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We consider the case of a coupling in the dark cosmological sector, where a dark energy scalar field

modifies the gravitational attraction between dark matter particles. We find that the strength of the

coupling � is constrained using current Cosmic Microwave Background data, including WMAP7 and the

South Pole Telescope (SPT), to be less than 0.063 (0.11) at a 68% (95%) confidence level. Further, we

consider the additional effects of the Cosmic Microwave Background lensing amplitude, curvature,

effective number of relativistic species, and massive neutrinos and show that the bound from current data

on � is already strong enough to be rather stable with respect to any of these variables. The strongest effect

is obtained when we allow for massive neutrinos, in which case the bound becomes slightly weaker,

�< 0:084 (0.14). A larger value of the effective number of relativistic degrees of freedom favors larger

couplings between dark matter and dark energy, as well as values of the spectral index closer to 1. Adding

the present constraints on the Hubble constant, as well as those from baryon acoustic oscillations and Type

Ia supernovae, we find �< 0:050 (0.074). In this case, we also find an interesting likelihood peak for

� ¼ 0:041 (still compatible with 0 at 1�). This peak comes mostly from a slight difference between the

Hubble parameter measured by the Hubble Space Telescope and the WMAP7þ SPT best fit. Finally, we

show that forecasts of Planckþ SPTmock data can pin down the coupling to a precision of better than 1%

and detect whether the marginal peak we find at small nonzero coupling is a real effect.
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I. INTRODUCTION

Cosmic Microwave Background (CMB) probes have
recently broadened our knowledge of primordial acoustic
oscillations to small angular scales, extending previous
measurements of the temperature power spectrum by
Wilkinson Microwave Anisotropy Probe 7 (WMAP7 [1])
up to l� 3000 with the first compelling evidence of CMB
lensing from the South Pole Telescope (SPT [2]) and the
Atacama Cosmology Telescope (ACT [3]). The impact of
small-scale CMB measurements and gravitational lensing
on cosmology is relevant [4] and can be used to constrain
cosmological parameters and to address one of the major
issues of present cosmology—that is, to say, the nature of
dark energy [5–10]. The simplest framework for dark
energy models considers dark energy as a cosmological
constant �, contributing about 74% of the total energy
density in the universe and providing late-time cosmic
acceleration, while cold dark matter represents about
21% (�CDM model). Though theoretically in good agree-
ment with present observations, a cosmological constant is
somewhat unpleasantly affected by the coincidence and
fine-tuning problems which seem unavoidable in such a
framework. Many alternative models have been proposed,
though it is fair to say that so far none completely avoids
these problems. Some encouraging arguments have been
put forward in the framework of dynamical dark energy
models, where a scalar field (quintessence or cosmon) rolls

down a suitable potential [11,12], possibly interacting with
dark matter [13,14] or gravity [15,16], and therefore mod-
ifying the growth of structure. Usually, one of the features
of such dynamical dark energy models is to have a non-
negligible amount of dark energy at early times. The
amount of early dark energy (early referring to the time
of decoupling) influences CMB peaks in various ways and
can be strongly constrained when including small-scale
measurements, as shown for instance in Refs. [17,18].
In this paper, we consider the case of coupled dark energy

models, in which dark matter particles feel an interaction,
additional to gravity, mediated by the dark energy scalar
field. Such an interaction effectively introduces a coupling
between the evolution of the dark energy scalar field and
dark matter particles. In this sense, this class of models is
both an example in which a non-negligible amount of early
dark energy is present and a typical scenario of modified
gravity theories. When seen in the Jordan frame, a coupling
between matter and dark energy can be reformulated in
terms of scalar-tensor theories [or fðRÞ models]. This is
exactly true when the contribution of baryons is neglected.
In the Einstein frame, it is common to neglect couplings to
baryons within coupled dark energy models, and consider
only dark energy–dark matter interactions. Alternatively, in
the Jordan frame, scalar-tensor theories [fðRÞ models] re-
quire some sort of screening mechanism (like chameleon
[19–22] or symmetrons [23]) that protects the dark energy

PHYSICAL REVIEW D 86, 103507 (2012)

1550-7998=2012=86(10)=103507(16) 103507-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.86.103507


scalar field and its mass within high-density regions, so that
local Solar System constraints are satisfied.

The strength of the coupling affects the CMB in
several ways, changing the amplitude and the position
of the peaks, as well as contributing to the Late
Integrated Sachs-Wolfe effect (manifest at large-length
scales) and to gravitational lensing (appearing at small-
length scales in the temperature spectrum). Moreover,
the coupling is degenerate with the amount of cold
dark matter �c, the spectral index n, and the Hubble
parameter HðzÞ (see Ref. [24] for a review). After recall-
ing the effects of the coupling on the CMB, we use a
Monte Carlo analysis to constrain the coupling combin-
ing WMAP and SPT real data. Furthermore we extend
our analysis to forecasting the constraints that Planck
data are expected to put on the coupling parameter,
combined with mock SPT data.

This paper is organized as follows: In Sec. II, we
recall the main features of coupled dark energy cosmol-
ogies. In Sec. III, we recall the effects of the coupling on
the CMB spectrum and describe the methods used, both
with regard to the implementation of the numerical code
and the data used for this paper. In Sec. IV, we derive the
constraints from existing data for several different runs,
including effects of the effective relativistic degree of
freedom Neff , CMB lensing, curvature, and massive neu-
trinos. Here we also forecast the constraining capability
in the presence of the forthcoming Planck data, joined
with SPT mock data. Finally, in Sec. V, we derive our
conclusions.

II. COUPLED DARK ENERGY

We consider the case in which an interaction is present
between dark energy and dark matter, as illustrated in
Refs. [13,14,25–28]. Such cosmologies have to be seen
within the framework of modified gravity, since effectively
the gravitational interaction perceived by dark matter
particles is modified with respect to standard general rela-
tivity. Coupled dark energy cosmologies considered here
are described by the Lagrangian

L ¼ � 1

2
@��@���Uð�Þ �mð�Þ �c c þLkin½c �; (1)

in which the mass of matter fields c is a function of the
scalar field �. We consider the case in which the dark
energy is only coupled to CDM (hereafter denoted with a
subscript c, while the subscript b will denote baryons). In
this case, the coupling is not affected by tests on the
equivalence principle and Solar System constraints, and
can therefore be stronger than the one with baryons. The
choice mð�Þ specifies the coupling and, as a consequence,
the quantity Qð�Þ� via the expression

Qð�Þ� ¼ @ lnmð�Þ
@�

�c@��: (2)

Qð�Þ� acts as a source term in the Bianchi identities:

T
�
�:� ¼ Qð�Þ�: (3)

If no other species is involved in the coupling, then
QðcÞ� ¼ �Qð�Þ�. Various choices of couplings have been

investigated in the literature, including constant � [29–38]
and varying couplings [39]. For a constant coupling, typi-
cal values of � presently allowed by observations (within
current CMB data) are within the range 0 � �< 0:06 (at a
95% C.L. for a constant coupling and an exponential
potential) [26–28,40], or possibly more [41,42] if neutrinos
are taken into account or for more realistic time-dependent
choices of the coupling. Analysis of the models and the
constraints on these couplings have been obtained in sev-
eral other ways, including spherical collapse (Refs. [43,44]
and references therein), higher-order expansions with the
time renormalizazion group [45], N-body simulations
[39,46,47] and effects on supernovae, the CMB, and the
cross correlation of the CMB and the last scattering surface
[27,28,40–42,48–51] together with Fisher matrix forecast
analyses combining power spectrum and Baryonic
Acoustic Oscillations measurements as expected from the
Euclid satellite [52] and CMB measurements as expected
from Planck [24].
The zero component of Eq. (3) gives the conservation

equations for the energy densities of each species:

�0
� ¼ �3H��ð1þ w�Þ �Qð�Þ0;

�0
c ¼ �3H�c þQð�Þ0:

(4)

Here we have treated each component as a fluid with
T�

ð�Þ�¼ð��þp�Þu�u�þp��
�
�, where u�¼ð�a;0;0;0Þ

is the fluid four-velocity and w� � p�=�� is the equation
of state. Primes denote derivatives with respect to conformal
time 	. The class of models considered here corresponds to
the choice

mð�Þ ¼ m0e
���

M; (5)

with the coupling term equal to

Qð�Þ0 ¼ � �

M
�c�

0: (6)

Equivalently, the scalar field evolves according to the Klein-
Gordon equation, which now includes an extra term that
depends on the CDM energy density:

�00 þ 2H�0 þ a2
dV

d�
¼ a2��c: (7)

Throughout this paper, we choose an inverse-power-law
potential defined as

V ¼ V0�
��; (8)

with � and V0 constants.
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III. THE COUPLING EFFECT ON THE CMB
POWER SPECTRUM

As discussed in Ref. [24], the coupling has two main
effects on the CMB: (1) it shifts the position of the acoustic
peaks to larger l’s due to the increase in the last scattering
surface distance (sometimes called projection effect; see
Ref. [35] and references therein); and (2) it reduces the

ratio of baryons to dark matter at decoupling with respect
to its present value, since coupled dark matter dilutes faster
than it would in an uncoupled model. Both effects are
clearly visible in Fig. 1 for various values of �.
In Fig. 2, the effect of the coupling on the CMB is more

evident. The figure shows the quantity Clðlþ 1Þl3=ð2
Þ
(i.e., the usual temperature-temperature (TT) spectrum
plotted in Fig. 1 multiplied by l2), as suggested for example
in Ref. [53]. In Fig. 2, we also show the effect of including
CMB lensing on the TT spectrum for the same value of the
coupling constant: the unlensed TT spectrum (blue dot-
dashed curve) clearly differs from the corresponding
lensed one (solid blue curve), an effect which is larger at

FIG. 1 (color online). CMB TT temperature spectra for three
values of �. Data are taken from WMAP7 [77].
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FIG. 2 (color online). CMB TT temperature spectra (top panel)
and dimensionless lensing potential lðlþ 1ÞC��=ð2
Þ vs multi-
pole l for three values of the coupling �.

 100

 1000

 0  500  1000  1500  2000  2500  3000

[l(
l+

1)
]C

l/ 
(2

π)

l

WMAP7

SPT K11

ΛCDM best fit (without foregrounds)

ΛCDM best fit + PS + CL

FIG. 3 (color online). WMAP7 and SPT data used for this
work. SZ effects are not included in the best-fit line (solid black)
(see Fig. 5 of Ref. [2] for the best fit including SZ). The best fit
from WMAPþ SPT, for a �CDM without foregrounds, is also
shown (dash-dotted black line). This plot is similar to Fig. 5 of
Ref. [2] (without SZ in the best fit); we reproduced it here for
convenience and because it will allow us to neglect SZ when
combining Planck with mock SPT data in Sec. V. All fore-
grounds are instead included when SPT data are combined
with WMAP7.
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FIG. 4 (color online). WMAP7 and SPT data used for this
work, with an extra factor of ‘2. SZ effects are not included in
the best-fit line (solid black) (see Fig. 5 of Ref. [2] for the best fit
including SZ). The best fit from WMAPþ SPT, for a �CDM
without foregrounds, is also shown (dash-dotted black line).
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small scales (large l). The position of the peaks remains
invariant, but the amplitude is larger and, for ‘ & 2000, the
throats appear more pronounced than the peaks.

The purpose of our analysis is to use recent CMB
observations reaching multipoles up to l� 3000 to con-
strain dynamical dark energy models in which a coupling is
present between the quintessence scalar field (or cosmon,
seen as the mediator of a fifth force between dark matter
particles) and dark matter. In order to do so, we proceed
as follows.

A. Theoretical spectra

Theoretical CMB and lensing power spectra have been
produced using the code IDEA (Interacting Dark Energy
Anisotropies) based on CAMB [54] and able to include
dynamical dark energy and early dark energy parameter-
izations (not included in this analysis), as well as interact-
ing dark energy models. In order to include the coupling,
both background and linear perturbations have been modi-
fied following Refs. [30,35]. The output has been com-
pared to an independent code [28] that is built on CMBFAST,
and the agreement was better than 1%. The difficulty in
implementation relies on the fact that the initial conditions
cannot be obtained analytically as in simple dark energy
parameterizations [early dark energy or ðw0; waÞ]: instead,
they must be found by trial and error, through an iterative
routine that finds the initial conditions required to get the
desired present values of the cosmological parameters.

We have then performed a Monte Carlo analysis inte-
grating IDEA within COSMOMC [55], comparing our theo-
retical predictions with the data presented in the next
subsection.

We recall that the CMB coming from the last scattering
surface is bent by gravitational structures on the path towards
us; this effect is called CMB lensing [4,56]. The standard
deviation of the deflection angle is on the order of 2 arc
minutes, which would correspond to small scales and l >
3000 multipoles, where CMB peaks are already damped by
photon diffusion. However, deflection angles are correlated
with each other over degree scales, so that lensing can have
an important effect on the scales of the primary acoustic
peaks, mainly smoothing them and transferring power to

larger multipoles. Recently, CMB lensing detection has
been claimed by several groups analyzing total-intensity
CMB anisotropies [2,3].
CMB lensing is a probe of the expansion rate and

naturally depends on the growth of perturbation and on
the gravitational potentials; since dark energy affects both
aspects, CMB lensing represents a way to discriminate
among dynamical Dark Energy models and �CDM, with
promising results [5–10]. In particular, the CMB weak
lensing theory in generalized cosmologies has been out-
lined in Ref. [7]. The difference between the lensed and
unlensed curves in Fig. 1 shows the typical effects from

TABLE I. COSMOMC Monte Carlo simulation runs described in this paper; they all refer to CQ models.

Run CMB Lensing WMAP7 SPT Planck Parameters

cq1 ! ! ! X baselineþ �þ �
cq2 ! ! X X baselineþ �þ �
cq4 ! ! ! X baselineþ �þ �þ N�

cq1NL X ! ! X baselineþ �þ �
cq1K ! ! ! X baselineþ �þ �þ curvature

cq1AL ! ! ! X baselineþ �þ �þ Al

cq1� ! ! ! X baselineþ �þ �þ f�
cq1hst ! ! ! X baselineþ �þ �þ HSTþ BAOþ SNae
cq1Pl ! X !(mock) !(mock) baselineþ �þ �þ HSTþ BAOþ SNae

TABLE II. Best-fit values and 1� errors comparing runs cq1
and cq2. Both runs include coupling; cq1 uses WMAP7þ SPT
data, while cq2 uses WMAP7 only. For �, we also include in
parentheses the value of the 2� marginalized error.

Best-fit values for CQ

Parameter cq1 (WMAP7þ SPT) cq2 (WMAP7)

�bh
2 0:022þ0:0007

�0:00013 0:023þ0:00044
�0:00070

�ch
2 0:11þ0:0022

�0:011 0:11þ0:0019
�0:016

�s 1:04þ0:0024
�0:00072 1:04þ0:0027

0:0025

	 0:091þ0:0013
�0:012 0:0890:00760:0072

ns 0:96þ0:019
�0:0056 0:97þ0:021

�0:012

w �0:88þ0:080
�0:12 �0:97þ0:17

�0:03

� 0:012þ0:050
�0:012 0:00660:071�0:0066

� <0:063 (0.11) <0:078 (0.14)

� 0:22þ0:28
�0:090 0:13þ0:37

�0:0048

�de 0:72þ0:076
�0:012 0:72þ0:093

�0:016

Age=Gyr 13:8þ0:012
�0:39 13:8þ0:07

�0:5

zre 10:9þ0:63
�1:8 10:6þ1:2

�1:2

H0 68:7þ8:4
�0:98 69:3þ10:7

�1:7

DSZ
3000 4:0þ2:1�4:0 . . .

DPS
3000 21:5þ1:7�3:7 . . .

DCL
3000 5:3þ1:9

�2:4 . . .

� logðLikeÞ 3756 3737
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CMB lensing. The acoustic peaks are smeared because of
the correlation between different scales induced by lensing,
and for the same reason a fraction of power is transferred to
the angular domain corresponding to the damping tail, and
therefore dominating that part of the spectrum. Earlier
works [8] have pointed out how the lensing is most relevant
in particular in early dark energy models, as it injects
power at the onset of cosmic acceleration, with z’1�0:5
constraining the dark energy abundance in the correspond-
ing epoch. Along these lines, the analysis in Ref. [10] has
shown that the inclusion of lensing data promotes the CMB
alone to be a probe of the existence of dark energy, break-
ing geometrical degeneracies associated to the pure CMB
anisotropies at last scattering.

Also, the lensing depends on time, combining informa-
tion from decoupling (from the last scattering surface of
the CMB) and z < 5 (when large-scale structures formed);
recent studies [57,58] focus on implementing and inves-
tigating simulations of CMB lensing through cosmological
structures in N-body simulations.

During the matter-dominated era, the potentials encoun-
tered along the way are constant in the linear regime, and
the gradient of the potential causes a total deflection angle
given by

� ¼ �2
Z ��

0
d�

fKð�� � �Þ
fKð��Þ r?�ð�n̂;
0 � �Þ; (9)

where �� is the conformal distance of the source acting as a
lens, � is its gravitational potential, and 
0 � � is the
conformal time atwhich theCMBphotonwas at position�n̂.
One can also define the gravitational lensing potential

as follows:

c ðn̂Þ � �2
Z ��

0
d�

fKð�� � �Þ
fKð��ÞfKð�Þ�ð�n̂;
0 � �Þ: (10)

The lensed CMB temperature ~Tn̂ in a direction n̂ is given
by the unlensed temperature in the deflected direction
~Tðn̂Þ ¼ Tðn̂0Þ ¼ Tðn̂þ �Þ, where at lowest order the deflec-
tion angle � ¼ rc is just the gradient of the lensing poten-
tial. Expanding the lensing potential into spherical
harmonics, one can also define the angular power spectrum

Cc
l corresponding to the lensing potential as<c lmc

�
l0m0>¼

�ll0�mm0Cc
l ; the latter [multiplied by ½lðlþ 1Þ�2] is shown in

Fig. 2 (lower panel) for different values of the coupling. As
we can see from the plot, the CMB lensing potential mainly
gives a contribution to large scales up to l� 1000 or less.
However, the lensed CMB temperature power spectrum
depends on the convolution between the lensing potential
and the unlensed temperature spectrum (see Ref. [4] for
more details), whose effect is of several percent at l >
1000, thus being important when estimating the spectrum
up to small scales of l� 3000, as for the data we consider in
the following subsection.

β
cdm

Ω
D

M
 h

2 *

0 0.05 0.1 0.15

0.08

0.09

0.1

0.11

0.12

β
cdm

θ *

0 0.05 0.1 0.15

1.035

1.04

1.045

β
cdm

n s

*

0 0.05 0.1 0.15

0.94

0.96

0.98

1

1.02

1.04

β
cdm

Ω
Λ

*

0 0.05 0.1 0.15

0.7

0.8

0.9

β
cdm

A
ge

/G
yr

*

0 0.05 0.1 0.15

12.5

13

13.5

14

β
cdm

H
0

*

0 0.05 0.1 0.15

70

80

90

100
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B. Observed data

We have compared theoretical predictions of CMB-
lensed spectra with two data sets. The first includes
WMAP7 temperature spectra [1]. The second includes the
recently released power spectrum data from the SPT [2].
Together with the ACT [3], the SPT [2] has recently shown
evidence of CMB lensing with an enhancement in the CMB

temperature power spectrum up to l� 3000. We do not use

ACT data in this analysis.

In order to use SPT data, we have installed the likelihood

provided by the SPT team [2] on their SPTWeb site [59] and

integrated it with the recommended version of COSMOMC

[60] (August 2011). We have then implemented IDEA on this

version. Care has to be used whenever small multipoles in
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the range 2000–3000 are used, due to several sources of
foregrounds active on those scales. In particular, whenever
SPT data are included in the analysis, we also marginalize
over the three nuisance parameters described in Ref. [2]: two
of them refer to Poisson point sources and clustered point
sources; the third one adds power from the thermal and
kinetic Sunyaev-Zel’dovich (SZ) effects, which are also an
example of secondary CMB anisotropies. These effects are
relevant when small scales (l * 2000) are included and
have to be taken into account whenever SPT data are
used. In Figs. 3 and 4, we show the superposition of
WMAP7 and SPT data together with the best fit of the
combined set.

Thebaseline set of parameters includes� ¼ �bh
2,�ch

2,
�de, �s, logA, ns, 	. As in other papers, these parameters
represent the fractional abundances of the various species,
as well as the amplitude and shape of the primordial power
spectrum and the reionization optical depth; as stressed
already, we also consider the three nuisance parameters
when SPT data are included; when we impose spatial flat-
ness, the present dark energy density�de becomes a derived
parameter; in addition, when coupled quintessence (CQ) is
included, twomore parameters are added:� and�. Again,�
represents the coupling between dark matter particles in
Eq. (5), and � is the parameter in the scalar field potential
[Eq. (8)] that drives the long-range interaction. Different runs
are illustrated in Table I. The helium abundance YHe is
derived following big bang nucleosynthesis consistency
(see Ref. [2] for details).

IV. RESULTS

As a first step, we have performed a run using WMAP7
and SPT data with a �CDM model, and we find results
compatible with Ref. [2]. Note for the following that in
Ref. [2], the authors report the mean values of each pa-
rameter, together with its standard deviation. We instead
report the best-fit values and the marginalized errors at the
68 and 95% confidence levels. We now describe results
from the runs illustrated in Table I.

A. Baseline plus � and �

Thefirst twoMonteCarlo runswe describe (cq1 and cq2)
use the baseline set of parameters ��f�bh

2;�ch
2;�s;

logA;ns;	g; in addition, two more parameters are added
to account for the coupling (�) and the dark energy scalar
field potential (�). Run cq1 compares theoretical spectra
withWMAP7þ SPT data; run cq2 includes WMAP7 data
only. Results are shown in Table II, where we report best-fit
values with 1� (68%) errors on various parameters. For �,
we also report upper 1� and 2� limits. When WMAP7
alone is considered, the coupling is constrained to be �<
0:078 (0.14) at 1� (2�); but when SPT data—and therefore
small scales and large multipoles—are included, the cou-
pling is constrained down to <0:063 (0.11). The inclusion
of SPT data improves the constraints on the coupling � by

about 30%. In the following paragraphs, we investigate how
stable this bound is with respect to other parameters fixed in
the cq1 run, like curvature,Neff , and the fraction of neutrino
species f�.
In the past, Ref. [27] found that�A < 0:16 at a 95% C.L.

(note that our definition of � is � ¼ ffiffiffiffiffiffiffiffiffiffiffið2=3Þp
�A ¼ 0:13 at

2�) using COBE, Boomerang, Maxima, and DASI data
and fixing the optical depth 	. Reference [28] found �<
0:061 (0.11) at 1� (2�) using WMAP1 data and �< 0:11
(0.16) for pre-WMAP data (using a different set than
Ref. [27]). Reference [40] found C< 0:034 (0.066) [in

their notation, C � �A � ffiffiffiffiffiffiffiffi
2=3

p
�, so that their result is

equivalent to �< 0:028 (0.054)] using data from
WMAP5, supernovae legacy survey, HST, luminous red
galaxies, and sloan digital sky survey. See also Ref. [50]
(with a different definition of the coupling) and Ref. [41]
(where massive neutrinos were included). These con-
straints are not easily comparable to ours, since in these
papers different priors have been used and/or some pa-
rameters have been kept fixed rather than marginalized
over. Overall, however, we find an agreement with the
more recent constraints to within a factor of 50% at most.

TABLE III. Best-fit values and 1� errors comparing runs cq1
and cq4. Both runs include coupling and use WMAP7þ SPT
data; in addition, cq4 marginalizes over Neff . For �, we also
include in parentheses the value of the 2� marginalized error.

Best-fit values for CQ WMAP7þ SPT

Parameter

cq1
(baselineþ �þ �)

cq4 (baselineþ
�þ �þ Neff)

�bh
2 0:022þ0:0007

�0:00013 0:023þ0:00054
�0:00054

�ch
2 0:11þ0:0022

�0:011 0:12þ0:0076
�0:016

�s 1:04þ0:0024
�0:00072 1:04þ0:0012

�0:0025

	 0:091þ0:0013
�0:012 0:086þ0:012

�0:0030

ns 0:96þ0:019
�0:0056 0:99þ0:029

�0:014

w �0:88þ0:080
�0:12 �0:89þ0:090

�0:11

� 0:012þ0:050
�0:012 0:032þ0:042

�0:032

� <0:063 (0.11) <0:074 (0.12)

� 0:22þ0:28
�0:090 0:14þ0:36

�0:11

Neff . . . 3:84þ0:74
�0:49

�de 0:72þ0:076
�0:012 0:74þ0:060

�0:031

Age=Gyr 13:8þ0:012
�0:39 13:0þ0:40

�0:77

zre 10:9þ0:63
�1:8 10:7þ1:7

�1:0

H0 68:7þ8:4
�0:98 75:6þ9:9

�4:3

DSZ
3000 4:0þ2:1�4:0 6:7þ2:2�3:3

DPS
3000 21:5þ1:7�3:7 20:2þ3:0

�2:5

DCL
3000 5:3þ1:9

�2:4 4:4þ3:2
�1:2

� logðLikeÞ 3756 3756
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The 2D confidence contours are plotted in Fig. 5. Here
we show a selection of the most interesting likelihood
contours vs the coupling �. In Fig. 6, we also show 1D
likelihood contours, comparing results from WMAP7þ
SPT with WMAP7 only. Note that there is no dependence
of cosmological parameters on �, as expected, since �
only affects late-time cosmology; the range of � was
therefore safely chosen to be between 0.13 and 0.5, small
enough to get a reasonable speed for the runs. The value
of w is arbitrary and approximately related to � via the
expression w ¼ �2=ð�þ 2Þ; the interval chosen for � is
such that w still assumes reasonable values, at least
smaller than �0:8. As appears clearly from Fig. 6, CMB
is practically insensitive to � or w within the range we
consider.

B. Effective number of relativistic species Neff

The effective number of relativistic species before
recombination, usually denoted by Neff , is higher than
the number of relativistic neutrino species (3.046) due
to photons produced in electron-positron annihilation at
the end of neutrino freeze-out [61–64]. Using
WMAP7þ SPT data for a �CDM model, Neff ¼ 3:046
was found to be preferred over zero relativistic species
(Neff ¼ 0) [2]. If Neff is left free to vary and marginal-
ized over, its best-fit value can be even larger: Ref. [1]
found Neff > 2:7 at a 95% C.L. using WMAP7 alone;
Ref. [65] found Neff ¼ 5:3� 1:3 using WMAP7þ
ACT; and Ref. [2] found Neff ¼ 3:85� 0:62 using
WMAP7þ SPT. If relativistic species are present, the
expansion rate during the radiation-dominated era in-
creases [2,66–68]. We have redone the analysis in the
case of CQ to check whether the number of relativistic
degrees of freedom is degenerate with the coupling. The
effect of marginalizing over Neff on the coupling is
shown in Table III. In Fig. 7, we plot the likelihood
contours for a selection of parameters vs the coupling
�, comparing different runs.

Contours are larger when we allow Neff to vary, but the
range in � is not affected considerably [�< 0:074 (0.12)
instead of �< 0:063 (0.11)]. When a coupling is present,
we find that the best fit for the number of relativistic species
is given by Neff ¼ 3:84þ0:74

�0:49 when using WMAP and SPT

data, similar to the value mentioned before and evaluated in
absence of a coupling. The allowed range for YHe, obtained
through big bang nucleosynthesis consistency, increases a
lot when Neff is free to vary [67]. Neff is degenerate with
dark matter and the spectral index, which in turn are weakly
degenerate with �, though no direct degeneracy appears
between � and Neff , as shown in Fig. 8.

It is interesting to see (Fig. 7) that when we allow for an
effective number of relativistic degrees of freedom, mar-
ginalizing over Neff , the coupling from WMAP7þ SPT
data increases to a best-fit value of �� 0:03. A larger
value of Neff (best fit �3:8Þ favors larger couplings be-

tween dark matter and dark energy, as well as values of the
spectral index closer to �1 (ns � 0:99).

C. CMB lensing

In order to test the effect of CMB lensing on CQ, we
have redone a run cq1 (WMAPþ SPT) without lensing.
The presence of a constant coupling doesn’t seem to be
very much affected by lensing in the TT CMB spectra, as
we can see in Fig. 9, where we compare run cq1 with run
cq1NL. If no lensing is included, the bound on� is slightly
(but not significantly) larger: �< 0:068 (0.13). We recall
that our likelihood is the one provided by the SPT team [2]
integrated with the recommended version of COSMOMC

[60] (August 2011).
Furthermore, similarly to Ref. [2], one can rescale the

lensing potential power spectrum by a factor AL:

C��
l ! ALC

��
l : (11)

All runs discussed so far fix AL ¼ 1. In order to test the
effect of lensing, we also performed a run (cq1AL) in
which we vary AL and marginalize over it. The AL parame-
ter was found to be AL ¼ 0:94� 0:15 when using
WMAPþ SPT data with a �CDM model [18] (see also
Refs. [3,69–71] for different data sets). When a coupling
between dark matter and dark energy is included, we find
that the best fit for AL is AL ¼ 0:86þ0:34

�0:12, still compatible

with 1. The bound on the coupling is of the same order as in
the case in which AL is fixed: �< 0:063 (0.11). In other
words, we don’t gain much marginalizing over AL instead
of fixing it to 1, given that the AL best fit is very close and
fully compatible with 1. Though with the data considered
here the effect is not significant, AL is also correlated with
dark matter and ns, which in turn are correlated with �, as
shown in Fig. 10.

D. Curvature

If we release the constraint of a flat universe and
allow for curvature and coupling (run cq1K), we get�K ¼
�0:0068þ0:0092

�0:036 , which is compatible with a flat universe.

In this case, the constraint on � is slightly less restrictive,
�< 0:071 (0.13), but the bound on � is already stringent
enough not to be affected so much by the uncertainty on
curvature. Contours are shown in Fig. 11, where they are
compared to run cq1, in which a flat universe was assumed.
We also show in Fig. 12 how curvature is degenerate, as
expected, with the Hubble parameter, though no direct
degeneracy is seen between �K and the coupling �.

E. Massive neutrinos

Up to now, we have fixed the relative fraction of
massive neutrinos f� to zero. We now consider run
cq1�, in which we also allow for a nonzero fraction of
massive neutrinos and marginalize over f�. In this case,
the range allowed for the coupling is �< 0:084 (0.14),
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slightly bigger than when using massless neutrinos, as
expected [41]. We update the results of Ref. [41] using
both WMAP7 and SPT data. The degeneracy between
massive neutrinos and � is clearly shown in Fig. 13. The
best-fit value for f� is f� ¼ 0:065þ0:017

�0:065.

F. Combining WMAP7 and SPT data with HST, BAO
and Type Ia supernova data

As discussed earlier on in this paper and in Ref. [24], the
coupling � is degenerate with the Hubble parameter. In
order to investigate the effect of this degeneracy on the
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constraints from data, we did another run (cq1hst), in
which we combined the data used for cq1 (WMAP7 and
SPT) to also include baryon acoustic oscillations (BAOs)
[72], Hubble Space Telescope constraints on H0 (HST)
[73], and Type Ia supernova data (SNae) [74] as from
COSMOMC (Aug 2011). Likelihood contours for this case

are shown in Fig. 14. Best-fit values and errors are shown in
the left column of Table IV. There seems to be an interest-
ing preference for a nonzero coupling, though the values
are clearly still compatible with zero at 1�. This peak
comes mostly from a slight tension between the Hubble
parameter HST result (h ¼ 0:738� 0:024) and our
WMAP7þ SPT best fit for � ¼ 0 (h ¼ 0:685� 0:025).
Notice, however, that even for� ¼ 0we are not in an exact
�CDM model, since in our model w is close, but not
exactly equal, to �1. Incidentally, we note that such a
value of the coupling is still fully compatible even with
past analysis on the coupling, though they used different
sets of data and parameters [40]. It is interesting, then, to
test whether the forthcoming data from Planck can confirm
or reject this nonzero coupling. This we do in the next
subsection.

G. Combining Planck and SPT mock data

As a further analysis, we forecast the effect that Planck
data would have on the coupling parameter when combined
with the power measurement of the SPT (run cq1Pl). Since
Planck data are not yet available, we produce a set
of mock data [75]. We have therefore implemented
FutureCMB [76] in our modified version of COSMOMC,
using as our fiducial power spectrum a �CDM model Dth

l ,

withDl ¼ lðlþ 1Þ=2
Cl (black dot-dashed line in Fig. 15).
We have then produced a SPT mock spectrum as follows:
(1) We have added to the same fiducial model used to

generate Planck mock data the effect of Poisson
sources (PS) (blue dotted line), using the value for
the nuisance parameters DPS

l 3000 ¼ 18:1 �K2 with

a dependence from the momentum / ðl=3000Þ2 [2];
(2) We have added to Dth

l þ PS the effect of clustered

sources (CL) (light blue dashed line), using the
value for the nuisance parameters DCL

l 3000 ¼
3:5 �K2 with a dependence from the momentum /
ðl=3000Þ0:8 for all l. This is not entirely correct, as
the dependence is slightly different for l > 1500 and
l < 1500, but differences are thought to be small [2];
we obtain ~Dl � Dth

l þ PSþ CL. We neglect here

the effect of SZ.
(3) We have then convolved ~Dl for the SPT window

functions and created a set of SPT mock data with
Dl given by the convolved ~Dl and errors given by
SPT data from Ref. [2]. The final SPT mock data set
is plotted in Fig. 15 (red dotted line).

For this case, we also include BAO, HST, and Ia super-
nova data as from COSMOMC (August 2011 version) to
break the degeneracy between the coupling and the
Hubble parameter. Some representative 2D confidence
regions are in Fig. 16. We then find that �< 0:012
(0.030); though stronger than WMAP7þ SPT, this is still
a pessimistic bound, since it includes Planck data but still
considers SPT data with errors released by Ref. [2]; by the

TABLE IV. Best-fit values and 1� errors comparing runs
cq1hst and cq1Pl, including SPTþ Planck mock data plus
HST, BAO, and SNae data. For �, we also include in parentheses
the value of the 2� marginalized error.

Best-fit values for CQ

Parameter

Real data Forecasts

cq1hst (baselineþ �þ �) cq1Pl

�bh
2 0:022þ00044

�0:00040 0:023þ0:0001
�0:00024

�ch
2 0:11þ0:0022

�0:0039 0:11þ0:0013
�0:0012

�s 1:04þ0:0016
�0:0014 1:05þ0:00008

�0:0006

	 0:084þ0:0061
�0:0067 0:090þ0:00011

�0:0039

ns 0:96þ0:010
�0:0086 0:98þ0:0024

�0:0062

w �0:90þ0:10
�0:098 �1:0þ0:1

�0:003

� 0:041þ0:0092
�0:041 0:0035þ0:0089

�0:0035

� <0:050 (0.074) <0:012 (0.030)

� 0:19þ0:31
�0:059 0:48þ0:015

�0:11

�de 0:74þ0:012
�0:015 0:73þ0:019

�0:000056

Age=Gyr 13:7þ0:082
�0:093 13:6þ0:005

�0:08

zre 10:3þ1:1
�1:2 10:6þ0:2

�0:5

H0 71:0þ1:0
1:7 69:6þ2:4

�0:13

DSZ
3000 5:0þ1:2

�5:0 2:1þ2:8
�1:1

DPS
3000 20:6þ1:9

�3:4 15:6þ2:6
�2:3

DCL
3000 5:1þ3:0

�1:5 2:9þ1:0
�2:8

� logðLikeÞ 4024 660 FIG. 15 (color online). SPT mock data as obtained from the
fiducial �CDM spectrum.
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time Planck data are available, better SPT (or ACT) data
may have been released. In Table IV, we report the best-fit
values, together with the left and right errors at 68% and
95%C.L.’s around the best fit. The left column refers to run
cq1hst, done with real data (WMAPþ SPTþ HSTþ
BAOþ SNae); the right column shows the forecasted

values for Planckþ SPT mock data, plus SNae, HST and
BAO data.
Finally, we plot in Fig. 17 a comparison between current

data and future observations, marginalizing over all pa-
rameters except �. It is clear that Planck data will reach a
precision sufficient to tell whether the peak in � is a real
detection or just a fluke.

V. CONCLUSIONS

We have considered the possibility that the evolution of
dark matter and dark energy might be connected by a
constant coupling of the type illustrated in Refs. [13,14].
We have used current CMB data from WMAP7 and the
SPT to constrain the coupling parameter �. We find that
� is constrained to be less than 0.063 (0.11) at a 68%
(95%) C.L. when SPT data are included, with respect to
�< 0:078 (0.14) coming from WMAP7 only. We have
done a number of tests to check whether this bound
depends on the degeneracy with other parameters (lens-
ing, curvature, massive neutrinos, Neff , HST/BAO/SNae
data). If the effective number of relativistic degrees of
freedom Neff is allowed to vary, not much gain is obtained
on �, which still needs to be �< 0:074 (0.12). We have
further considered the effect of CMB lensing, both with a
run which includes no lensing and by marginalizing over
AL, a parameter which encodes the rescaling of the lens-
ing power spectrum. AL is slightly degenerate with ns and
�DMh

2, which in turn are degenerate with �, though no
direct degeneracy is seen between � and AL. If the
assumption of a flat universe is released, constraints on
� weaken back almost to the level of constraints given by
WMAP only (flat universe), with �< 0:071 (0.13).
Degeneracy with massive neutrinos widens the coupling
constraints to be �< 0:084 (0.14) when we marginalize
over the fraction of massive neutrino species f�. We
conclude that the bound on � from current data is already
strong enough to be quite stable with respect to a better
knowledge of other parameters and to all cases
considered.
When WMAPþ SPT are considered (run cq1), the

best-fit value for �, though still fully compatible with
zero, has a best fit of � ¼ 0:012þ0:050

�0:012. It is interesting to

see that when we allow for an effective number of rela-
tivistic degrees of freedom, marginalizing over Neff , the
coupling fromWMAP7þ SPT data increases to a best-fit
value of �� 0:03. A larger value of Neff favors larger
couplings between dark matter and dark energy and val-
ues of the spectral index closer to 1. Including SPT data
does not significantly improve constraints on the coupling
�. Inclusion of additional priors from HST, BAO and
SNae moves the best fit to � ¼ 0:041, again still compat-
ible with zero at 1�. We forecast that the inclusion of
Planck data will be able to pin down the coupling to
about 1% and therefore detect whether the small nonzero
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FIG. 16 (color online). Confidence contours for Planckþ SPT
mock. Blue asterisks mark best-fit points for run cq1Pl.
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FIG. 17 (color online). 1D likelihood for the coupling � from
runs cq1, cq1hst, and cq1Pl. We recall that cq1 and cq1hst are
based on real data, while cq1Pl estimates the forecasted con-
straints from mock data around a fiducial �CDM cosmology.
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coupling present in current data is washed away with
more data.
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