(10104,) 3.082  3.08870:0342 3.009  3.09610:033 3104 3.09310:0337 3131 3.097+0:9337
ns 0.9657  0.963870:004TT  0.9664  0.9641F39044L  0.9653  0.96367590047T  0.9629  0.964315:9047%
w -1.872  —1.55792% 1131 —1.004%9%8. 1133 —1.097709%L 1087  —1.088+0:005L
A 0.02931 0.0388470038  0.07053 0.05237100%T  0.08191 0.053875 0350 0.03798  0.05219700522
Hy 96.2 83.88713:3 69.15  68.47711 68.66  68.49F147 68.76  68.35714
Qe 0.8331  0.768870050% 0.6583  0.6622+3:927 0.647  0.661375:9277 0.6735  0.661610021
Q, 01669  0.2312709358 03417 03378100248 0.353  0.3387709%3 03265  0.338470028
o3 0.9852  0.90167000: 0.7616  0.7792+3.93%4 0.7513  0.7773700%67 0.8083  0.7774130%42
Age/Gyr 1346  13.59709708 13.78  13.7970:0303 13.79  13.797003%2 13.78  13.7970.0332
Xowin = Xewm + Xgrior Xewp + Xfmor + XBao Xenp + Xf)rior + X&n1a Xenp + X}z)rior + XBao + Xénta + Xin,

12930.22 4+ 11.92  12933.24 4 9.50 + 5.61 12933.39 + 11.00 + 696.05 12935.42 + 9.42 + 5.10 + 696.62 + 0.33

Table 5. Cosmological parameters — Model II.

those results, we observe that Planck 2015 data alone produce a little improvement in the
constraints, but without any significant difference from our previous results by using Planck
2013 results. However, when we take into account the joint constraints with low redshift
measurements, there are some deviations. In particular, the joint analysis with the old data
present a preference for a smaller value of €.h? than employing the current data. The lo
range for the coupling constant is more consistent from different new data sets compared
with that in [17]. In figure 3a we see that the interaction parameter Ag becomes less negative
by using the combined new data sets.

In table 5 we list the best fit and 68% C.L. values for the parameters of Model II. The
1-D and 2-D marginalized posterior distributions are plotted in figures 3b and 4b. Similar to
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Figure 3. 1-D distribution for selected parameters.

Model I, we do not observe any significant difference between the fitting results from Planck
2015 and the previous results obtained from Planck 2013 alone. The joint analyses present
some differences between the current results and the old ones reported in [17]. The main
difference is that w = —1 can only be excluded in the 1o range instead of 20 as that in [17].
On the other hand, there is more room for the interaction to be allowed in the model with
the most recent data sets.

Although we learnt that there are differences in observations between Planck 2013 and
Planck 2015, especially at large scales, these differences are not strong enough to improve
the constraints on the interaction models I and II. The reason behind is that theoretically
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Figure 4. 2-D distribution for selected parameters.
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Planck Planck+BAO Planck+SNIa Planck+BAO+SNIa+HO0

Parameter Best fit 68% limits Best fit 68% limits Best fit  68% limits Best fit 68% limits
Qh? 0.0223 0.0223570:00017  0.02214  0.0223T5-000154 0.02211  0.022327590017%  0.02232  0.0222870-000154
Q.h? 0.1198 0.123610-00235 0.1219 0.122310-0014 0.1235  0.125375:9927, 0.121 0.121673:00119
10060370 1.041 104115900877 1.04 10413900816 1.04 1043900875 1.041 10414300028
T 0.07784  0.07051+3:9182 0.08062  0.07547+3:9168 0.07695  0.071175:9172 0.06406  0.07728+5:9169
In(10"4,) 3.087 3.07410:0337 3.097 3.08410326 3.09 3.07510:0539 3.062 3.08810:0551
ng 0.9649 0.960810-00208 0.9614 0.961710-00416 0.9604  0.958975:00492 0.9618 0.962473:00199
w —1.701 —1.70210-298 —1.139 —1.167+5:593¢ —~1.078  —1.13210:09%8 —1.06 —1.10415:0267
AL 0.0004372  0.0014589-900378 (. 0007481  0.000944675:990392  0.001086  0.001828T5:909855  (.0007273  0.0007127+5-000256
Hy 89.51 84.9141%! 69.56 70.11%12 66.85 66.9113% 67.93 68.911057°
Qe 0.8218 0.788+9055¢ 0.701 0.70410:013¢ 0.6728  0.667875:0%2 0.688 0.695510:00%
Q, 0.1782 0.212+0:0268 0.299 0.29610:0158 0.3272  0.332275:9214 0.312 0.304515:00886
o3 1.016 0.988510:562 0.8666 0.865410038" 0.8464  0.843275:0:8% 0.8293 0.853510: 0108
Age/CGyr  13.55 13.7159192 13.84 13.83F0.0147 13.91 13.951099%8 13.85 13.8375:0%8
Xowin = Xéwm + Xgrior Xenn + X;2)r10r + XBao Xenn + X}Z)rior + Xénta Xenp + X]%rior + XBao + Xénta + X

12933.78 + 9.74  12937.59 + 8.33 + 6.80 12935.62 + 12.68 + 695.84 12936.81 + 10.18 + 5.95 + 696.93 + 0.68

Table 6. Cosmological parameters — Model III.

at large scales there exists degeneracy between the coupling constant and the equation of
state of dark energy in these two models [15, 38]. Near the first acoustic peak, the coupling
constant is again degenerate with the dark matter abundance. Small differences between
Planck 2015 and 2013 data at low [ are not effective enough to break these degeneracies so
that the model parameters for Models I and II cannot be constrained much better. Some
improvements in the model parameters discussed above can be attributed to the accuracy of
the new data.

Now we move on to discuss the constraints on Model III, which is presented in table 6.
The 1-D and 2-D posterior distributions are plotted in figures 3c and 4c, respectively. It
is clear that the fittings with Planck 2015 data alone present us a much better constraint
on the model parameters as shown in figure 3c if we compare with the previous analysis by
using Planck 2013 results. This is quite obvious in the 1o range. If we add low redshift
measurements, the new constraints for w have become much closer to —1, but w = —1 is still
excluded in more than 99% C.L.. The interaction has been constrained to a smaller positive
value with the new data sets compared with the previous tests.

Now we report the fitting results for Model IV with the new data sets. In table 7 we
list detailed information on the constraints of the model parameters. The most significant
1-D and 2-D posterior distributions are plotted in figures 3d and 4d, respectively. The
improvements on the constraints of the model parameters are similar to Model III. The major
difference we observe is that the new data sets allow more room for a nonzero interaction
than that obtained by using the old data [17]. In the analysis using Planck 2013 data, the
constrained coupling strength for Model IIT and Model IV are distinct: the posterior peak
of A1 in Model III is at ~ 1073, while in Model IV it strongly prefers A ~ 0. However, the
results in the analysis using Planck 2015 data for these two models become similar. In both
models the coupling coefficient peaks appear at ~ 1072 though still the null interactions are
not ruled out completely.

For Models IIT and IV, the physics presented in [16] told us that for these two models
the coupling constant can be distinguished from the dark energy equation of state at small [
CMB spectrum. This is why we have tighter constraints on the coupling constant in these two
models than in Models I and II. Besides, the tight constraint on the coupling constant can also
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Planck Planck+BAO Planck+SNIa Planck+BAO+SNIa+HO0

Parameter Best fit 68% limits Best fit  68% limits Best fit  68% limits Best fit 68% limits
Qyh? 0.0223 0.0223573000178  .02237  0.0223+0:000167 0.02234  0.0223350000172 0.02235  0.022287 000018
Qch? 0.1209 0.124730028 01216  0.122675:90138 0.1236  0.1255700055  0.1212 0.121879:90123
1000p¢ 1.041 1.041F5- 900575 1.041 1.04175000517 1.041 1.0475.000571 1.041 104119900505
T 0.084 0.0704315-01%6 0.07245  0.0755210. 0173 0.09833  0.07173%909172  0.09174  0.077091991%5
In(10104,) 3.1 3.073+0:0%1 3.073 3.08475:0%38 3.129 3.07615:933 3.121 3.08710.0%31
1 0.9634 0.9609F990212 0.9661  0.961975:9428 0.9584  0.959270:50438  0.9645 0.96241390417
w -1.674 —1.69170:318 -1.182  —1.165100%%3 —-1.081  —1.132%39%82  —1.067 —1.10515:0358
A 0.0007646  0.001416+3:009355  0.001101  0.00095297 0000420 0.001234  0.00180710:00051  0.0002468  0.000735+ 0000204
Hy 87.25 84.63F1% 71.03 70.02F1 25 67.08 66.97197 68.66 68.8810554
Qe 0.8111 0.785970: 0575 0.7133  0.702879912, 0.6743  0.6678709282 0.6941 0.694710-0088
Qi 0.1889 0.214175:027 0.2867  0.2972F39132 0.3257  0.332270:92%9 0.3059 0.305310-0089
o8 1.006 0.983310:302 0.8586  0.863170:0353 0.8567  0.841170553 0.8657 0.852190157
Age/Gyr  13.61 13.7150-1%2 13.81 13.8310017 13.9 13.94109%%5 13.79 13.8310:0%8
Xmin = XeMB T Xprior  XeMB T Xprior + XBao XEMB T Xprior T X8NIa XEMB T Xprior T XBa0 + Xénta T Xir,

12931.37 + 11.90 12936.13 + 7.80 + 8.33 12936.11 + 10.90 + 695.65 12937.13 + 10.61 + 5.53 + 695.74 + 0.37

Table 7. Cosmological parameters — Model IV.

help in turn to break the degeneracy in model parameters and get better constraints on dark
energy equation of state and dark matter abundance. With the better quality of the Planck
2015 data sets and their differences from Planck 2013 result, especially at small [, the model
parameters in Models III and IV can be better constrained compared with the old results.

In the following discussion, we add new complementary data sets from large scale struc-
ture observations, the redshift-space distortions data in table 2, to investigate the constraints
on interacting dark energy models from the joint analysis of BAO + SNIa + Hy + RSD,!
Planck 2015 + RSD and Planck 2015 + BAO + SNIa + Hy + RSD. The behaviors of the
four interacting models confronting to RSD data alone produce results similar to those by
employing other low redshift measurements, but with broader uncertainties due to the big
error bars in the RSD data observations. Thus it is still premature to use the RSD data
alone in constraining the cosmological models. But this does not reduce the importance to
include the RSD data as a complementary joint test together with other observational data
to examine the cosmological models. In figure 2b, we observe that when the interaction is
large enough, it can lead to an accelerated growth of structures or even a decrease of the
growth at late times for different interacting models. Thus the RSD data are useful to be
used to effectively test the interacting dark energy models.

In table 8 we present the best fit and 68% C.L. limits by combining RSD data to con-
strain Model I. The 1-D and 2-D posterior distributions are plotted in figures 5a and 6a,
respectively. For better comparison, we also include the result by using Planck 2015 data
again. We see that the constraints from the low redshift measurements are consistent with
the CMB measurements but with a narrower posterior for the parameters than the CMB
observation. In the discussion above we found that the Planck result adding other measure-
ments can put a preference for a negative interaction for Model I, while including the RSD
data we see that the interaction has been excluded with high probability. This effect can
be attributed to the fact that the growth factor for Model I can grow at late times, which
is actually not observed from RSD data. Similar result was also obtained in [21]. In [39],
a special interaction model with a vacuum energy interacting with dark matter was investi-

'In this case, we fix the parameters 7, A, and ns to the mean value from Planck 2015.
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Planck BAO+SNIa+H0+RSD Planck+RSD Planck+BAO+SNIa+H0+RSD

Parameter Best fit  68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits
Qh? 0.02231  0.02227090018  0.03126  0.02173100%" 0.02216  0.02224739901%8  0.02233 0.0223770-990142
Qch? 0.04788  0.0713170:0372 0.1 0.10315:90%08 0.1194 0.118515: 90182 0.1172 0.1175:00134
1000y ¢ 1.045 1.0447000%5,  1.013 10355003, 1.041 1.04150000839 1.041 1.04175:550308
T 0.08204  0.080633917 - - 0.07073 0.07198 39177 0.05918 0.0658319901%,
In(10°4,) 3.102  3.007X05338 - - 3.074 3.077E) 088 3.044 3.0617095%9
ns 09639 096331000412 - - 0.9649 0.9648+0:00451 0.9718 0.9683+0:00431
w —0.9765 —0.903170028 —0.9891  —0.902275:02%8 —0.8446  —0.784170:0809 —0.975 —0.954110:0188
A2 —0.1831  —0.1297108% 0 —0.002222  —0.00692575:99992  —0.002074 —0.0025661 000255  —0.0009821 —0.00181575-90182
Hy 7236 68.1159° 68.15 67.8410972 62.7 61.3272% 67.47 66.857053
Qe 0.8647  0.78997099%%  0.6944 0.7274700352 0.6383 0.6221700556 0.692 0.6865+ 0987
Qm 0.1353  0.210170895:  0.3056 0.272610:0392 0.3617 0.377910:02%4 0.308 0.313510:00755
s 1.622 1.438+0:148 0.739 0.763370 0208 0.7817 0.7622700518 0.7996 0.800370 0123
Age/Gyr  13.71 13.811005%6 13.72 139710268 13.93 13.97100087 13.8 13.8240:0288
Xoin = Xeam T Xgrior XBao + Xénta + X1, + Xhsp Xéns T X;%rior + Xksp Xéns + Xf)rior + XBao + Xt + XF, + Xhsp

12935.29 + 10.89 11.84 + 695.28 + 0.54 + 7.51 12935.90 + 11.04 + 16.11 12041.97 + 11.24 + 18.48 + 695.66 + 0.87 + 14.43

Table 8. Cosmological parameters using RSD data — Model 1.

gated and it was found that when the interaction is time-dependent and proportional to the
energy density of dark energy, the nonzero interaction between dark sectors is still allowed by
the RSD data. The joint analysis by combing the RSD data together with the Planck data
presents us a strange result, the nonzero interaction is no longer allowed but the mean value
of dark energy equation of state tends to w = —0.7841 in conflict with the ACDM result
in more than 99% C.L. The inclusion of other measurements can alleviate this tension by
allowing the dark energy equation of state closer to w = —1. To better understand this effect,
we plot in figure 7 some distributions for RSD alone,? together with the distributions from
Planck 2015 and Planck + RSD. What we can see is that there is ~ 1o tension between the
values for Q.h? from RSD and Planck alone, the RSD data preferring higher values. Thus,
in the joint analysis, the value of .h? is tight constrained to Q.h% ~ 0.12. On the other
hand, the value of og is tight constrained to og =~ 0.76. Thus, looking at figure 8a, we can
see that those values correspond to the right end of the og x Q.h? curves, where there is less
room for w close to -1. Figure 8b shows those curves for the Planck + RSD joint analysis,
which can be thought as a zoom in figure 8a.

The constraints for Model II by employing the RSD data are reported in table 9 and
the 1-D and 2-D posterior distributions are shown in figures 5b and 6b. We observe that the
combination of RSD with Planck data shows a preference for the dark energy equation of state
close to —1 but keeps the interaction parameter positive by excluding the null interaction
possibility. The joint analysis including all data establishes the best fit value for the coupling
Ao = 0.01935 with mean Ao = 0.02047, and excludes a null interaction in more than 99%
C.L.. In a recent paper [19], the authors also obtained a result consistent with a positive
interaction, although they did a different analysis for the RSD data. They used a combination
of BAO/RSD data in addition to Planck 2015. The BAO data used in [19] are the same as the
BAO data sets in this work and the RSD data were taken from [40]. The positive interaction
is interesting to us, since it can help alleviate the coincidence problem as there is longer
time for the energy densities of dark matter and dark energy to be comparable. Therefore,
Model II arises as a possible candidate to solve the coincidence problem in light of the new
complementary RSD data.

2Here we also fix 7, As and ns to the mean value from Planck 2015.
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Figure 5. 1-D distribution for selected parameters using RSD data.

Unlike Models I and II, the interaction Models IIT and IV have not been tested with the
RSD data in the available references. Here we are going to investigate the Models IIT and IV
by confronting to RSD data sets and other external measurements. In tables 10 and 11 we
report the best fits and 68% C.L. limits respectively. The 1-D and 2-D posterior distributions
are shown in figures 5¢ and 6¢ for Model III, and figures 5d and 6d for Model IV. The results
indicate that there is a tension between the expected dark energy equation of state from
Planck and by using low redshift measurements alone. Planck data show a tendency for
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Figure 6. 2-D distribution for selected parameters using RSD data.
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Figure 7. 1-D and 2-D distributions for Model I with Planck and RSD data.

more negative values of w, while low redshift measurements give more consistent result with
w = —1. Therefore, the joint analyses lead to an equation of state for dark energy close
to minus one, but still exclude it in more than 99% C.L. limit. There are rooms for small
positive interaction in those models, although one order of magnitude smaller than the value
obtained for Model II. Unlike Model II, the zero interaction cannot be clearly ruled out from
the available data fitting.

It is worth to mention here another result observed in tables 4-11. Apart from Model
I, where the constraints from Planck alone are large enough, the constrained values of Hy
and og using Planck data alone are significantly higher than that using any other data set at
low redshift. This indicates that there is a tension between the constrained Hy and og from
Planck and by using low redshift measurements in the interacting dark energy scenario. This
tension also exists in the equation of state of DE as was reported in the above discussion.
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Figure 8. 3-D distribution for selected parameters of Model 1.

5 Conclusions

Dark energy and dark matter occupy the largest parts of energy contents of the universe. It
is natural to consider the interaction between them. In this work we confront the commonly
studied phenomenological interactions between dark energy and dark matter to complemen-
tary updated observational data sets. We find that although the Planck 2015 data sets have
been improved compared with Planck 2013 results, its constraints on Models I and II are
not sufficiently improved. This probably is due to the degeneracies in theoretical model pa-
rameters. With the Planck 2015 measurements, the constraints on the model parameters
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Planck BAO+SNIa+HO0+RSD Planck+RSD Planck+BAO+SNIa+H0+RSD
Parameter Best fit 68% limits Best fit  68% limits Best fit  68% limits Best fit  68% limits
Qph? 0.02232  0.0222570:000162 003769 0.05248T5:0137  0.02221  0.02227390015T 0.02243  0.0222675:500158
Q. h? 0.1314  0.1334700%22 01172 0.1282755%808 01245 0.12677090%02  0.1246  0.125670-00258
10005 1.04 1.0470:000651 0.9973  0.9656739316  1.041 1.0470:000358 1.04 1.0470:000%15
T 0.07543  0.0765370:0177 - - 0.0553  0.0696370:0165  0.0715  0.07244 139164
In(10"°4,) 3.082  3.0887)0512 - - 3.044  3.074755317 3.078  3.0787553%21
g 0.9657  0.9638739997T - - 0.9637  0.9628T399972  0.9684  0.964770:993%9
w —~1.872  —1.55%02% —-1.051  —1.264752%% 105  —1.036700., —1.005 —1.03575:5341
A 0.02931  0.0388470:001%  0.005695 0.0208575:05598  0.01486  0.022157090%,  0.01935  0.0204775:50558
Hy 96.2 83.887133 67.91 68.07 1, 68.27  67.5510:9% 67.45  67.8910:%01
Qae 0.8331  0.768875:5778 0.6628  0.608475:50321  0.6838  0.6718TJ9182  0.6755  0.67757500%
Qm 0.1669  0.231213.9353 0.3372  0.3916733%%9  0.3162  0.328275018% 03245  0.322570000¢
o8 0.9852  0.90161005° 07216 0.6998700%3F  0.8004  0.7977F0013t  0.7895  0.7991700133
Age/Gyr 1346  13.5970Y7%° 13.55 13.24703% 1379  13.8150072 13.8 13.8700537
Xowin = XoMmB T Xprior XBao + Xanta T X1, + XRsp XeaB + Xrior + Xhsp XEMB + Xprior + XBao + Xénta + Xir, + XRsp
12930.22 + 11.92  11.12 + 695.78 + 0.66 + 7.25 12935.95 + 9.74 + 12.07 12938.57 + 8.86 + 14.56 + 696.08 + 0.89 + 10.33

Table 9. Cosmological parameters using RSD data — Model II.

Planck BAO+SNIa+HO0+RSD Planck+RSD Planck+BAO+SNIa+H0+RSD
Parameter Best fit 68% limits Best fit  68% limits Best fit 68% limits Best fit 68% limits
Q02 0.0223 0.02235109007  0.02324  0.040027591%0  0.02225  0.0223370900165  0.02235  0.0223270-000156
Q.h2 0.1198 0.1236+0002% 01268 0.123670999%  0.1196 0.1217F00020 0.1194 0.1203¥3:0013%
1000pc  1.041 1.04175:560877 1.07 100915557 1.041 104175000549 1.041 1.04175:560298
T 0.07784  0.0705170152 - - 0.05039  0.0426173182 0.0483 0.04598 100136
In(10°4,) 3.087 3.074500%5% - - 3.028 3.01410.0593 3.025 3.021559%
ns 0.9649 0.96081 900508 - - 0.962 0.962210-004% 0.9652 0.963410:00414
w ~1.701 —1.702+0:208 —~1.064  —1.159%08%8  —1.061  —1.0751003%2 —-1.055  —1.06970:0%68
M 0.0004372  0.00145873:9993%3  0.009867  0.00504670-00402  0.0002835  0.001104F3990277  0.0003881  0.0006628™ 500243
Hy 89.51 84.91735! 68.34 68.4270:95¢ 68.86 67747213 68.87 68.5479 199
Qe 0.8218 0.7881 00558 0.6774  0.648870:0416 0.6995 0.683710:0277 0.6998 0.694810-00914
Q, 0.1782 0.21210 0258 0.3226  0.3512700% 0.3005 0.316310-0357 0.3002 0.305275-90934
o3 1.016 0.98851 0002 0.731 0.7032+0:0381 0.8193 0.809119:017 0.8155 0.814610:0126
Age/Gyr  13.55 13.7170-192 13.72 13.4679287 13.81 13.8870:9%% 13.8 13.83700822
Xmin = XeMB Tt Xprior  XBao T Xénta T X, T XRsD  XCMB T Xprior + XRsD XEMB  Xprior + XBao + Xénta + X, T X&sD

12933.78 + 9.74 11.75 + 695.47 + 0.49 4 7.30 12944.86 + 9.23 + 21.98 12941.76 + 14.04 + 25.61 + 696.32 + 0.30 + 20.24

Table 10. Cosmological parameters using RSD data — Model III.

for Model III and IV can be clearly improved. Some differences in the fitting results com-
pared with [17] have been observed, especially for Model III and IV when employing the
combination of data sets from the low redshift measurements and Planck 2015 results.

Including the RSD observational data and combing it with other data sets is very
interesting. We can rule out the Model I since the previous negative interaction becomes
basically negligible when the RSD data are considered. Furthermore for Model II, we are
sure that a positive interaction always exists which can contribute to alleviate the coincidence
problem. For Model III and IV, although the coupling can be small positive, we are still not
confident to rule out the null interaction possibility. However the interesting thing in these
two models is that we can argue that the dark energy cannot be cosmological constant there.
These interesting results can be attributed to the complementary RSD data we have included
in the analyses. We expect that future more precise RSD data can help us to draw more
solid conclusions on examining the theoretical models.
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Planck BAO+SNIa+H0+RSD Planck+RSD Planck+BAO+SNIa+H0+RSD

Parameter Best fit 68% limits Best fit  68% limits Best fit  68% limits Best fit  68% limits

Qh? 0.0223 0.0223573900178  0.0325  0.03945799192  0.02226  0.02236+39901%%  0.02245  0.0223375-999154
Qch2 0.1209 0.12470:00%8 0.1257  0.127670008%  0.1247  0.12327099%%%  0.1208  0.1207700015G
1000p1¢ 1.041 1.041F9- 900572 1.031 1.01240.9558 1.041 1.04170:000362 1,041 1041103005

T 0.084 0.0704375:0155 - - 0.0409  0.0425709162 0.05067  0.0465970013°
n(10104,) 3.1 3.073500%) - - 3011 3.01379%12 3024 3.022400%%8

ns 0.9634 0.960975:50512 - - 0.9573  0.96157300480  0.9645  0.963370:304%

w —1.674 —1.69170:38 -1.08 —117280 s —1.058  —L.077i00%S  —1.051  —1.07109%%

M 0.0007646  0.0014163000995°  0.005467  0.0052570- 90478 0.001596  0.00153¥0:00057"  0.001205  0.0007587%0 000a0s
Hy 87.25 84.63715* 68.14 68.337 3 79 65.64 66.8972:47 67.59 68.470-807

Qe 0.8111 0.785910 0575 0.6578  0.6406750301 0.6573  0.671710051% 0.6851  0.6926109%921
Qun 0.1889 0.214175927 0.3422  0.359470:9%1 0.3427  0.3283%0%214 03149 0.307470:90%,

os 1.006 0.9833105%2 0.7174  0.707970:53% 0.7995  0.802470:018, 0.8012  0.8129705132
Age/Gyr  13.61 13.71591% 13.54 13.437925% 13.95 13.92409508 13.87 1384100370

Xoin = Xeam T X;l)rior XBao + Xén1a + X1, + Xhsp Xens T X?arior + Xksp Xéns + Xf)rior + XBao + X&nia + XF,  Xhsp

12931.37 + 11.90 11.18 + 695.79 + 0.56 + 7.23 12941.16 + 11.10 + 23.33 12947.69 + 11.07 + 23.38 + 695.49 + 0.85 + 17.58

Table 11. Cosmological parameters using RSD data — Model IV.

In conclusion, with the newly released complementary data sets, we show that the cou-
pled dark energy and dark matter models are viable options to describe the current universe.
Moreover these models can help to solve the coincidence problem that the so called concor-
dance ACDM model is suffering. Further examining the interaction between dark energy and
dark matter can help us understand better on the nature of dark sectors of the universe.
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