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Interacting dark energy and dark matter is used to go beyond the standard cosmology. We base our
arguments on Planck data and conclude that an interaction is compatible with the observations and can
provide a strong argument towards consistency of different values of cosmological parameters.
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I. INTRODUCTION

The incredible amount of precise astronomical data
released in the past few years provided great opportunities
to answer problems in cosmology and astrophysics.
Recently, the Planck team released their first data with
higher precision and new full sky measurements of the
cosmic microwave background (CMB) temperature anisot-
ropies in a wide range of multipoles (/ < 2500) [1-3]. Such
precision allows us to test cosmological models and
determine cosmological parameters with high accuracy.

The Planck team analysis showed that the Universe is flat
and in full agreement with the ACDM cosmological model,
especially for the high multipoles (/ > 40). However, the
value of the Hubble parameter today presents about 2.5 ¢
tension in comparison with other low redshift probes, for
example the direct measurement done by Hubble Space
Telescope (HST) [4]. If this difference is not introduced by
systematics, this can point out an observational challenge
for the standard ACDM model. The Planck determination
of H, assumed a theoretical ACDM model, which can
influence its value on H.

Theoretically the ACDM model itself is facing chal-
lenges, such as the cosmological constant problem [5] and
the coincidence problem [6]. The first problem refers to the
small observed value of the cosmological constant incom-
patible with the vacuum energy description in field theory.
The second problem refers to the fact that we have no natural
explanation for why the energy densities of dark matter and
vacuum energy are of the same order today. These problems
open the avenue for alternative models of dark energy to
substitute for the cosmological constant description. An
example of this would be the use of a component with
dynamically varying equation of state parameter to describe
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the dark energy. However, although this can alleviate the
coincidence problem, it suffers from the fine-tuning prob-
lem. Thus, these models are not prevailing.

Another way to alleviate the coincidence problem, which
embarrasses the standard ACDM cosmology, is to consider
an interaction between dark energy and dark matter.
Considering that dark energy and dark matter contribute
significant fractions of the contents of the Universe, it is
natural, in the framework of field theory, to consider an
interaction between them. The appropriate interaction can
accommodate an effective dark energy equation of state in
the phantom region at the present time. The interaction
between dark energy and dark matter will affect signifi-
cantly the expansion history of the Universe and the
evolution of density perturbations, changing their growth.
The possibility of the interaction between dark sectors has
been widely discussed in the literature [7-40]. Determining
the existence of dark matter and dark energy interactions is
an observational endeavor that could provide an interesting
insight into the nature of the dark sectors.

Since the physical properties of dark matter and dark
energy at the present moment are unknown, we cannot
derive the precise form of the interaction from first princi-
ples. For simplicity, most considerations of the interaction in
the literature are from phenomenology. Attempts to describe
the interaction from field theory have been proposed in
[41-43]. In this paper we will concentrate on a phenom-
enological model of the interaction between dark matter and
dark energy, which is in a linear combination of energy
densities of the dark sectors Q.= 3H(&p. + Epg)
[17,33,44], where &, and &, are dimensionless parameters
and assumed to be time independent for simplicity. This
model was widely studied in [17,22,38,45-48]. It was
disclosed by the late integrated Sachs-Wolf (ISW) effect
[29,31] that the interaction between dark matter and dark
energy influences the CMB at low multipoles and at
high multipoles through gravitational lensing [48,49].
With the WMAP data [29,31] together with galaxy cluster
observations [38,39] and also recent kinetic Sunyaev-
Zel’dovich effect observations [50], it was found that this
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phenomenological interaction between dark energy and
dark matter is viable and the coupling constant is positive,
indicating that there is energy flow from dark energy to
dark matter, which is required to alleviate the coinci-
dence problem and to satisfy the second law of thermo-
dynamics [20].

It is of great interest to employ the latest high-precision
Planck data to further constrain the phenomenological
interaction model. This is the main motivation of the
present work. We will compare the constraint from the
Planck data with previous constraints from WMAP data
[29,31]. In particular, we want to examine whether, with the
interaction between dark matter and dark energy, we can
reduce the tension on the value of H|, at present. We will
combine the CMB data from Planck with other cosmo-
logical probes such as the baryonic acoustic oscillations
(BAO), supernovas and the latest constraint on the Hubble
constant [4]. We want to see how these different probes
will influence the cosmological parameters and put tight
constraints on the interaction between dark sectors.

This paper is organized as follows: in Sec. Il we will
describe the phenomenological interaction model between
dark sectors and present the linear perturbation equations.
In Sec. IIT we will explain the methods used in the analysis.
Section IV will present the results of the analysis and
discussions. In the last section we will summarize our
results.

II. THE PHENOMENOLOGICAL MODEL ON THE
INTERACTION BETWEEN DARK SECTORS

The formalism describing the evolution of matter and
dark energy density perturbations without [51,52] and with
dark matter and dark energy interaction [33] is well
established. If dark matter and dark energy are coupled
with each other, the energy-momentum tensor T’(‘;) of each
individual component 1 = ¢, d is no longer conserved.
Instead,

VTG = Qs (1)

where Ql(’z) is the four-vector governing the energy-

momentum transfer between dark components and the
subscript (4) can refer to dark matter (¢) and dark energy
(d), respectively. With interaction between dark sectors,
dark matter and dark energy components are not conserved

TABLE L
effective equation of state for both fluids.
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separately, but the energy-momentum tensor of the whole
dark sector is still conserved; thus, Q?C) = —Q’(“ 0

Assuming a spatially flat Friedmann-Robertson-Walker
background, from the energy conservation of the full
energy-momentum tensor, we can derive the equations
of evolution of the mean dark matter and dark energy
densities,

pe+3Hp, = a2Q(c) = +a0,
pat H( + w)p, = Q) = —aQ.

(2)
where the derivatives and the Hubble parameter H are in
conformal time, p, is the energy density for dark matter,
® = py/pg is the equation of state of dark energy, a is the
scale factor and Q was chosen to be the energy transfer in
cosmic time coordinates. We emphasize that the homo-
geneity and isotropy of the background require the spatial
components of Q7 to be zero.

We concentrate on the phenomenological interaction as a
linear combination of energy densities of dark sectors with
the form of Q = 3H (& p. + Ep,), which describes the
energy transfer. In the above expression of the continuity
equations, if Q > 0, we have that the dark energy transfers
energy to the dark matter, while if it is negative, the transfer
is in the opposite direction. In studying the curvature
perturbation, it has been made clear that when the inter-
action is proportional to the energy density of dark energy
(Q =3Hé,p,), we get a stable curvature perturbation
except for w = —1; however, when the interaction is
proportional to the dark matter density (Q = 3H¢ p,.) or
total dark sectors (Q = 3HE(p, + pg)), the curvature per-
turbation can only be stable when the constant dark energy
equation of state satisfies @ < —1 [17]. For the case of a
time-dependent dark energy equation of state, the stability
of curvature perturbations was discussed in [18,19]. With
the interaction, the effective background equations of state
for the dark matter and dark energy change to

a* Q!

w = ang
ceff — = ’
' 3Hp,

Deff = @ — 3Hp, ) (3)

where @ is the equation of state of dark energy. We
summarize different forms of the interaction with the
effective background equation of state in Table I as done
in [48], and we label our models with roman numerals.

In this table we present the different coupling models considered with its constraints, dark energy equation of state and the

Model Q DE EoS D¢ off @ eff Constraints
1 3§2H/)d -l<w< 0 _52/1" w + 52 52 < —szL
II 36Hp, o <-1 =&/r o+ & & < 200,
111 3¢ Hp, w < -1 -& w+Er 0<¢é <—-w/b
v 3EH(pg + pe) w<-1 —&(1+1/r) o+ Er+1) 0<é<—-w/4
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FIG. 1 (color online).
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(b)

Evolution of the dark energy to dark matter energy density ratio r = p./p, in a model with Q = 3H (& p,. +

&,p,) for different coupling constants. (a) The red dashed line corresponds to Planck best-fit model I, with & = —0.1881 corresponding
to the lowest value in the 68% C.L. as in Table X. The black solid line has the same parameters but no interaction. (b) The black solid line
corresponds to a noninteracting model with w = —1.65 and Q; = 0.78. The red dot-dashed line describes model II listed in the first
column of Table XI with &, = 0.2. The green dashed line corresponds to Planck best-fit model III (see Table XII), and the blue dotted

line, to Planck best-fit model IV (see Table XIII).

In order to solve the coincidence problem, we require the
ratio of the energy densities of dark matter and dark energy,
r = p./paq> 10 be a constant in the expansion history of our
Universe. This leads to a quadratic equation,

G+ (& +E+o)r+ & =0. (4)

The solutions of this equation can lead to unphysical
results, such as the negative energy density of cold DM
in the past or complex roots. For different phenomeno-
logical models of the interaction between dark sectors, the
conditions to obtain physical results, positive energy
densities and real roots were summarized in [48] as shown
in Table I. Figure 1 illustrates the behavior of r for the four
interacting models. We observe that, for the interaction
proportional to the energy density of dark energy, a positive
interaction can help to alleviate the coincidence problem as
there is a longer period for the energy densities of dark
matter and dark energy to be comparable. In contrast, a
negative interaction can not alleviate the coincidence
problem. For the interaction proportional to the energy
density of dark matter or to the sum of both energies, the
ratio r presents a scaling behavior.

From the background dynamics we see that when we
introduce the phenomenological interaction between dark
sectors, it is possible to have the scaling solution of the ratio
between dark matter and dark energy, which can help to
alleviate the coincidence problem. However, in the back-
ground dynamics there appears an inevitable degeneracy
between the coupling in dark sectors and the dark energy
equation of state. In general this degeneracy cannot be
broken by just investigating the dynamics of the back-
ground spacetime, except in the case when the coupling is
proportional to the dark matter density (model III) as was
discussed in [48]. It is expected that the degeneracy
between the coupling and other cosmological parameters
can be solved in the perturbed spacetime by considering the

evolution of the perturbations of dark energy and dark
matter. The perturbed FRW spacetime has a metric given by

ds* = a*[—(1 + 2y)dz* + 20,Bdzdx’
+ (1 + 2¢)5,jdx’dxj + Dijdeidxj], (5)

where
1

The functions v, B, ¢ and E represent the scalar metric
perturbations. In the synchronous gauge w = B = 0.
We will use an energy-momentum tensor of the form

T(z.x,y.2) = (p + P)UU* + Pg", (7)

where p, P are composed by a term depending only on time
plus a small perturbation that depends on all coordinates.
The four-velocity reads

Ut =a' (1 =y, D), (8)

where 7;) can be written as minus the gradient of a peculiar
velocity potential v(; plus a zero divergence vector. Only
the first one contributes to scalar perturbations. In the
Fourier space, we use the convention to divide the velocity
potential by an additional factor of k = |k| so that it has the
same dimension as the vector part. Thus,

0

V.9 =-V2=ko. 9)

Following [16] we write the perturbed pressure of dark
energy as
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3H(1
8Py = czbypa + (cz = c3) SR+ @)vapy —l—kw)vdpd - ang% :
(10)

where § = 8p/p is the density contrast, c2 is the effective
sound speed of dark energy at its rest frame, which we set to
one, and c2 is the adiabatic sound speed. As discussed in
[48], the perturbed four-vector 6Q6) can be decomposed
into

11/g 1
500 =+ <_2Q +55Q> + 000 = Q| Q07
t

(11)

Here the + sign refers to dark matter or dark energy,
respectively, and 60,y is the potential of the perturbed
energy-momentum transfer 60 ;) Q; (1)|t is the external
nongravitational force density, and v, is the average
velocity of the energy transfer. In this paper we consider
that there is no nongravitational interaction between dark
energy and dark matter; only an inertial drag effect appears
due to stationary energy transfer. Thus Q; (/1)|t and v,
vanish, which implies that 6Q! )= 0.

In the synchronous gauge, the linear order perturbation
equations for dark matter and dark energy read [48]

) h 1
5, = —(kvc +§> + 3ng;(5d —68.). (12)

- h
6;=—-(1+w) (kvd + —) + 3H(w — ¢2)8,

2
+ 3HE (84— 8,) — 3H(cz — c2)[BH(1 + )
+3H(Er+ &) 2L (13)
i}c = _ch -3H (él +%§2> Ve, (14)
. 3H
by =—H(1 =3c2)vy +1+—w(1 + c2)(Er+ &)y
kC%5d
l+o’ (15)

where i = 6¢ is the synchronous gauge metric perturbation
and v, is the peculiar velocity of the dark energy. The
peculiar velocity of the dark matter v,. is considered to be null
because we are working in a frame comoving with the matter
fluid. To solve equations (12)—(15), we set initial conditions
according to [17]. In the linear perturbation formalism, the
influence of the interaction between dark energy and dark
matter on the CMB can be calculated by modifying the
CAMB code [53]. This can be done by directly including
equations (2), (12), (13), (14) and (15) in the code.

In [48] it was uncovered that in addition to modifying the
CMB spectrum at small [/, the coupling between dark
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sectors can shift the acoustic peaks at large multipoles.
While the change of equation of state of dark energy can
only modify the low [ CMB power spectrum, it leaves the
acoustic peaks basically unchanged. This provides the
possibility to break the degeneracy between the coupling
and the equation of state of dark energy in the linear
perturbation theory. Furthermore, it was observed that the
abundance of dark matter can influence the acoustic peaks
in CMB, especially the first and the second ones. The
degeneracy between the abundance of the dark matter and
the coupling between dark sectors can be broken by
examining the CMB spectrum at large scale, since only
the coupling between dark sectors influences the large scale
CMB spectrum. Theoretically it was observed that there are
possible ways to break the degeneracy between the inter-
action, dark energy equation of state and the dark matter
abundance in the perturbation theory [48]. This can help to
get tight constraint on the interaction between dark energy
and dark matter.

In the following we are going to extract the signature of
the interaction and constraints on other cosmological
parameters by using the Planck CMB data together with
other observational data and compare with previous results
obtained in [48] by employing WMAP data.

III. METHOD ON DATA ANALYSIS

We compute the CMB power spectrum with the modified
version of CAMB code [53], in which we have included
both background and linear perturbation equations in the
presence of a coupling between dark matter and dark
energy. To compare theory with observations, we employ
the Markov chain Monte Carlo (MCMC) methodology
and use the modified version of the program CosMOMC
[54,55], by setting the statistical convergence for Gelman
and Rubin R — 1 = 0.03.

The Planck data set we use is a combination of the high-/
TT likelihood, which includes measurements up to a
maximum multipole number of [, = 2500, combined
with the low-/ TT likelihood which includes measurements
of [ =2 —49 [1-3]. Together with the Planck data, we
include the polarization measurements from the nine-year
Wilkinson Microwave Anisotropy Probe (WMAP) [56],
the low-/ (I < 32) TE, EE, BB likelihood.

In addition to the CMB data sets, we also consider
baryon acoustic oscillation (BAO) measurements. We
combine the results from three data sets of BAO: the
6DF at redshift z =0.106 [57], the DR7 at redshift
z=0.35 [58] and the DR9 at z = 0.57 [59].

Furthermore, we examine the impact of the Supernova
Cosmology Project (SCP) Union 2.1 compilation [60],
which has 580 samples. Finally, we also include the latest
constraint on the Hubble constant [4],

Hy=73.84+2.4 kms~! Mpc'. (16)
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TABLE II.  Initial parameters and priors used in the analysis in TABLE III.  The priors for cosmological parameters considered

[49] for model 1. in the analysis for different interaction models.

Parameters Prior Parameters Prior

Q,h? [0.005,0.1] Q,h? [0.005,0.1]

Q.n? [0.005,0.1)* Q.n? [0.001,0.5]

1006 [0.5,10] 1006 [0.5,10]

T [0.01,0.8] T [0.01,0.8]

ng [0.9,1.1] g [0.9,1.1]

log(10'°4;) [2.7,4] log(10'°4,) [2.7,4]

&H=¢/3° [-0.333,0] Model I Model I Model Il Model IV
a - — @ [-1,-0.1] [-2.5,-1] [-25,-1] [-2.5,-1]
From a private communication, one of the authors of [49] told £ [~0.4,0] 0,0.4] 0,0.01] [0,0.01]

us that there was a typo in the prior of Q.42, and they used the
prior for Q A% in the range [0.001,0.99].
b¢ defined in [49)].

In a recent paper [49], the authors examined model I of
the interaction between dark sectors listed in Table I by
confronting the observational data including the new
measurements of the CMB anisotropies from the Planck
satellite mission. They found that model I of coupled dark
energy is compatible with the Planck measurements and
can relax the tension on the Hubble constant by getting a
consistent H, as in a low redshift survey such as HST and
SNIa measurements. In their analysis, they considered
ranges for the priors of different cosmological parameters
listed in Table II; £ in Table II is the coupling constant
defined in [49]. It relates to our definition &, in model I by
dividing by 3. At the first sight, their prior of Q /4> was set
unreasonably small (see note in Table II). It is interesting to
check, if we allow an increase of Q.h?> prior, how the
constraints of cosmological parameters for model I behave.
Besides, in [49], they fixed the dark energy equation of
state to be w = —0.999. Actually, there is no reason to fix
the value of w in the global fitting. It is more reasonable to
inquire about the consequences of setting the equation of
state of dark energy to be variable. The effect of letting @
free to vary under the condition @ > —1 was also consid-
ered in [49] with the priors from Table II. Furthermore, in
[49], the authors fixed the relativistic number of degrees of
freedom parameter to Ny = 3.046, the helium abundance
to Y, = 0.24, the total neutrino mass to > m, =0.06 eV,
and the spectrum lensing normalization to A; = 1. If we
change the setting of these priors, we want to ask how the
fitting results on the model I change. Can model I still be
compatible with observational data? Can the constraint on
the Hubble constant be relaxed as well? These questions are
worthy of careful study.

Besides model I of the interaction between dark sectors,
in Table I we have listed three other interaction models. It
would be of great interest to carry out global fitting of these
models to the recent measurements of the CMB from the
Planck satellite mission and other complementary obser-
vational data. In order to do so, in Table III we list the
ranges for the priors of different cosmological parameters

considered in our analysis. In our analysis we will use a big
bang nucleosynthesis (BBN) consistent scenario to predict
the primordial helium abundance Y, as a function of the
baryon density ©,4” and number of extra radiation degrees
of freedom AN. We will use interpolated results from the
PARTHENOPE code [61] to set ¥, following [62].

IV. FITTING RESULTS

We start with the model I interacting model. We have
initially performed two runs. In the first run we do not
include the coupling, & = 0, which corresponds to the
ACDM case, and choose the priors of cosmological
parameters listed in Table II. In the second run, we follow
[49] by setting the priors of different cosmological param-
eters as in Table II, fixing the dark energy equation of state
@ = —0.999 and setting the helium abundance Y, = 0.24,
the total neutrino mass E m, = 0.06 eV, and the spectrum
lensing normalization A; = 1. We have let the coupling
parameter &, vary freely. Performing separately an analysis
with Planck data alone, we show the result in Table IV.

Our result for Q.h? obeys the prior range as indicated in
Table II. If we look at the Hubble constant value, in our
fitting by obeying the prior of Q A% in Table II, we get a
higher value of H(, which shows that there is no more
tension with the Hubble Space Telescope value. But if Q_/?
is above this prior range, the H is much smaller. This gives
us a hint that decreasing Q.h” can lead to the effect of
increasing H,.

The presence of a dark coupling is perfectly compatible
with the Planck data set. Our fitting result is consistent with
that shown in Table I in [49], including the value of H,, and
the coupling &, (the relation between our coupling and
theirs is & = £/3). While the coupled dark model I is
compatible with most of the cosmological data, in Table IV
we see that the Q A% is unconstrained in the 1o range
although its best fitting value is still within the set prior.
This is different from the result in Table II of [49].

We enlarge the prior to be Q.h? = [0.001,0.99] and
further perform two runs with Planck data alone for the
ACDM model and the model I of the interacting dark
sectors. We show the results in Table V. As expected,
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TABLE 1IV. Best fit values and 68% C.L. constraints with the
parameters in Table II.

ACDM Planck Interacting Planck

Parameter Best fit 68% limits Best fit 68% limits
Q,h? 0.02337 0.02330105005; 0.02197 0.02196% 505
Q.h? 0.09998 > 0.09968  0.04411 unconstrained
H, 76.92 7690703 7293 7204122
W e DEEEEY

& o —0.1942 —0.1688*99732
T 0.1476  0.1346700179  0.09266 0.08751 109122
n, 1013 1.008%0%9% 09607  0.95727 %7
In(10°4,) 3.156  3.12870¢%2  3.094  3.083700%

raising the upper range of prior for Q.h? leads to the
decrease of the values of H,. This holds for both the ACDM
and the coupling model I. For the ACDM, our fitting result
is consistent with Table II in [49]. For coupling model I, we
find that if we enlarge the prior of Qchz, H, is decreased,
although in Table V the fitting value of H, is still
compatible with that of HST.

In the above fittings, we followed [49] to fix the equation
of state of dark energy to be @ = —0.999. In the global

PHYSICAL REVIEW D 89, 103531 (2014)

fitting, this condition is too strong. It is more reasonable to
set the equation of state of dark energy to be free. We
choose the prior of the equation of state of dark energy to be
in the quintessence range @ = [—-0.999, —0.1] and examine
how this free parameter affects the fitting result with Planck
data alone. We show our results in Table VI. We find that in
addition to enlarging the prior of Q_h?, setting w to be free
will further decrease the value of H in the fitting. From the
Planck data fitting, we see that the coupled dark sectors
model I is not of much help to relax the tension of H, with
the Hubble Space Telescope value.

In Tables VII and VIII we further show the fitting results
with Planck data alone by fixing the helium abundance Y,
to the BBN prediction and assuming massless neutrinos,
respectively. The fitting results are basically consistent with
the result by fixing the helium abundance to ¥, = 0.24 and
the total neutrino mass > m, = 0.06 eV, except that the
constraint for the coupling is much tighter.

We can also turn off the CMB lensing. We show the
result of fitting with Planck data alone in Table IX. It is
clear to see that turning off the CMB lensing will further
reduce the Hubble constant at present and put tighter
constraint on the interaction.

From the above analysis, we can conclude that although
the coupled dark energy model I is fully compatible with

TABLE V. Best fit values and 68% C.L. constraints with the parameters in Table II, but with Q.4? = [0.001, 0.99]

ACDM Planck

Interacting Planck

Parameter Best fit 68% limits Best fit 68% limits
Q,h? 0.02200 0.021980 560575 0.02193 0.021978 660575
Q.2 0.1195 0.11991 05582 0.1171 0.064331 09558
H, 67.23 67.1°]18 67.2 71.3353,
w
& e e —0.009275 —0.14491 04837
T 0.08561 0.08868 00117 0.0923 0.087871 09121
n, 0.9583 0.957570 00012 0.9583 0.957150507%
In(10'04,) 3.078 3.08570:0233 3.094 3.08470:023
TABLE VI. Best-fit values and 68% C.L. constraints with w = [-0.999, —0.1].

©CDM Planck Interacting Planck
Parameter Best fit 68% limits Best fit 68% limits
Q,h? 0.02206 0.0219470 50054 0.02184 0.02193%0 60037
Q.hn? 0.1180 0.1203 100026 0.09790 0.0680610 theas
H, 65.96 63.091508 65.75 67.547373
w -0.9348 < -0.8302 -0.9088 < —0.8497
& -0.07613 —0.13907 940
T 0.08683 0.088547 01347 0.08506 0.087921 501118
ng 0.9623 0.9569 00070 0.9561 0.95721 09073
In(10'04,) 3.077 3.0861 095 3.084 3.084100%
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TABLE VII. Best-fit values and 68% C.L. constraints in a BBN consistency scenario.

©CDM Planck Interacting Planck
Parameter Best fit 68% limits Best fit 68% limits
Q,h? 0.02198 0.02200 50055 0.02216 0.02202 300022
Q. 0.1194 0.12027 99026 0.09569 0.0687710 thes
H, 66.65 62.941331 66.75 67.5813 2%
w -0.9780 < -0.8176 -0.8946 < —0.8478
& —0.06683 —0.135470,28¢
T 0.09291 0.089237 501228 0.08788 0.088701 001220
ng 0.9604 0.9596 05073 0.9686 0.96001 05073
In(10'04,) 3.096 3.0897 007 3.085 3.088% 0057
TABLE VIII.  Best-fit values and 68% C.L. constraints with »_ m, = 0 eV.

©CDM Planck Interacting Planck
Parameter Best fit 68% limits Best fit 68% limits
Q,h? 0.02222 0.022027 550058 0.02210 0.022037 05005
Q.hn? 0.1180 0.120010:0037 0.1023 0.071247 59788
Hy 66.56 63.49179¢ 68.10 67.911358
w -0.9306 < -0.8177 -0.9480 < —0.8487
& -0.04789 > —0.17097
T 0.09347 0.08904 501243 0.08597 0.08777- 991259
n, 0.9675 0.96041 03072 0.9668 0.9603 105073
In(10'°A,) 3.094 3.088700% 3.082 3.0861 0023
TABLE IX. Best-fit values and 68% C.L. constraints turning CMB lensing off.

oCDM Planck Interacting Planck
Parameter Best fit 68% limits Best fit 68% limits
Q,h? 0.02021 0.02034 1055028 0.02029 0.0203310 55028
Q. 0.1259 0.1254230%%! 0.1072 0.07807-004714
H, 63.50 58.9913-%7 63.05 63.733%2
w -0.9838 < —0.7417 -0.8875 < -0.8106
& e -0.06078 > —0.19240
T 0.07279 0.076437501115 0.06450 0.076221091,24
ng 0.9358 0.9339" 0509 0.9324 0.93371 05074
In(10'°A,) 3.059 3.0651 0932 3.036 3.0655 058

the Planck measurements, it is not safe to argue that this
model predicts the Hubble constant with less tension
compared with the Hubble Space Telescope value.
Besides the interacting dark sector model I, we would
like to put constraints on other coupled dark energy models
listed in Table I from the recent measurements of the
cosmic microwave background anisotropies from the
Planck satellite mission. We will also consider the com-
bined constraints for the general phenomenological inter-
acting models between dark sectors from the Planck data

plus the BAO measurements, SNIa and HST observational
data. In our analysis, we will choose our priors of different
cosmological parameters as listed in Table III. We will
allow the equation of state of dark energy to vary and
choose the helium abundance Y, from a BBN consistency
scenario. We will take the relativistic number of degrees of
freedom N.g; = 3.046, the total neutrino mass to »_ m, =
0.06 eV and the spectrum lensing normalization to A; = 1.
After running the MCMC, we list our fitting results in
Tables X—XIII.
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TABLE X. Cosmological parameters—model .

PHYSICAL REVIEW D 89, 103531 (2014)

Planck Planck + BAO Planck + BAO + SNIa + HO
Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q,h? 0.02213 0.022027 3900272 0.02225 0.02203 10500261 0.0221 0.02202" 50051
Q. 0.1188 0.06889 70,9783 0.1121 0.0608 0055, 0.07199 0.04824 100256
H, 66.81 67.66131 68.26 69.261 75 70.72 7071138
w -0.9747 —0.8797-30%87 -0.9934 -0.91415002 -0.9935 -0.9362" 0018
& —0.0006633 —0.135370, 5% -0.02123 —0.154610 0045 -0.1359 —0.185470 533
T 0.08951 0.088431 00123 0.09803 0.088357 00121 0.09492 0.08866 0012
ng 0.9596 0.9601 05073 0.9643 0.9606 %083 0.964 0.9598 90810
In(10'°A,) 3.088 3.08710-0337 3.106 3.0867 00238 3.102 3.0881 0236
TABLE XI. Cosmological parameters—model II.

Planck Planck + BAO Planck + BAO + SNIa + HO
Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q,n? 0.02201 0.02208 3000753 0.02219 0.021997 3000264 0.02208 0.02203 9000233
Q.2 0.1308 0.133550007¢ 0.132 0.135270-00834 0.1432 0.1344 1530731
H, 88.93 82.6977'8 70.68 70.92139% 70.42 71.250] 48
w -1.696 —1.5161032 ~1.166 —1.1897 0033, —1.181 —1.1927 90711
& 0.02837 0.0392375:0121 0.03522 0.048187 0162 0.0784 0.04562100,33
T 0.08672 0.08934109128 0.08154 0.0876110912) 0.08312 0.08844 10012,
ng 0.9615 0.95997 000733 0.9598 0.95811 09038 0.962 0.9586 000037
In(10'°4,) 3.085 3.089 00243 3.078 3.0881 0023 3.079 3.089 00582
TABLE XII. Cosmological parameters—model III.

Planck Planck + BAO Planck + BAO + SNIa + HO
Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q,h? 0.02225 0.02265 0 So0a0e 0.02248 0.02244 70500354 0.02227 0.022357 0000335
Q.h? 0.1258 0.1292105051 0.1254 0.12511 099238 0.1237 0.123105%15
H, 79.85 79.355151 76.02 75.2374; 72.24 71.88%1 4%
w -1.638 -1.7797533] —1.48 —1.45570%s —1.296 —1.25410000¢
& 0.002118 < 0.004702 0.002266 0.0022720:50193 0.001781 0.001494 500065
T 0.08378 0.0888710913, 0.09507 0.08956 50129 0.08342 0.09011 100124
ng 0.9584 0.95637000728 0.9603 0.9587 0008 0.9631 0.9599 7500014
In(10'04,) 3.075 3.0815003%3 3.095 3.0841054¢ 3.071 3.0861 00533

The constraints on the parameters and the best-fit values
for model I are reported in Table X. The one-dimensional
posteriors for the parameters .42, w and &, are shown at the
top row of Fig. 2 and the main parameter degeneracies are
shown in Fig. 3. The presence of a dark coupling is perfectly
compatible with the Planck data set. The marginalized value
tells us &, < 0. With the combined constraint by including
other observational data, the negative value of the coupling
keeps, which shows that in this coupling model, there is a
lower value of the cold dark matter density today, since there
is energy flow from dark matter to dark energy. This

direction of energy flow cannot alleviate the coincidence.
As showninFig. 1, there is even shorter period for the energy
densities of dark matter and dark energy to be comparable.
For the Hubble constant value, from the Planck data alone,
H, is small in this interacting model, which is similar to that
obtained in the ACDM case. This interaction model between
dark sectors cannot be of much help to relax the tension on
the Hubble parameter between Planck measurement and
HST observation. After including other observational data at
low redshift, we find that the tension between the Hubble
constant measurements is alleviated.
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TABLE XIII. Cosmological parameters—model IV.

Planck Planck + BAO Planck + BAO + SNIa + HO
Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q,h? 0.02047 0.020371 550057 0.02041 0.02042 5500521 0.02053 0.02056 0 002z
Q.hn? 0.1251 0.12737500%%) 0.125 0.1261700053* 0.1245 0.12427000508
H, 80.35 82.513%4 70.71 75.53% 72.11 71451148
w -1.613 —1.763103% -1.267 1472508 -1.305 —1.28610 052
& 0.00009881 < 0.0004618 0.00001943 < 0.0004260 0.0000671 < 0.0003314
T 0.0883 0.07771-530% 0.06756 0.077851 00022 0.07537 0.07899" 00112
ng 0.9305 0.930910 60743 0.9295 0.933270 00042 0.9338 0.936870 0050
In(10'04;) 3.086 3.0687 052! 3.045 3.0661 0058 3.06 3.06450 0551

— Planck - - Planck+BAO --- Planck+BAO+SN+HO0

FIG. 2 (color online).
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Now we present the fitting result for the coupling model
II in Table XI, where the interaction between dark sectors is
still proportional to the energy density of dark energy but
with equation of state of dark energy smaller than —1. From
the Planck data analysis alone, for this coupled dark energy
model, using our cosmological parameters prior listed in
Table III, we obtain the Hubble constant value significantly

PHYSICAL REVIEW D 89, 103531 (2014)

larger than that in the standard ACDM case,
Hy = 82.69"};8 Km- s~!- Mpc~!. This is different from
what we observed in the fitting result of model I, where the
H, is much smaller and consistent with the ACDM case.
The lower fitting range of the H, in model II is consistent
with the observations in the low redshift. We have explored
the degeneracy between the Hubble value and the equation

[ — Planck - - Planck+BAO Planck+BAO+SN+HO|
— 0.125F

1 0.100f
N { . 0.075;
hﬁo 'tl)
< 1 < o.050f

. 0.025}

o

0.9 —0.8 —0.7 —0.6 —05
w

FIG. 3 (color online).
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FIG. 4 (color online). Two-dimensional distribution for selected parameters—model II.
[ — Planck - - Planck+BAO Planck+BAO+SN+HO|
0.152+ g 0.152 ]
-1.25
0.144 —150
@™ (3]
< 0.136 < 0.136 3 -1.75
G G
0.128 —-2.00
0.120 —-2.25

—2.50-2.25-2.00-1.75-1.50-1.25
w

FIG. 5 (color online).

0.000 0.002 0.004 0.006 0.008 0.010

-2.50 : : : :
0.000 0.002 0.004 0.006 0.008 0.010

& &

Two-dimensional distribution for selected parameters—model III.

103531-10



TESTING THE INTERACTION BETWEEN DARK ENERGY ...

PHYSICAL REVIEW D 89, 103531 (2014)

[— Planck - - Planck+BAO

Planck+BAO+SN+HO|

0.135| 0.136
0.132
. 0.130 o
= < 0.128
© 0.125 <
' 0.124
0.120 0.120

T

b 3 -1.75
b —2.00

b -2.25

—-2.50-2.25-2.00-1.75-1.50-1.25
w

FIG. 6 (color online).

of state of dark energy and found that smaller equation of
state of dark energy leads to higher value of the Hubble
parameter. The coupling constant &, is found to be positive,
which shows that there is an energy flow from dark energy
to dark matter. This is required to alleviate the coincidence
problem, because with this interaction there is longer period
for the energy densities of dark matter and dark energy to
be comparable, which was illustrated in the Fig. 1.
Combined with other observational data, we show that a
combined analysis provides significant evidence for this
coupled dark energy with positive nonzero value of the
coupling parameter, consistent Hubble constant and equa-
tion of state of dark energy. The one-dimensional posteriors
for the parameters Q./h%, w and &, are shown in the second
row of Fig. 2 and the main parameter degeneracies are
shown in Fig. 4.

Now we turn our discussion to the coupled dark energy
model III, where the interaction is proportional to the
energy density of dark matter. To ensure stability of the
curvature perturbation, in this model if the equation of state
of dark energy is constant, it has to be smaller than —1 [17].
Looking at the new constraints on this coupled dark energy
model from the recent measurements of CMB from the
Planck satellite mission alone in Table XII, we find that the
Hubble constant value is consistent with low redshift
observations, but it is much higher than that of the
ACDM result. The coupling constant is more tightly
constrained in this coupled dark energy model than those
in Models I and II, which is in agreement with the findings
in the WMAP constraints [29,48]. The value of the coupling
parameter &; is small positive, which meets the requirement
to alleviate the coincidence problem. The evolution of the
ratio between energy densities of dark matter and dark
energy with this small positive coupling was shown in the
Fig. 1, which has a longer period for the dark matter and dark
energy energy densities to be comparable when £ is positive
and has the attractor solution with the ratio between dark
energy and dark matter energy densities r ~ constant in the
past. We also consider the combined constraints from the

0.0000 0.0008 0.0016 0.0024

'50 1 1 1
0.0000 0.0008 0.0016 0.0024
& &

Two-dimensional distribution for selected parameters—model I'V.

Planck data plus other measurements. The results are listed
in Table XII, which shows stronger evidence for this coupled
dark energy model with small positive coupling. We plot the
one-dimensional posteriors for the parameters Q_./%, w and &
in the third row of Fig. 2 and show the main parameter
degeneracies in Fig. 5.

Finally we present the fitting results for the coupled dark
energy model IV, where we consider the interaction
between dark energy and dark matter is proportional to
the energy density of the total dark sectors. In order to
ensure the stability of the curvature perturbation, for the
constant equation of state of dark energy, it has to be in the
phantom range. This was disclosed in [17]. As observed in
the WMAP fitting results, this type of interaction has very
similar constraints to the model III [29,48]. Confronting the
model to the Planck data alone and the combined obser-
vational data, we list the constraints in Table XIII. We show
the one-dimensional posteriors for the parameters Q 42, @
and ¢ in the fourth row of Fig. 2 and plot the main
parameter degeneracies in Fig. 6. From the Planck data
alone, we again see that for this interacting dark energy
model, the Hubble constant is much higher than that of the
ACDM model. This is consistent with the observations
from model II and model III. The coupling constant is more
tightly constrained in model IV to be very small but
positive, what is needed to alleviate the coincidence
problem with longer period for the dark energy and dark
matter energy densities to be comparable in the expansion
of the Universe as shown in Fig. 1. The model IV has an
attractor solution with r ~ constant in the future. In the joint
constraints, by including other observational data, we find
that the coupled dark energy model 1V is fully compatible
with astronomical observations. It is a viable model.

V. CONCLUSIONS

In this paper we have presented cosmological constraints
on general phenomenological dark matter-dark energy
interaction models from the new CMB measurements
provided by the Planck experiment. We have found that
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a dark coupling interaction is compatible with Planck data.
For model I, the coupling parameter is weakly constrained
to negative values by Planck measurements, while for the
other three models the coupling constants are all positive
from Planck data constraints. The positive coupling indi-
cating that there is energy flow from dark energy to dark
matter, as required to alleviate the coincidence problem and
to satisfy the second law of thermodynamics [20]. Thus
models II, IIT and IV are very reassuring in the light of the
coincidence problem.

It was claimed that model I gives a larger Hubble
parameter compatible with the HST value [49]. However,
this heavily depends on the prior of Q A, the fixed value of
o they chose and other factors. If we enlarge the prior of
Q_h? and allow o to vary in the quintessence range, the H,
constrained in model I can be lower than the HST value and
is consistent with the value in the ACDM case. Thus, the
coupled dark energy model I cannot be counted to resolve
the tension between the Planck and the HST measurements
of the Hubble parameter.

After examining the fitting results for the other phe-
nomenological coupled dark energy models, we find that
the dark interaction in models I, IIT and I'V can give a larger
Hubble parameter. There is degeneracy between the Hubble
parameter and the equation of state of dark energy. If future
data can constrain  closer to —1 from below, the fitting
result of the Hubble parameter can be more consistent with
the HST value. Thus models II, III and IV have the
possibility to relax the tension of the Hubble parameter
between the Planck and the HST measurements.

PHYSICAL REVIEW D 89, 103531 (2014)

We have also considered the combined constraints from
the Planck data plus other observations. These analyses
have provided significant evidence that the phenomeno-
logical coupled dark energy models are viable. Taking into
account all data sets, it appears in the data fittings that
model I shows the most significant departure from zero
coupling, although it does not help to alleviate the
coincidence problem.

The weak point of these models is the fact that the
equation of state is fixed, not depending on time. In a more
realistic model, we expect it to be time dependent (or else,
redshift dependent). In order to probe such a statement, we
need a model grounded on cosmological fields rather than
on simple phenomenology, e.g. coupled quintessence
models [63]. This is currently under investigation.
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