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Dark radiation in extended cosmological scenarios
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Recent cosmological data have provided evidence for a ‘“‘dark™ relativistic background at high
statistical significance. Parameterized in terms of the number of relativistic degrees of freedom N,
however, the current data seem to indicate a higher value than the one expected in the standard scenario
based on three active neutrinos. This dark radiation component can be characterized not only by its
abundance but also by its clustering properties, as its effective sound speed and its viscosity parameter. It
is therefore crucial to study the correlations among the dark radiation properties and key cosmological
parameters, as the dark energy equation of state or the running of the scalar spectral index, with current
and future cosmic microwave background data. We find that dark radiation with viscosity parameters
different from their standard values may be misinterpreted as an evolving dark energy component or as a
running spectral index in the power spectrum of primordial fluctuations.
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L. INTRODUCTION

The cosmological abundance of relativistic and ““dark”
particles as active or sterile neutrinos' or any other light
particle (as axions, for instance) is usually parameterized in
terms of the number of relativistic degrees of freedom N,
with N = 3.046 being the standard value for three
(active) neutrino species.

Several recent cosmological data analyses have con-
strained the value of N .y with increasing accuracy (see,
for instance, Refs. [1-8]), providing clear evidence for a
dark relativistic background at high statistical significance.
The latest measurements of cosmic microwave back-
ground (CMB) anisotropies at arc-minute angular scales
from the South Pole Telescope (SPT) [9] and the Atacama
Cosmology Telescope [10], when combined with other
cosmological data sets, yield the constraint Ny =
4.08+571 at a 95% confidence level (C.L.) [11] (see also
Refs. [12,13]), showing evidence for dark radiation (i.e.,
N > 0) at more than 7 standard deviations, suggesting
values higher than those expected in the standard scenario.
This hint, that clearly must be tested by future CMB
measurements such as those expected from the Planck
satellite [14], is interesting, since an extra relativistic
component in the standard three active neutrino model
could be explained by a sterile neutrino. Models with
one additional ~1 eV massive sterile neutrino, i.e., the
so-called (3 + 1) models, were introduced to explain
LSND short baseline antineutrino data [15] by means of
neutrino oscillations. Up-to-date cosmological constraints
on the number of massive sterile neutrino species have
been presented in Refs. [8,16—19]. However, a larger value

"There is no fundamental symmetry in nature forcing a definite
number of right-handed (sterile) neutrino species, as those are
allowed in the standard model fermion content.
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for N could also arise from different physics, related to
axions [20], decay of nonrelativistic matter [21], gravity
waves [22], extra dimensions [23], dark energy [24] or
asymmetric dark matter models [25]. The constraints on
N, are also affected by possible interactions of the dark
radiation component with the dark matter component, see
Refs. [25-27].

Information on the dark relativistic background, how-
ever, can be obtained not only from its effects on the
expansion rate of the universe but also from its clustering
properties. For example, if dark radiation is made of mass-
less neutrinos, it should behave as relativistic particles also
from the point of view of perturbation theory. Following
the definition introduced by Hu [28], this means that the
dark radiation component should have an effective sound
speed ¢, and a viscosity parameter c¢2_ such that cZ; =
c% = 1/3. These perturbation parameters can be con-
strained through measurements of the CMB anisotropies
since dark radiation is coupled trough gravity with all the
remaining components [29]. This clearly opens a new
window for testing the dark radiation component, since,
for example, a smaller value for ¢2, could indicate possible
nonstandard interactions (see, e.g., Ref. [30]). A value of
¢k, different from zero, as expected in the standard sce-
nario, has been detected in Ref. [31] and confirmed in
subsequent papers [11,32]. More recently, a value of the
effective sound speed c2; smaller than the standard value
of 1/3 has been claimed in Ref. [13].

From this discussion it is clear that current cosmological
data analyses are sensitive to dark radiation properties and
that the latest constraints on these parameters are showing
interesting deviations from their expected standard values.
It is therefore timely to investigate the impact of non-
standard dark radiation properties in the determination of
cosmological parameters related to different sectors such
as dark energy or inflation.
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In this paper we derive bounds from the most recent
cosmological data on the dark radiation parameters N,
¢y, and 2, relaxing the usual assumption of a ACDM
cosmology and analyzing the correlations among the clus-
tering parameters ¢ and c2, and other key cosmological
parameters, such as the dark energy equation of state or the
scalar spectral index. We also study these correlations in
light of future Planck and COrE CMB data. We shall
generate mock CMB data for a cosmology with dark
radiation perturbation parameters different from their stan-
dard values, and then we shall fit these simulated data via
the usual Monte Carlo Markov chain (MCMC) analysis to
an extended nonminimal cosmology with standard dark
radiation parameters, but varying both the constant and
the time-varying dark energy equation of state, or the scalar
spectral index and its running. The paper is organized as
follows: Section II describes the details of the analysis
carried out here, including the cosmological parameters
and data sets used in the analyses. In Sec. III the different
cosmological scenarios considered here are analyzed, and
the most important degeneracies among the parameters are
carefully explored. Section IV summarizes our main
conclusions.

II. ANALYSIS METHOD

We perform our analyses considering three different
scenarios: We first analyze the Wilkinson Microwave
Anisotropy Probe (WMAP) data together with the lumi-
nous red galaxy clustering results from the Sloan Digital
Sky Survey II (SDSSII) [33] and with a prior on the Hubble
constant H,, from the Hubble Space Telescope [34], refer-
ring to these as the ““Baseline data sets.” Then we add to
these data sets SPT data [9], and we will refer to this case as
the ““BaselineSPT data sets.” We will explore as well the
impact of Supernova Ia (SNIa) luminosity distance mea-
surements from the Union 2 compilation [35] in constrain-
ing the dark radiation parameters, and we will refer to this
case in the following as the ‘“BaselineSPT-SNIa data sets.”

We have modified the Boltzmann CAMB code [36], in-
corporating the two extra dark radiation perturbation
parameters cZ; and ¢2,, and we have extracted the cosmo-
logical parameters from current data using a MCMC analy-
sis based on the publicly available MCMC package
CcosMoMC [37]. We sample the following six-dimensional
standard parameters: the baryon and cold dark matter
densities (w, = Q,h* and w, = Q_h?), the ratio between
the sound horizon and the angular diameter distance at
decoupling ®,, the optical depth 7, the scalar spectral
index ng, and the amplitude of the primordial spectrum
A,. We consider purely adiabatic initial conditions, and we
impose spatial flatness. We also include the effective num-
ber of relativistic degrees of freedom N, the effective
sound speed c%; and the viscosity parameter ¢2,. Table I
shows the flat priors considered on the different cosmo-
logical parameters. Finally, we generate a mock data set for
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TABLE I. Flat priors for the cosmological parameters consid-

ered here.
Parameter Prior
Q,h? 0.005 — 0.1
Q. h? 0.01 — 0.99
0, 0.5— 10
T 0.01 — 0.8
g 05— 1.5
In(10'°4,) 27—4
Negr 0—9
c%is 0—1
cgff 0—1
Arun —-02—0.1
w(wg) -2—0
W, -1—-1

the ongoing Planck CMB experiment, with c%is different
from its standard value and with w = —1 and n, = 0.96.
Then we fit these mock data using a MCMC analysis to
different extensions of the minimal cosmological model in
which the dark radiation is standard. The three possible
extensions we consider are (a) a ACDM model with a
running spectral index n,,,, (b) the wCDM model in which
we include the possibility of a dark energy equation of state
parameter w different from —1, and (¢) the w(a)CDM
model in which we assume an equation of state evolving
with redshift. The reconstructed values of the dark energy
equation of state and of the running spectral index will be,
in general, different from the values used in the mocks and,
in the case of the dark energy equation of state w, different
from the value expected within the ACDM model. We shall
also explore the impact of future CMB data from the COrE
mission [38], performing an equivalent forecast to the one
we present here for Planck.

III. RESULTS

A. Baseline data sets

We consider a cosmological model described by the
following set of parameters:

{wb: ., ®s: T, W, i, IOg[IOIOAS], Neff’ C%is’ Cgff}‘

Notice from the results in the first column of Table II that in
the Baseline data sets, (i.e., the one with WMAP7 +
SDSSII + H, data), the preferred value for the effective
number of relativistic degrees of freedom is Ny =
5.82+0-89, considerably higher than the standard model pre-
diction N = 3.04. The addition of SPT data in the
BaselineSPT data sets decreases the preferred value of N,
making it closer to its canonical value. Finally, the addition of
SNIa data in the BaselineSPT-SNIa data sets brings the value
of N i even closer to 3.04; however, itis still ~20 away from
the former value. These results seem to agree with the excess
of radiation claimed in the literature in previous analyses
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TABLE II. Constraints on the cosmological parameters for the
three Baseline data sets described in the text. We report the 68%
and 95% C.L. limits for the dark radiation parameters, and the
mean and the standard deviation of the posterior distribution for

the other cosmological parameters.

Baseline BaselineSPT BaselineSPT-SNIa
data sets data sets data sets
w —0.76 = 0.15 —0.85 £0.12 —0.85 £0.12
Ner 582558550 4381037565 4.2970307 55
cu 0215500500 0245005701 0.25X066 013
car 035000700 0330097005 03300166
ng 0.976 = 0.026 0.982 = 0.024 0.980 = 0.024

[1-7,9,11]. Regarding the dark radiation perturbation pa-
rameters ¢2, and c2, their preferred values are close to their
standard values of 1/3, c2; being much better constrained
from current data than c2,_.
There exists a degeneracy between c%; and n, and
between c2_ and ng, see the top and middle panels of
Fig. 1. These degeneracies are related to the fact that if
n, increases (decreases), the power at low multipoles de-
creases (increases), while the power at high € increases
(decreases) to a lesser extent. This effect could be com-
pensated by an increase (decrease) in the viscosity parame-
ter csis, that leads to a decrease (increase) of the power at
all scales. Concerning the degeneracy between cZ; and n,,
it is mainly related to the degeneracy between c2; and c2,
(see the lower panel of Fig. 1). There also exist degener-
acies between w and c¢2; and between w and Ny, see
Fig. 2. As we shall explain in the following section, a value
of w > —1 shifts the positions of the CMB acoustic peaks
to lower multipoles ¢; this effect could be compensated by
a decrease of c%is or by an increase of N;. The degeneracy
between w and ¢ gets alleviated when information on
high-€ multipoles from SPT is considered in the analysis.
A change on the scalar spectral index ng can also be
compensated by a change in N, see the upper panel of
Fig. 3. This degeneracy only affects the amplitude of the
CMB peaks: a higher N will reduce the amplitude of the
CMB peaks at € > 200 due to a higher Silk damping,

which in turn is due to the increased expansion rate [12].

B. Future Planck and COrE CMB data analysis

In the following section, we shall present the recon-
structed values of ng, n,,,, w, wy and w, which will result
from a fit of Planck and COrE mock data (generated with
nonstandard values for the dark radiation perturbation
parameters, c2 = 0.1) to a cosmology with a standard
value for the dark radiation parameter ¢2, = 1/3 but
with a running spectral index or a time-varying dark energy
component. We do not consider here c¢2; # 1/3 due to the
tighter current bounds on this parameter when compared to

the current constraints on c2_.
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FIG. 1 (color online). The top, middle and bottom panels
depict the 68% and 95% C.L. bounds in the ¢2; — ny, ¢34, —n

vis
and c%, — c%; planes, respectively. The blue, red and green

regions refer to the Baseline, BaselineSPT and BaselineSPT-
SNIa data sets, respectively.

)

In order to generate the mock data, we create full CMB
data sets (temperature and E-polarization modes) with
noise properties consistent with the Planck [14] and
COrE [38] experiments. We consider for each frequency
channel a detector noise of w™! = (fo)?, where 8 is the
FWHM (full width at half maximum) of the beam assum-
ing a Gaussian profile and o is the temperature (or polar-
ization) sensitivity AT (see Table I of Ref. [38] for the
FWHM and temperature and polarization sensitivities for
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FIG. 2 (color online). The top and bottom panels depict
the 68% and 95% C.L. bounds in the N.; —w and ¢%, — w

vis
planes, respectively. The blue, red and green regions refer to
the Baseline, BaselineSPT and BaselineSPT-SNIa data sets,
respectively.

each of the Planck and COrE channels). We therefore add
to each C; fiducial spectrum a noise spectrum given by

Ne=w lexp(€(€ + 1)/€3), (1)
where €, is given by €, = +/81n2/6.

1. ACDM + n,,,

For this scenario we consider the following set of
parameters:

{wy, w,, O, 7, n,,1og[101°A ], n,,,}-
g

In general, the spectrum of the scalar perturbations is not
exactly a power law, but it varies with scale. Therefore one
must consider the scale-dependent running of the spectral
index n., = dn,/dInk. Following Ref. [39], the power
spectrum for the scalar perturbations reads
Pl = o (£
0

s

with ky = 0.05 Mpc™!' being the pivot scale. The
correlation between n, and n,, is shown in Fig. 4. As
stated in Ref. [40], the parameter that is constrained by

PHYSICAL REVIEW D 86, 043509 (2012)
1.05

1.00

0.95

Neff

FIG. 3 (color online). The top and bottom panels depict the
68% and 95% C.L. bounds in the Ny — ny and c2p — Neg
planes, respectively. The blue, red and green regions refer to
the Baseline, BaselineSPT and BaselineSPT-SNIa data sets
respectively.

cosmological data is the effective spectral index n' = n, +
In(k/ky)(dn/dInk). This is the reason for the circular
allowed regions in the n; — n,, plane. The first and second
columns of Table III show that, if a cosmology with n,,, =
0 but with nonstandard dark radiation perturbation parame-

ters (c2,, = 0.1) is fitted to a cosmology with standard dark
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S
FIG. 4 (color online). The 68% and 95% C.L. allowed regions
in the n, — ng,, plane from MCMC fits of Planck (blue regions)
and COrE (red regions) CMB mock data.
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TABLE III.
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Constraints on the cosmological parameters for each of the Plank and COrE mock data sets described in the text. We

report the mean and the standard deviation of the posterior distribution. We have set ¢2; = 1/3 and ¢2; = 0.1 in the mock data sets
used as fiducial models. Then, we have fitted these data to a model with canonical values for the dark radiation perturbation

parameters, i.e., cZ; = 1/3 and 2, = 1/3.

ACDM + ng, (Planck) ACDM + n,, (COrE) wCDM (Planck) wCDM (COrE) w(a)CDM (Planck) w(a)CDM (COrE)

w -1 -1 ~0.70 £0.05  —0.63 = 0.05 . .

N 3.04 3.04 3.04 3.04 3.04 3.04

n, 1.002 = 0.004 0.999 + 0.002 1.007 = 0.004  1.004 = 0.002  1.007 = 0.004 1.007 = 0.002
M —0.035 * 0.005 —0.038 =+ 0.003 0 0 0 0

Wo ~1.19 = 0.10 —0.99 =+ 0.05
W, 0.77 + 0.23 0.88 =+ 0.06

radiation parameters but with n,, # 0, the reconstructed
value of the running spectral index will differ from zero at a
high statistical significance.

Finally, for the case of the simulated cosmology here
with ¢2,; < 1/3, the reconstructed value of n is consistent
with a Harrison-Zel’dovich scale-invariant primordial
power spectrum within 1 sigma. Setting the properties of
dark radiation is therefore mandatory, since it is highly
correlated with the spectral index of the spectrum of pri-
mordial perturbations, key to distinguishing among the
different inflationary models.

2. wCDM

Here we consider a cosmological model including a dark
energy fluid characterized by a constant equation of state w
as a free parameter. We consider the following set of
parameters:

{wy, w,, O, 7, n,, log[10'°A ], w}.

As stated in a previous work [19], there exists a degeneracy
between the number of the extra dark radiation species and
the dark energy equation of state, see Fig. 2 (upper panel).
One of the main effects of a N ; > 3.04 comes from the
change of the epoch of the radiation matter equality, and
consequently, from the shift of the CMB acoustic peaks;
see Ref. [12] for a detailed study. The position of the
acoustic peaks is given by the so-called acoustic scale
64, which reads

Ts (Zrec)
Iy (Zrec) '

BA:

where ry(z.) and ry(z,.) are the comoving angular di-
ameter distance to the last scattering surface and the sound
horizon at the recombination epoch z.., respectively.
Although ry(z,.) remains almost the same for different
values of N, r,(z,..) becomes smaller when N is in-
creased. Thus, the positions of the acoustic peaks are
shifted to higher multipoles (smaller angular scales) by
increasing the value of N [41]. A dark energy component
with w > —1 will decrease the comoving angular diameter
distance to the last scattering surface ry(z.), shifting the

positions of the CMB acoustic peaks to larger angular
scales; i.e., to lower multipoles €, compensating, therefore,
the effect induced by an increase of N. The reconstructed
MCMC values for w (see the third and fourth columns of
Table III) are larger than the value used in the input
cosmology w = —1 (see Fig. 5), excluding the ACDM
scenario with high significance. A dark radiation compo-
nent which deviates from its standard behavior could there-
fore be confused with the presence of a dark energy fluid
with w # —1.

3. w(a)CDM model

We also consider models of the dark energy in which the
equation of state of the dark energy component varies with
time. We use a parameterization that has been extensively
explored in the literature [42—45]:

wla) = wo + wu(l —a),

where wy is the equation of state parameter at present,
while w, = —2dw/dInal,_,, [43,46]. We consider the
following set of parameters:

{wb’ wcr ®Sl T’ nS’ log[loloAS]’ WO’ Wa}-

The fifth and sixth columns of Table III show the recon-
structed values of wy and w, after fitting the Plank and

-1.0 A A A A
0995 1.000 1005 1010 1015 1.020

n
S

FIG. 5 (color online).
plane.

The same as Fig. 4, but in the w — ng
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FIG. 6 (color online).
plane.

The same as Fig. 4, but in the wy — w,,

COrE mock data generated with a nonstandard viscosity
parameter ¢2 = 0.1 and with w = —1 to a cosmology
with standard dark radiation but with the time-varying
dark energy equation of state w(a) used here. The correla-
tion between w, and w, is shown in Fig. 6. The recon-
structed values that we find for Planck (COrE) mock
data are wo = —1.19 £ 0.10 and w, = 0.77 = 0.23 (wy =
—0.99 *= 0.05 and w, = 0.88 = 0.06) at 68% C.L., values
which are consistent with the current constraints on these
two dark energy parameters, see Ref. [4]. Therefore it is
crucial to unravel the nature of the dark radiation compo-
nent, since if it turns out to be nonstandard, future cosmo-
logical data might be misinterpreted as a time-varying dark
energy fluid.

IV. CONCLUSIONS

The radiation component in the standard model of ele-
mentary particles is made of the CMB photons plus three
light active neutrinos. However, many extensions of the
standard model predict an extra dark radiation component
parameterized in terms of the relativistic degrees of free-
dom. Such is the case of sterile neutrinos, axions or other
light degrees of freedom produced along the thermal his-
tory of the universe. This extra dark radiation component
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will be characterized not only by its abundance but also by
its clustering properties, such as its effective sound speed
and its viscosity parameter. If dark radiation is made of
sterile neutrinos, it should have an effective sound speed
c%; and a viscosity parameter ¢ such that cZ; = ¢2
1/3. However, other relativistic species might not behave
as neutrinos, with ¢ and ¢ being different from their
canonical values. Current bounds on the number of rela-
tivistic species and on the dark radiation perturbation
parameters ¢ and ¢, have been computed using up-to-
date cosmological data. We find a strong degeneracy be-
tween c2. and the scalar spectral index of primordial
perturbations, as well as between 2, and the dark energy
equation of state w. The last degeneracy is alleviated when
CMB data from the SPT experiment is added in the MCMC
analyses. A question which naturally arises from the pres-
ence of these degeneracies is whether or not future CMB
data will be able to distinguish among different dark ra-
diation scenarios. We have generated mock CMB data for
the ongoing Planck experiment and the future COrE mis-
sion with nonstandard values for the dark energy perturba-
tion parameters. Then, we have fitted these data to a
canonical dark radiation scenario with ¢ = cZ; = 1/3
but with a running spectral index or with a dark energy
component with w # —1, finding that nonstandard values
for the dark radiation perturbation parameters may be
misinterpreted as a scale-invariant power spectrum of pri-
mordial fluctuations, or as cosmologies with a running
spectral index or a time-varying dark energy component

with high significance.
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