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Constraining fundamental physics with future CMB experiments
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The Planck experiment will soon provide a very accurate measurement of cosmic microwave
background anisotropies. This will let cosmologists determine most of the cosmological parameters
with unprecedented accuracy. Future experiments will improve and complement the Planck data with
better angular resolution and better polarization sensitivity. This unexplored region of the CMB power
spectrum contains information on many parameters of interest, including neutrino mass, the number of
relativistic particles at recombination, the primordial helium abundance, and the injection of additional
ionizing photons by dark matter self-annihilation. We review the imprint of each parameter on the CMB
and forecast the constraints achievable by future experiments by performing a Monte Carlo analysis on
synthetic realizations of simulated data. We find that next generation satellite missions such as CMBPol
could provide valuable constraints with a precision close to that expected in current and near future
laboratory experiments. Finally, we discuss the implications of this intersection between cosmology and

fundamental physics.
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L. INTRODUCTION

Starting with COBE’s (Cosmic Background Explorer)
groundbreaking detection of microwave background fluc-
tuations [1], the past two decades have seen dramatic
improvements in measurements of the microwave back-
ground temperature fluctuations (see e.g. [2-5]). Planck’s
highly anticipated temperature power spectrum measure-
ments (see [6]) will further advance this program and
produce significantly improved constraints on cosmologi-
cal parameters.

While Planck’s measurement of the anisotropy power
spectrum to multipoles € ~ 2000 will extract most of the
information in primordial temperature fluctuations, on-
going and planned ground-based and balloon-based experi-
ments are exploring two important open frontiers: (a) the
measurement of extremely ( = 5’) small-scale temperature
and polarization fluctuations [7] and (b) the search for
primordial B-modes, the distinctive signature of gravita-
tional waves from inflation, on large scales [8].

For example, balloon-borne experiments such as EBEX
[9] and SPIDER [10] will improve the measurements of
CMB polarization while ground-based telescopes such as
the Atacama Cosmology Telescope (ACT) [11] and the
South Pole Telescope [12] will extend temperature and
polarization measurements to smaller, subarcminute, an-
gular scales. Proposals for next generation CMB satellites
such as CMBPol [13] or B-POL [14] are under evaluation
from American and European space agencies.

What will we learn from measuring CMB temperature
and polarization fluctuations on small scales? The ampli-
tude of temperature and polarization fluctuations is de-
termined by several different physical effects: (1) the
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amplitude of primordial fluctuations, (2) the evolution of
the ionization fraction of the Universe at z > 1200, which
determines the sound speed for acoustic fluctuations,
(3) the evolution of the ionization fraction of the
Universe at z < 1200, which determines the thickness of
the surface of last scatter, and (4) the transition from
radiation to matter domination. Moreover, while small-
scale CMB fluctuations are initially pure £ mode, gravita-
tional lensing rotates £ modes into B modes [15]. By
measuring the pattern of small-scale £ and B modes,
cosmologists will be able to determine the large-scale
convergence field, a direct measure of the integrated den-
sity fluctuations between redshift z = 1100 and z = 0 (see
e.g. [16,17]). The convergence power spectrum is particu-
larly sensitive to density fluctuations at z ~ 2, an important
complement to planned optical lensing measurements that
probe the evolution of density fluctuations in the z <1
Universe.

The goal of this paper is to quantify the cosmological
information that could come from these new data sets. This
subject of investigation has already attracted several au-
thors (see e.g. [18-20]). Here we complement these ana-
lyses in several aspects. First, while there have been many
studies of the future cosmological constraints from Planck,
very few papers have investigated the constraining power
of combinations of future CMB data sets from different
sources. Second, as we will describe in the next sections,
we will consider a large set of parameters focusing on those
that mainly affect the ““damping tail” of the CMB angular
spectrum. We consider additional parameters such as the
total neutrino mass Y m, (which affects the growth of
structure in the late Universe), the number of additional
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relativistic neutrino species NS (which changes the
matter-radiation epoch), and possible changes in the
recombination process due to changes in the fractional
helium abundance Y, dark matter self-annihilation pro-
cesses, and variations in fundamental constants such as the
fine structure constant « and Newton’s gravitational con-
stant G. We will not only show the constraints on each
single parameter but also the degeneracies among them.

We will consider three experimental configurations: the
Planck satellite [6], the combination of Planck with ACT
fitted with polarization-sensitive detectors, ACTPol, [11]
and, finally, the next CMBPol satellite [13].

Recent studies have already fully demonstrated the abil-
ity of next generation satellite missions to constrain infla-
tionary parameters [21] and the reionization history [22] in
the framework of the CMBPol concept mission study (see
also [23]). For this reason we will not consider primordial
gravitational waves, more general reionization scenarios,
or experiments that will mainly probe large angular scale
polarization in this paper.

This paper will show that next generation CMB experi-
ments can significantly improve constraints on cosmology
and fundamental physics and could produce a detection of
neutrino mass. The paper is structured as follows.
Section II describes our analysis approach. Section III
presents our analysis for improved constraints from the
planned ACTPol experiment and for the proposed CMBPol
experiment. Section IV discusses degeneracies between
parameters and in Sec. V we present our conclusions.

II. FORECAST METHOD AND ASSUMPTIONS

We generate synthetic data sets for the Planck, ACTPol,
and CMBPol experiments following the commonly used
approach described, for example, in [20,24]. These data
sets are generated starting from the assumption of a fiducial
“true’” cosmological model compatible with the WMAP-5
maximum likelihood parameters [4,25], i.e. with baryon
density Q,h> = 0.0227, cold dark matter density Q) h> =
0.110, spectral index n; = 0.963, and optical depth 7 =
0.09. This model also assumes a flat Universe with a
cosmological constant, massless neutrinos with effective
number N¢T = 3.04, standard recombination, Helium frac-
tion ¥, = 0.24, and all fundamental constants fixed to their
current values (we will vary all these parameters later).
Given the fiducial model, we use the publicly available
Boltzmann code cCAMB' [26] to calculate the corresponding
theoretical angular power spectra C}7, C%, CE¥ for tem-
perature, cross temperature-polarization, and polarization.”

The synthetic data sets are then generated by consider-
ing for each C; a noise spectrum given by:

1http://camb.info/.
>Note that we do not consider the B mode lensing channel; we
will discuss this choice later in this section.
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N¢ = wlexp(€(€ + 1)81n2/62), (1

where 6 is the FWHM of the beam assuming a
Gaussian profile and where w™! is the experimental
power noise related to the detectors sensitivity o by
w™l = (o)?.

We assume that beam uncertainties are small and that
uncertainties due to foreground removal are smaller than
statistical errors. These are demanding assumptions; how-
ever, the experimental groups are working hard to achieve
these goals.

Together with the primary anisotropy signal we also take
into account information from CMB weak lensing, consi-
dering the power spectrum of the deflection field C¢ and
its cross correlation with temperature maps Cer . A large
number of methods have been suggested for lensing ex-
traction from CMB maps. All these methods exploit the
non-Gaussian signal induced by lensing. Here we use the
quadratic estimator method of Hu and Okamoto [17] that
provides an algorithm for estimating the corresponding
noise spectrum N¢¢ from the observed CMB primary
anisotropy and noise power spectra. This estimator is not
conceived to account for the BB polarization contribution.
This fact is irrelevant for the Planck satellite, as this
experiment is not sensitive to the BB lensing signal, but
it could be relevant for the CMBPol satellite and, possibly,
for the ACTpol telescope. While algorithms that can in
principle include in the forecast the lensing BB signal are
already currently available, here we take the conservative
approach to not include it. This leaves open the possibility
to use this channel for further checks for foregrounds
contamination and systematics.

We generate mock data sets with noise properties con-
sistent, respectively, with the Planck mission (see [6]), the
ACT telescope [11] and the future CMBPol experiment
[13]. For the simulated Planck data set we consider the
detectors at 70, 100, and 143 GHz while for ACTPol we
use the single 150 GHz channel. For CMBPol we also
consider the single 150 GHz channel. The experimental
specifications are reported in Table I where the sensitivity
o is in units of AT/T.

Once a mock data set is produced we compare a generic
theoretical model through a likelihood £ defined as

D |C|
—2InL = 21+ 1)f, (—_ 1—A—3>, 2

where D is defined as in [24]:
_ ATT FEE /A ATT AEE A ATT FEE Add
D =(Cy C?ECéd + chcg Cfgd + C?TC@;EQ
— CTE(CTECY + 2CFECd)
— CT4(CTICEE + 2C4CER), 3)

where C, and C‘l are the fiducial and theoretical spectra plus
noise, respectively, and |C|, |C| denote the determinants of
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TABLE I. Planck [6], ACTPol [11], and CMBPol [13] experi-
mental specifications. Channel frequency is given in GHz,
FWHM in arc minutes and noise per pixel for the Stokes I
(AT/T), Q, and U parameters (AP/T) is in [10° wK/K], where
T = Tcyg = 2.725K. In the analysis, we assume that beam
uncertainties and foreground uncertainties are smaller than the
statistical errors in each of the experiments.

Experiment Channel FWHM AT/T AP/T
Planck 70 14° 4.7 6.7
Fay =085 100 10° 25 4.0
143 7.1 2.2 4.2
ACTPol 150 1.37° 54 7.6
Fuay = 0.097
CMBPol 150 5.6’ 0.037 0.052
Soy = 0.72

the theoretical and observed data covariance matrices
respectively,

|Cl = CITCEECY — (CTFPCI — (CTRCEE,  (4)

|C"v| _ ézTé?Eégd _ (CAng)zégd _ (égd)zéEE’ (5)

and finally fg, is the sky fraction sampled by the experi-
ment after foregrounds removal.

We derive constraints from simulated data using a modi-
fied version of the publicly available Markov Chain
Monte Carlo package cosSMOMC [27] with a convergence
diagnostic based on the Gelman and Rubin statistic per-
formed on eight chains. We sample the following six-
dimensional set of cosmological parameters, adopting flat
priors on them: the physical baryon and cold dark matter
density fractions, w, = Q,h* and w, = Q_h?, the ratio of
the sound horizon to the angular diameter distance at
decoupling fg, the scalar spectral index ng, the overall
normalization of the spectrum A, at k = 0.002 Mpc~!,
and the optical depth to reionization 7. We then perform
the analysis sampling in addition to one of the following
parameters at a time: the total mass of neutrinos Y m,,, the
primordial helium abundance Y,, and the dark energy
equation of state w. We also consider parameters that can
change the process of recombination: the dark matter self-
annihilation rate p,,,, a variation in the fine structure
constant a/a, and in Newton’s constant Ag = G/G,
where a and G, are the currently measured values. For
these latter parameters we choose to sample the Hubble
constant H, instead of g since these parameters are de-
rived assuming standard recombination. We also discuss
some of the degeneracies that might arise if more than one
additional parameter is considered to vary at the same time.
We briefly explain how the constraints might be affected
and present, in the most relevant cases, the constraints
obtained by varying the six ACDM standard parameters
and two additional parameters.
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We use a cosmic age top-hat prior with 10 Gyr = ¢, =
20 Gyr. Furthermore, we consider adiabatic initial condi-
tions and we impose flatness.

In what follows we will consider temperature and polar-
ization power spectrum data up to €., = 2500, due to
possible unresolved foreground contamination at smaller
angular scales and larger multipoles. Measurements of
small-scale temperature fluctuations by ACT [28] and
SPT [29] confirm that extragalactic foregrounds will limit
precision measurements of primordial temperature fluctu-
ations to € <2500. Even if these foregrounds could be
removed, kinetic Sunyaev-Zel’dovich fluctuations would
provide a limiting source of confusion that will be difficult
to model and impossible to remove as it has the same
spectral shape as primordial fluctuations. Small-scale po-
larization measurements offer our best hope to probe the
early Universe on angular scales of € = 2000—4000: dusty
galaxies are thought to be only 1%-2% polarized [30]. We
expect that secondary fluctuations should produce minimal
polarization fluctuations and therefore that polarization
will provide a way of probing the primordial spectrum at
small scales. We have checked that for the parameters
considered here, the constraints were not sensitive to
whether the cutoff was set at €,,,, = 2500 or 3500.

III. RESULTS

A. Constraints on the “standard” six
parameters A-CDM scenario

In Table II we report the future constraints on the pa-
rameters of a “minimal” cosmological model. Together
with the standard deviations on each parameter we also
report, for ACTPol and CMBPol, the improvement factor
for each parameter defined as the ratio oy, /0 Where o
is the error from Planck + ACTPol or CMBPol and opj,pek
is the constraint from Planck.

As we can see in the table, the combination of Planck
with ACTPol will improve by a factor ~1.3 the constraints
on most of the parameters derived from Planck alone.
CMBPol will improve by a factor ~4 the constraints on
the baryon density, H, and 6, while the constraints on
parameters as n, and 7 are improved by a factor ~2.

B. Future constraints on neutrino masses

The detection of the absolute mass scale of the neutrino
is one of the major goals of experimental particle physics.
However, cosmology could provide an earlier, albeit
model-dependent, detection. CMB power spectra are sen-
sitive to a total variation in neutrino mass eigenstates %m,,
(see e.g. [31-33]) but cannot discriminate between the
mass of a single neutrino flavor (see e.g. [34]) because of
degeneracies with other parameters. Inclusion of massive
neutrinos increases the anisotropy at small scales because
the decreased perturbation growth contributes to the pho-
ton energy density fluctuation. Moreover, gravitational
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TABLE II.
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68% C.L. errors on cosmological parameters from future surveys. A standard, six

parameters A-CDM scenario is assumed. The numbers in brackets show the improvement factor
i = Oppanek/ o With respect to the Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00013 0.000093 (1.4) 0.000034 (3.8)
o(Q.h?) 0.0010 0.00077 (1.3) 0.00027 (3.7)
o(6,) 0.00026 0.00018 (1.4) 0.000052 (5.0
o(7) 0.0042 0.0035 (1.2) 0.0022 (1.9)
o(ny) 0.0031 0.0023 (1.3) 0.0014 (2.2)
o(log[10"°AsT]) 0.013 0.0098 (1.3) 0.0055 (2.4)
o(Hy) 0.53 0.37 (1.4) 0.12 (4.4)
TABLE III.  68% C.L. errors on cosmological parameters in the case of massive neutrinos. The

numbers in brackets show the improvement factor opj, /0 with respect to the Planck
experiment. The entries for o(3 m,) are upper limits (<) at 68% C.L.

Parameter uncertainty Planck Planck + ACTPol CMBPol

a(Q,h?) 0.00014 0.000095 (1.5) 0.000033 (4.2)
a(Q.h?) 0.0017 0.0012 (1.4) 0.00071 (2.4)
o(fs) 0.00028 0.00020 (1.4) 0.000062 (4.5)
o(7) 0.0042 0.0038 (1.1) 0.0023 (1.8)
o(ng) 0.0034 0.0025 (1.4) 0.0016 (2.1)
o(log[10'°A]) 0.013 0.011 (1.2) 0.0065 (2.0)
o3 m,) <0.16 <0.10 (1.6) <0.05 (3.2)

lensing leads to smoothing of the acoustic peaks and
enhancement of power on the damping tail of the power
spectrum; the amount of lensing is also connected to the
neutrino mass (see e.g. [35]).

Current oscillation experiments provide essentially two
mass differences for the neutrino mass eigenstates:
Am2, ~8X107%eV? and Ami, ~2.5X 1073 eV?
(see e.g. [36] and references therein). An inverted hier-
archy in the neutrino mass eigenstates predicts a lower
limit to the total neutrino mass of about > m, = 0.10 eV
while a direct hierarchy predicts ¥ m, = 0.05 eV. The
goal for CMB experiments is therefore to have a sensitivity
better than Y m, = 0.10 eV for possibly ruling out the
inverted hierarchy and better than Y m, = 0.05 eV for a
definitive detection of neutrino mass.

As we can see from Table III the expected sensitivity
from Planck and Planck + ACTPol is sufficient to find the
neutrino mass in the inverted hierarchy case, while
CMBPol could possibly also measure it in the direct hier-
archy case. In particular, the combination of ACTPol data
with Planck is expected to improve the bound on the
neutrino mass by a factor of 1.6 while CMBPol can im-
prove it by a factor of more than 3. These limits are far
better than those expected from future laboratory experi-
ments. The expected upper limit expected from the
KATRIN [37] beta decay experiment is m, <0.2 eV at
90% C.L., which roughly translates to an upper limit of
> m, <0.48 eV at 1 standard deviation (see [38]). Planck

and Planck + ACTPol will explore the same energy scale,
providing a great opportunity for confirming or anticipat-
ing a mass detection from KATRIN. Planck alone will also
falsify or confirm the claim of detection of the absolute
scale of the neutrino mass from the Heidelberg-Moscow
neutrinoless double beta decay experiment with an effec-
tive electron neutrino mass in the range 0.2 eV <m, <
0.6 eV at 99.73% C.L. [39].

0.118

0.116

0.114

0.112F

0 0.1 0.2 0.3 0.4
xm
A%

FIG. 1 (color online). 68% and 95% likelihood contour plots
on the ¥ m,~w, plane for Planck (blue), Planck + ACTPol
(red), and CMBPol (green).
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FIG. 2 (color online). 68% and 95% likelihood contour plots
on the Y m,—n, plane for Planck (blue), Planck + ACTPol
(red), and CMBPol (green).

Future double beta decay experiments such as MARE
[40] should sample mass scales of the order of m, ~
0.2 eV. These experiments, if combined with Planck and
Planck + ACTPol constraints, could provide extremely
valuable information on neutrino physics. For example, a
CMB detection of a neutrino mass not confirmed by double
beta decay experiments would rule out neutrinos as major-
analike particles.

Including a neutrino mass in the determination of the cold
dark matter density w, results in an uncertainty that is
nearly doubled with respect to the standard analysis, as
we can see by comparing Table III with Table II.
Moreover, the constraints on n, are also affected. We
show in Figs. 1 and 2 the two-dimensional likelihood con-
tour plots at 68% and 95% confidence level in the 3m,, vs
w. and vs n; planes, respectively. As we can see, a non-
negligible neutrino mass has positive correlation with
higher values of the cold dark matter abundance and
lower values of the scalar spectral index.

PHYSICAL REVIEW D 82, 123504 (2010)

C. Future constraints on extra background
of relativistic particles

An additional background of relativistic (and noninter-
acting) particles can be parametrized by introducing an
effective number of neutrino species N. This additional
background changes the CMB anisotropies through time
variations of the gravitational potential at recombination
due to the presence of this non-negligible relativistic com-
ponent (the so-called early integrated Sachs Wolfe effect).
The main consequence is an increase in the small-scale
CMB anisotropy (see e.g. [41]). The results are reported in
Table IV.

As we can see, combining ACTPol with Planck will
improve the constraint on N 4 by a factor of 1.4 while
CMBPol could improve it by a factor of ~3.7. Comparing
with the results in Table II, the inclusion of a background of
relativistic particles strongly weakens the constraints on
ng, wy, ., and ;. As we can see from Figs. 3—6 there is
indeed a strong positive correlation between N and these
parameters (negative for 6).

While adding ACT data will improve the constraints
by a factor ~1.4, CMBPol can provide constraints that
could give valuable information on the physics of neu-
trino decoupling from the photon-baryon primordial
plasma. As it is well known, the standard value of
neutrino parameters N.; = 3 should be increased to
N = 3.04 due to an additional contribution from a
partial heating of neutrinos during the electron-positron
annihilations (see e.g. [42]). This effect, expected from
standard physics, could be tested by the CMBPol experi-
ment, albeit at just 1 standard deviation. However, the
presence of nonstandard neutrino-electron interactions
may enhance the entropy transfer from electron-positron
pairs into neutrinos instead of photons, up to a value of
N = 3.12 ([43]). This value could be discriminated by
CMBPol from N ; = 3 at ~3 standard deviations, shed-
ding new light on nonstandard neutrino-electron inter-
actions models.

TABLE IV. 68% C.L. errors on cosmological parameters in the case of extra background of
relativistic particles Ngg. The numbers in brackets show the improvement factor o pjy,er /o With

respect to the Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00020 0.00016 (1.3) 0.000048 4.1
o(Q h?) 0.0025 0.0017 (1.5) 0.00058 4.3)
o(6,) 0.00044 0.00030 (1.3) 0.000075 (5.9
(1) 0.0043 0.0038 (1.1) 0.0023 (1.9)
o(ny) 0.0073 0.0056 (1.3) 0.0026 (2.8)
o(log[10'°4,]) 0.019 0.014 (1.4) 0.0078 (2.4)
o (Nefy) 0.18 0.13 (14)  0.044 4.1)
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FIG. 3 (color online). 68% and 95% likelihood contour plots
on the N;—n, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).
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FIG. 4 (color online). 68% and 95% likelihood contour plots
on the Ng—w), plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).
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FIG. 5 (color online). 68% and 95% likelihood contour plots
on the N 4—w, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).
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FIG. 6 (color online). 68% and 95% likelihood contour plots
on the N 40, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).

D. Future constraints on dark matter self-annihilation

Annihilating particles affect the ionization history of the
Universe in three different ways: the interaction of the
shower produced by the annihilation with the thermal gas
can ionize the gas, induce Ly—« excitation of the hydrogen,
and heat the plasma. The first two modify the evolution of
the free electron fraction x,, the third affects the tempera-
ture of baryons ([44—47]).

The rate of energy release % per unit volume by a relic
self-annihilating dark matter particle is given by

%(z) — p2202(1 + 2 pann ©)
pan =172, g
X

where npy(z) is the relic dark matter (DM) abundance at a
given redshift z, (o v) is the effective self-annihilation rate
and m, the mass of our dark matter particle, {dpy is the
dark matter density parameter, and p.. is the critical density
of the Universe today; the parameter f indicates the frac-
tion of energy which is absorbed overall by the gas, under
the approximation that the energy absorption takes place
locally. The CMB is sensitive to the combined parameter
Pann Only. The greater p,,,, the higher the fraction of free
electrons surviving after recombination, which widens the
peak of the visibility function and dampens the peaks of the
temperature and polarization angular power spectra.

In order to include the effects of this energy injection in
the standard recombination model, we have modified the
RECFAST routine [48] in the CAMB code [26], following
the prescription described in [44].

As we can see by comparing the entries in Table V with
the results in Table II, the inclusion of dark matter self-
annihilation does not substantially affect the constraints on
the other parameters.
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As shown in Galli et al. [44], WMAPS data already puts
interesting constraints on dark matter annihilation, namely
Pann = 2.4 X 1076 [m?/s/Kg] at 95% C.L. This result
disfavors dark matter annihilation as the main cause of
the anomalies in the cosmic ray positron to electron frac-
tion measured by PAMELA [49] and in the energy spec-
trum of cosmic ray electrons measured by ATIC [50] and
less evidently by FERMI [51]. Slatyer et al. [52] examined
the constraining power of this result on weakly interacting
massive particle-like dark matter models that fit the ex-
cesses in the data. In these models, particles annihilate in
leptons and pions both directly and through a new GeV-
scale state. They showed that most of these models are
excluded by WMAPS at almost 2 — o C.L.

Results reported in Table V will exclude these models at
more than ~10 — ¢ C.L. for Planck and Planck + ACT
and at ~20 — o for CMBPol, as shown in Fig. 7.

It is also interesting to notice that the constraints ob-
tained by CMBpol are comparable to those obtained by a
cosmic variance limited experiment with angular resolu-
tion comparable to Planck and without lensing extraction.
In fact, such a cosmic variance limited experiment gives a
constraint of p,,, = 5 X 1078 [44], comparable to the one
reported in Table V for CMBpol. Finally, it is worth noting
that adding small-scale data from ACT improves the con-
straints obtained with Planck only data by just ~10%.

E. Future constraints on helium abundance

As recently shown by several authors ([5,53-55]) the
small-scale CMB anisotropy spectrum can provide a
powerful method for accurately determining the primordial
“He abundance. Current astrophysical measurements of
primordial fractional abundance Y, = ‘He/(H + *He)
can be contained in the conservative estimate of Y, =
0.250 £ 0.003 (see e.g. [56]).

As we can see from Table VI, the Planck satellite mis-
sion alone will not reach this accuracy, even when com-
bined with ACT. However, it is important to note that the
helium abundance in the big bang nucleosynthesis scenario
is a growing function of Ny and the baryon density.
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FIG. 7 (color online). Constraints on the self-annihilation cross
section at recombination ( < gv>)_, times the gas-shower cou-
pling parameter f. The dark grey (dark blue) area is excluded by
Planck at 95% C.L., whereas the lightest grey (lightest blue) area
indicates the additional parameter space excluded by CMBpol.
Planck + ACT constraint is not shown as it is only 20% tighter
than the Planck constraint. The dashed line represents the current
constraints given by the WMAPS data [44]. The data points are
taken from [52] (based on the results of [80,81]), and indicate the
positions of models of dark matter particles that fit the observed
cosmic ray excesses for PAMELA data (squares), Planck +
FERMI (diamods), and Planck + ATIC (crosses). The ratios
appearing in the legend indicate models of particles that anni-
hilate through an intermediate light state to electrons, muons,
and pions in the given ratio. Error bars indicate astrophysical
uncertainties in the cross section boost factor. We refer to [52]
for further details on these models.

A change in AN ~ 1 could produce a ~5% variation
in Y, that could be measurable by Planck or Planck +
ACTPol. Moreover, a CMBPol-like experiment has the
potential of reaching a precision comparable with current
astrophysical measurements. This will open a new window
of research for testing systematics in current primordial
helium determinations.

Comparing the results in Table VI with the constraints
obtained in the case of a standard analysis in Table II, it is

TABLE V. 68% C.L. errors on cosmological parameters in the case of dark matter annihila-
tion. The entries for o(p,,,) are upper limits ( <) at 95% C.L. The parameter p,,, is measured
in [m?/s/Kg]. The numbers in brackets show the improvement factor opjy,cc /0 With respect to

the Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00013 0.000094 (1.4) 0.000032 4.1)
a(Q.h?) 0.0010 0.00078 (1.3) 0.00027 3.7
o(Hy) 0.52 0.38 (1.4) 0.12 (4.3)
o(7) 0.0042 0.0036 (1.1) 0.0023 (1.8)
o(ng) 0.0032 0.0024 (1.3) 0.0015 2.1
a(log[10'°A]) 0.013 0.010 (1.3) 0.0055 24
o(Pamn) <1.5-1077 <1.3-1077 (1.2) <63-107% (24
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68% C.L. errors on cosmological parameters in the case of helium abundance. The

numbers in brackets show the improvement factor opp,e/0 Wwith respect to the Planck

experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00019 0.00015 (1.3) 0.000051 3.7
o(Q.h?) 0.0010 0.00078 (1.3) 0.00027 (3.7)
a(fs) 0.00046 0.00032 (1.4) 0.00010 (4.6)
a(7) 0.0043 0.0038 (1.1) 0.0023 (1.9)
a(ng) 0.0063 0.0051 (1.3) 0.0025 2.5)
o(log[101°4]) 0.018 0.015 (1.2) 0.0079 (1.6)
a'( Y,,) 0.010 0.0072 (1.4) 0.0029 (3.4)

easy to see that the major impact of including this parame-
ter is on the determination of the scalar spectral index
and the baryon abundance, with the 1-o C.L. increased by
a factor ~2. In Figs. 8 and 9 we plot the two-dimensional

0.0232

0.023

0.0228

0.0226

0.0224

0.0222

0.2 0.22 0.24

Yp

0.26 0.28

FIG. 8 (color online). 68% and 95% likelihood contour plots
on the Yy.—w,, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).

0.98
0.975
0.97
0.965

(2]
0.96

0.955

0.95

0.945
0.2

0.22 0.24

Yp

0.26 0.28

FIG. 9 (color online). 68% and 95% likelihood contour plots
on the Yy.—n, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).

likelihood contours at 63% and 95% C.L. between Y, and
these parameters.

F. Future constraints on dark energy equation of state

As is well known, primary CMB anisotropies are not
able to provide accurate measurements of the dark energy
equation of state because of geometrical degeneracies
present with other parameters such as the amplitude of
the dark energy density itself (see e.g. [57]) or the
Hubble parameter. The tightest constraints on the dark
energy equation of state are therefore provided by super-
novae data combined with CMB data. The Union2 cata-
log of 557 supernovae [58] provides a constraint of
w = —0.9997207¢ when systematic and statistical errors
are considered. Nevertheless, combining CMB data with
CMB lensing can also break degeneracies (see [59,60]) and
provide interesting constraints, as already explored by
several authors (see e.g. [61]) and as we can see in
Table VII and from Fig. 10. It is interesting to notice that
the error on w is strongly dominated by the degeneracy
with H,. In fact, the constraints on w from the three data
sets considered are almost the same if one adds a strong
prior on H, at a level of 2%, obtaining o(w) = 0.039 for
Planck, o(w) = 0.038 for Planck + ACT, and o(w) =
0.033 for CMBpol.

G. Future constraints on variations
of fundamental constants

CMB anisotropies are sensitive to variations in funda-
mental constants such as the fine structure constant « (see
e.g. [62-67]) or Newton’s constant G ([68,69]) through
changes in the recombination scenario.

Varying « changes the ionization and excitation rates
and can delay or accelerate recombination. We have modi-
fied the RECFAST routine [48] in the CAMB code [26] in
order to take into account this effect, following [64].

On the other hand, varying G does not affect recombi-
nation directly but “rescales” the expansion rate of the
Universe, changing the epoch when recombination takes
place. We have therefore redefined the gravitational con-
stant in the CAMB code ([26]), as was also done in [68].
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TABLE VII. 68% C.L. errors on cosmological parameters from future surveys in case of a
variable dark energy equation of state w. The numbers in brackets show the improvement factor
Opianck/ 0 With respect to the Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00013 0.000093 (1.4) 0.000032 4.2)
o(Q h?) 0.0011 0.00086 (1.3) 0.00038 (3.0)
a(6,) 0.00026 0.00019 (1.4) 0.000053 4.9)
o(7) 0.0040 0.0037 (1.1) 0.0023 (1.8)
o(ny) 0.0032 0.0025 (1.3) 0.0016 (2.0)
o(log[10"°AsT]) 0.013 0.011 (1.2) 0.0070 (1.9)
o(w) 0.20 0.17 (1.2) 0.085 2.2)

TABLE VIII. 68% C.L. errors on cosmological parameters from future surveys in case of a
variable gravitational constant G. The numbers in brackets show the improvement factor
Opianck/ o With respect to the Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00019 0.00015 (1.3) 0.000048 (3.9
o(Q.h?) 0.0010 0.00082 (1.2) 0.00025 (4.0
a(7) 0.0042 0.0039 (1.1) 0.0022 (1.9)
o(Hy) 0.60 0.47 (1.3) 0.13 (4.6)
o(ny) 0.0061 0.0050 (1.2) 0.0023 (2.6)
o(log[101°4,]) 0.018 0.015 (1.2) 0.0073 (2.5)
a(Ag) 0.012 0.0081 (1.5) 0.0030 (4.0

The constraints are reported in Tables VIII and IX for Several authors have studied and forecasted the con-

variations in G and «, respectively. In order to parametrize
the variations with dimensionless quantities, we have con-
sidered variations in the parameters A, = a/ayand A\ =
G/G, where ay and G, are the current values of these
fundamental constants, measured in the laboratory® a, =
7.2973525376(50) X 1073 and G, = 6.67428(67) X
107 "mdkg~1s72.

As we can see from Tables VIII and IX, a variation in
these fundamental constants has important effects for the
determination of the scalar spectral index n, and the
Hubble constant H,. This can also be seen in the two-
dimensional likelihood contour plots in Figs. 11-14.

IV. DEGENERACIES

In the previous sections we presented the constraints on
several parameters by considering the standard six A-CDM
parameters plus one extra parameter at the time. However,
if one lets more extra parameters to vary together, addi-
tional degeneracies between these parameters might
weaken the constraints previously found. We therefore
studied the combination of the extra parameters that might
present the strongest degeneracies between them. Table X
shows the constraints obtained for different combinations
of parameters in the most relevant cases.

3See http://www.codata.org/.

straining power of CMB experiments on neutrino masses,
alone or combined with different astrophysical probes and
with or without lensing extraction for future CMB experi-
ments [61,70-72]. WMAP7 has provided a quite stringent
constraint on the sum of neutrino masses of Y m, <
1.3 eV at 95% C.L. [5]. This constraint is improved to
> m, <0.44 eV at 95% C.L. when WMAP7 is combined
with Sloan Digital Sky Survey data [73] and with the
Hubble Space Telescope prior [74] on the Hubble constant.

100

90

o 80

I

70

60

-16 -14 -12 -1 -0.8 -0.6
w

FIG. 10 (color online). 68% and 95% likelihood contour plots
on the w—H|, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).
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TABLE IX. 68% C.L. errors on cosmological parameters from future surveys in case of a
variable fine structure constant «. The numbers in brackets show the improvement factor

Opianck/ 0 With respect to the Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol

a(Q,h?) 0.00013 0.00011 (1.2) 0.000035 4.1
a(Q h?) 0.0012 0.00094 (1.3) 0.00032 (3.9)
o(7) 0.0042 0.0037 (1.1) 0.0024 (1.8)
o(Hy) 0.77 0.51 (1.5) 0.21 (3.8)
a(ny) 0.0060 0.0048 (1.3) 0.0026 (2.6)
o(log[10'°4,]) 0.015 0.015 (1.0 0.0042 (2.5)
o(a/ap) 0.0018 0.0013 (1.4) 0.00053 (3.7)

Nevertheless, when also the number of effective relativistic
particles Ny and the dark energy equation of state w are
sampled, these bounds relax of about a factor 2 (see [75]
for a wider review on current bounds).

73.5

73

725

715

71

70.5

0.96 0.98 1 1.02 1.04

FIG. 11 (color online). 68% and 95% likelihood contour plots
on the A;—H, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).

0.98

0.975

0.97

» 0.965
c

0.96

0.955

0.95

0.96 0.98 1 1.02 1.04

FIG. 12 (color online). 68% and 95% likelihood contour plots
on the Ag—n, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).

The well-known degeneracy between the sum of neu-
trino masses > m, and the number of relativistic species
N arises from the fact that a greater value of N in-
creases the amount of radiation density w,. In order to

74

735
73

725

72

- 715
71

70.5

70

69.5
0.995 1 1.005

FIG. 13 (color online). 68% and 95% likelihood contour plots
on the a/ay—H, plane for Planck (blue), Planck + ACTPol
(red), and CMBPol (green).

0.98
0.975
0.97

= 0.965
0.96
0.955

0.95

0.995 1 1.005
(x/oco

FIG. 14 (color online). 68% and 95% likelihood contour plots
on the @/ ay—n, plane for Planck (blue), Planck + ACTPol (red),
and CMBPol (green).
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TABLE X. 68% C.L. errors on cosmological parameters from future surveys when different combinations of parameters are let vary
in addition to the six standard ACDM parameters. The entries for Y. m,, are 68% C.L. upper limits, while the entries for p,,, are 95%
upper limits. We performed the analysis for Planck only data in the case of ACDM + Y m, + Yp and ACDM + 3 m, + p,., as no
significant degeneracies arose in these cases. The numbers in brackets show the improvement factor opj,,e/0 with respect to the

Planck experiment.

Parameter uncertainty Planck Planck + ACTPol CMBPol
ACDM + Y m,, + N
o3 m,) <0.14 <0.10 (1.4) <0.050 (2.8)
0 (Negr) 0.11 0.091 (1.2) 0.033 (3.3)
ACDM + Y, + Neg
o(Y,) 0.014 0.011 (1.3) 0.0048 (2.9)
0 (Negr) 0.26 0.20 (1.3) 0.076 (3.4)
ACDM + Y m, + Yp
o3 m,) <0.14 — —
o(Y,) 0.011 — —
ACDM + ¥ m, + pam
o> m,) <0.16 — —
(Pann) 1.7 X 1077 — —

maintain the redshift of equality between matter and ra-
diation, z,, = w,,/®,, fixed to the value measured by
CMB data, the amount of matter density w,, also has to
be increased. The consequence of that is an enhanced
power of the matter power spectrum at small scales, that
can be compensated by a larger neutrino mass that
free-streams away the small scales perturbations. Using
WMAPI data, Crotty et al. [76] showed that priors and
combination with large scale structure data are needed in
order to break this degeneracy. Nevertheless, we checked
that the improved quality of future data on small scales and
the addition of lensing information partially breaks
the degeneracy as well, as shown in Fig. 15. We fixed the
number of massive neutrinos to 3 and let vary the

0.2
Zm
v

FIG. 15 (color online). 68% and 95% likelihood contour plots
on the AN - m, plane for Planck (blue), Planck + ACTPol
(red), and CMBPol (green). We define AN = Ny — 3, as we
fixed the number of massive neutrinos to 3.

additional possible number of relativistic species, together
with the mass of neutrinos. The overall uncertainties on all
the parameters are, however, still increased when both the
parameters are let vary, as shown in Table XI.

Several authors also studied the large degeneracy exist-
ing between > m, and the dark energy equation of state w
[71,72,77]. This degeneracy arises from the fact that both
Y m, and w are degenerate with the matter density (),,.
CMB alone cannot place significant constraints in this case
and it must be combined with external data such as super-
novae and baryon acoustic oscillations data [4] in order to
provide meaningful limits. This analysis is therefore
beyond the scope of this paper.

We also checked that no strong degeneracies seem to
arise when Y’ m,, and the fraction of helium abundance Y,
are considered together, as shown in Fig. 16, as well as
when Y m,, is varied together with the parameter of anni-
hilation p,,,.

On the contrary, a degeneracy is known to arise between
the number of relativistic species N and the abundance of
primordial Yp [54,55,78], as shown in Fig. 17. This degen-
eracy weakens the constraints on the two parameters of
about ~40%, as shown in Table X.

As the variation of fundamental constants is concerned,
the effect of a variable fine structure constant is partially
degenerate with the one caused by the gravitational con-
stant on CMB spectra, as shown in [65]. Nevertheless,
Planck will partially break this degeneracy thanks to its
improved EE polarization data. It must be noted, however,
that this degeneracy might hide a real correlation between
the value of the two couplings, due to some underlying
common mechanism, such as the presence of a new un-
known scalar field, responsible for the variation of the two
quantities. This encourages very interesting possibilities
and further studies in the future.
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68% C.L. errors on cosmological parameters from future surveys in case of a

variable sum of neutrino masses Y m, and number of relativistic species N.y. The numbers in
brackets show the improvement factor opy,, /o with respect to the Planck experiment. The

entries for Y m, are upper limits at 68% C.L.

Parameter uncertainty Planck Planck + ACTPol CMBPol

o(Q,h?) 0.00016 0.00013 (1.2) 0.000041 (3.9)
o(Q.h?) 0.0022 0.0017 (1.3) 0.00076 (2.9)
o(6,) 0.00035 0.00025 (1.4 0.000074 4.7)
a(7) 0.0043 0.0037 (1.2) 0.0023 (1.9)
a(n,) 0.0051 0.0043 (1.2) 0.0023 (2.2)
o(log[10'°4,)) 0.016 0.013 (1.2) 0.0078 (2.0)
o> m,) <0.14 <0.10 (1.4) <0.050 (2.8)
(Ner) 0.11 0.091 (1.2) 0.033 (3.3)

V. CONCLUSIONS

In this paper we have performed a systematic analysis of
the future constraints on several parameters achievable
from CMB experiments. Aside from the six parameters
of the standard A-CDM model we have considered new
parameters mostly related to quantities which can be
probed in a complementary way in the laboratory and/or
with astrophysical measurements. In particular we found
that the Planck experiment will provide bounds on the sum
of the masses 2m, that could potentially definitively
confirm or rule out the Heidelberg-Moscow claim for a
detection of an absolute neutrino mass scale. Planck +
ACTPol could reach sufficient sensitivity for a robust
detection of neutrino mass for an inverted hierarchy, while
CMBPol should also be able to detect it for a direct mass
hierarchy. The comparison of Planck + ACTPol con-
straints on baryon density Ny and Y, with the comple-
mentary bounds from big bang nucleosynthesis will
provide a fundamental test for the whole cosmological

0.27

0.26

0.25
> 024

0.23

0.22

0.21

0 0.1 0.2 0.3
m
v

FIG. 16 (color online). 68% and 95% likelihood contour plots
on the Y m,~Y, plane for Planck data.

scenario. CMBPol could have a very important impact in
understanding the epoch of neutrino decoupling.
Moreover, the primordial helium abundance can be con-
strained with an accuracy equal to that of current astro-
physical measurements but with much better control of
systematics. Constraints on fundamental constants can be
achieved at a level close to laboratory constraints. Such
overlap between cosmology and other fields of physics and
astronomy is one of the most interesting aspects of future
CMB research.

We should note, however, that our forecasts rely on
several technical assumptions. First, we assumed that the
theoretical model of the recombination process is accu-
rately known. This is not quite true as corrections to the
recombination process are already needed for the Planck
experiment (see e.g. [79]). However, this is mainly a
computational problem that could be solved by the time
of CMBPol launch, expected not before 2015. In addition,
we assume that the foreground and beam uncertainties are
smaller than the statistical errors.

3.6

3.4

3.2

Neff

2.8

2.6

2.4

0.2 0.22 0.26 0.28

FIG. 17 (color online). 68% and 95% likelihood contour plots
on the ¥ ,~Ng plane for Planck data (blue), Planck + ACTPol
(red), and CMBPol (green).
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Finally, degeneracies arising when more than one extra
parameter is let vary at the same time can weaken the
constraints found when only one extra parameter is con-
sidered. In this case, the combination of CMB data with
additional complementary probes is essential to break the
degeneracies.

Nevertheless, the results clearly show the advantage of
adding small-scale data from the ACT telescope to the
Planck satellite data. Adding the former to the latter,

PHYSICAL REVIEW D 82, 123504 (2010)

the parameter constraints should improve by about
20%—-40%.
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