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Fig. 23. Constraints on the running of the scalar spectral index in the
ACDM model, using Planck TT+lowP (samples, coloured by the spec-
tral index at k = 0.05 Mpc™"), and Planck TT,TE,EE+lowP (black con-
tours). The Planck data are consistent with zero running, but also al-
low for significant negative running, which gives a positive tilt on large
scales and hence less power on large scales.

include tensor fluctuations in addition to running:

dn

dlnsk = —0.0126"000%%  Planck TT+lowP, (42a)
d

dlZsk = —0.0085 = 0.0076, Planck TT, TE, EE+lowP, (42b)
d

dlZsk = —0.0065 + 0.0076,  Planck TT+lowP+lensing

+ext+BKP. (42¢)

PCP13 found an approximately 20~ pull towards negative run-
ning for these models. This tension is reduced to about 1o~ with
the 2015 Planck data, and to lower values when we include
the BKP likelihood, which reduces the range of allowed tensor
amplitudes.

In summary, the Planck data are consistent with zero running
of the scalar spectral index. However, as illustrated in Fig. 23,
the Planck data still allow running at roughly the 1072 level,
i.e., an order of magnitude higher than expected in simple in-
flationary models. One way of potentially improving these con-
straints is to extend the wavenumber range from CMB scales
to smaller scales using additional astrophysical data, for exam-
ple by using measurements of the Lya flux power spectrum
of high-redshift quasars (as in the first year WMAP analysis,
Spergel et al. 2003). Palanque-Delabrouille et al. (2015) have re-
cently reported an analysis of a large sample of quasar spec-
tra from the SDSSIII/BOSS survey. These authors find a low
value of the scalar spectral index ny = 0.928 + 0.012 (stat.) +
(0.02) (syst.) on scales of k ~ lMpc‘l. To extract physical pa-
rameters, the Ly power spectra need to be calibrated against
numerical hydrodynamical simulations. The large systematic er-
ror in this spectral index determination is dominated by the fi-
delity of the hydrodynamic simulations and by the splicing used
to achieve high resolution over large scales. These uncertainties
need to be reduced before addressing the consistency of Lya
results with CMB measurements of the running of the spectral
index.
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Fig. 24. Constraints on the correlated matter isocurvature mode ampli-
tude parameter @, where @ = 0 corresponds to purely adiabatic pertur-
bations. The Planck temperature data slightly favour negative values,
since this lowers the large-scale anisotropies; however, the polarization
signal from an isocurvature mode is distinctive and the Planck polariza-
tion data significantly shrink the allowed region around the value @ = 0
corresponding to adiabatic perturbations.

6.2.3. Isocurvature perturbations

A key prediction of single-field inflation is that the primordial
perturbations are adiabatic. More generally, the observed fluc-
tuations will be adiabatic in any model in which the curvature
perturbations were the only super-horizon perturbations left by
the time that dark matter (and other matter) first decoupled, or
was produced by decay. The different matter components then
all have perturbations proportional to the curvature perturbation,
so there are no isocurvature perturbations. However, it is possible
to produce an observable amount of isocurvature modes by hav-
ing additional degrees of freedom present during inflation and
through reheating. For example, the curvaton model can gener-
ate correlated adiabatic and isocurvature modes from a second
field (Mollerach 1990; Lyth & Wands 2002).

Isocurvature modes describe relative perturbations between
the different species (Bucher et al. 2001b), with perhaps the sim-
plest being a perturbation in the baryonic or dark matter sector
(relative to the radiation). However, only one total matter isocur-
vature mode is observable in the linear CMB (in the accurate
approximation in which the baryons are pressureless); a com-
pensated mode (between the baryons and the cold dark matter)
with dp, = —dp. has no net density perturbation, and produces
no CMB anisotropies (Gordon & Lewis 2003; Grin et al. 2011;
Grin et al. 2014). It is possible to generate isocurvature modes in
the neutrino sector; however, this requires interaction of an ad-
ditional perturbed super-horizon field with neutrinos after they
have decoupled, and hence is harder to achieve. Finally, neu-
trino velocity potential and vorticity modes are other possible
consistent perturbations to the photon-neutrino fluid after neu-
trino decoupling. However, they are essentially impossible to
excite, since they consist of photon and neutrino fluids coher-
ently moving in opposite directions on super-horizon scales (al-
though the relative velocity would have been zero before neu-
trino decoupling).

Planck Collaboration XXII (2014) presented constraints on
a variety of general isocurvature models using the Planck tem-
perature data, finding consistency with adiabaticity, though with
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Fig. 25. Power spectra drawn from the Planck TT+lowP posterior for the correlated matter isocurvature model, colour-coded by the value of the
isocurvature amplitude parameter @, compared to the Planck data points. The left-hand figure shows how the negatively-correlated modes lower
the large-scale temperature spectrum, slightly improving the fit at low multipoles. Including polarization, the negatively-correlated modes are
disfavoured, as illustrated at the first acoustic peak in EE on the right-hand plot. Data points at £ < 30 are not shown for polarization, as they are
included with both the default temperature (i.e., TT+lowP) and polarization (i.e., TT,TE,EE+lowP) likelihood combinations.

some mild preference for isocurvature models that reduce the
power at low multipoles to provide a better match to the Planck
temperature spectrum at £ < 50. For matter isocurvature pertur-
bations, the photons are initially unperturbed but perturbations
develop as the Universe becomes more matter dominated. As a
result, the phase of the acoustic oscillations differs from adia-
batic modes; this is most clearly distinctive with the addition of
polarization data (Bucher et al. 2001a).

An extended analysis of isocurvature models is given in
Planck Collaboration XX (2016). Here we focus on a simple il-
lustrative case of a totally-correlated matter isocurvature mode.
We define an isocurvature amplitude parameter , such that?’

|| ‘.

1l (43)

Sm = sgn(a)

where ( is the primordial curvature perturbation. Here S, is the
total matter isocurvature mode, defined as the observable sum
of the baryon and CDM isocurvature modes, i.e., S, = S¢ +

Sv(pv/pc), where
(44)

All modes are assumed to have a power spectrum with the
same spectral index ng, so that « is independent of scale. For
positive « this agrees with the definitions in Bean et al. (2006)
and Larson et al. (2011) for a_;, but also allows for the corre-
lation to have the opposite sign. Approximately, sgn(a)@® =~
B., where B, is the CDM version of the amplitude defined as
in Amendola et al. (2002). Note that in our conventions, negative
values of a lower the Sachs-Wolfe contribution to the large-scale
TT power spectrum. We caution the reader that this convention
differs from some others, e.g., Larson et al. (2011).

Planck constraints on the correlated isocurvature amplitude
are shown in Fig. 24, with and without high-multipole polariza-
tion. The corresponding marginalized limit from the temperature

27 Planck Collaboration XX (2016) gives equivalent one-tailed con-
straints on B;, = |a|, where the correlated and anti-correlated cases are
considered separately.

data is

a = —0.0025*3003% (95%, Planck TT+lowP), (45)
which is significantly tightened around zero when Planck polar-
ization information is included at high multipoles:

a = 0.0003*09018  (95%, Planck TT,TE,EE+lowP). (46)
This strongly limits the isocurvature contribution to be less than
about 3% of the adiabatic modes. Figure 25 shows how models
with negative correlation parameter, «, fit the temperature data at
low multipoles slightly better than models with @ = 0; however,
these models are disfavoured from the corresponding change in
the polarization acoustic peaks.

In this model most of the gain in sensitivity comes from
relatively large scales, £ < 300, where the correlated isocur-
vature modes with delayed phase change the first polarization
acoustic peak ({ ~ 140) significantly more than in tempera-
ture (Bucher et al. 2001a). The polarization data are not entirely
robust to systematics on these scales, but in this case the result
appears to be quite stable between the different likelihood codes.
However, it should be noted that a particularly low point in the
TE spectrum at ¢ ~ 160 (see Fig. 3) pulls in the direction of
positive @, and could be giving an artificially strong constraint if
this were caused by an unidentified systematic.

6.2.4. Curvature

The simplifying assumptions of large-scale homogeneity and
isotropy lead to the familiar Friedman-Lemaitre-Robertson-
Walker (FLRW) metric that appears to be an accurate description
of our Universe. The base ACDM cosmology assumes an FLRW
metric with a flat 3-space. This is a very restrictive assump-
tion that needs to be tested empirically. In this subsection, we
investigate constraints on the parameter Qg, where for ACDM
models Qg = 1 — Q,, — Q4. For FLRW models Qg > 0 cor-
responds to negatively-curved 3-geometries while Qg < 0 cor-
responds to positively-curved 3-geometries. Even with perfect
data within our past lightcone, our inference of the curvature
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Fig. 26. Constraints in the Q,,—Q, plane from the Planck TT+lowP data
(samples; colour-coded by the value of Hy) and Planck TT,TE,EE+lowP
(solid contours). The geometric degeneracy between Q,, and Q, is par-
tially broken because of the effect of lensing on the temperature and
polarization power spectra. These limits are improved significantly by
the inclusion of the Planck lensing reconstruction (blue contours) and
BAO (solid red contours). The red contours tightly constrain the geom-
etry of our Universe to be nearly flat.

Qk is limited by the cosmic variance of curvature perturbations
that are still super-horizon at the present, since these cannot be
distinguished from background curvature within our observable
volume.

The parameter Qg decreases exponentially with time dur-
ing inflation, but grows only as a power law during the radia-
tion and matter-dominated phases, so the standard inflationary
prediction has been that curvature should be unobservably small
today. Nevertheless, by fine-tuning parameters it is possible to
devise inflationary models that generate open (e.g., Bucher et al.
1995; Linde 1999) or closed universes (e.g., Linde 2003). Even
more speculatively, there has been interest recently in multi-
verse models, in which topologically-open “pocket universes”
form by bubble nucleation (e.g., Coleman & De Luccia 1980;
Gott 1982) between different vacua of a “string landscape” (e.g.,
Freivogel et al. 2006; Bousso et al. 2015). Clearly, the detection
of a significant deviation from Qg = 0 would have profound
consequences for inflation theory and fundamental physics.

The Planck power spectra give the constraint

Qx = —0.052"042  (95%, Planck TT+lowP). 47)
The well-known geometric degeneracy (Bondetal. 1997,

Zaldarriaga et al. 1997) allows for the small-scale linear CMB
spectrum to remain almost unchanged if changes in Q are com-
pensated by changes in Hj to obtain the same angular diameter
distance to last scattering. The Planck constraint is therefore
mainly determined by the (wide) priors on Hj, and the effect
of lensing smoothing on the power spectra. As discussed in
Sect. 5.1, the Planck temperature power spectra show a slight
preference for more lensing than expected in the base ACDM
cosmology, and since positive curvature increases the amplitude
of the lensing signal, this preference also drives Qg towards neg-
ative values.

Taken at face value, Eq. (47) represents a detection of posi-
tive curvature at just over 20, largely via the impact of lensing
on the power spectra. One might wonder whether this is mainly
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Fig. 27. Samples from the distribution of the dark energy parameters wy
and w, using Planck TT+lowP+BAO+JLA data, colour-coded by the
value of the Hubble parameter Hy. Contours show the corresponding
68% and 95% limits. Dashed grey lines intersect at the point in param-
eter space corresponding to a cosmological constant.

a parameter volume effect, but that is not the case, since the best
fit closed model has A/\(2 ~ 6 relative to base ACDM, and the fit
is improved over almost all the posterior volume, with the mean
improvement being (Ax?) ~ 5 (very similar to the phenomeno-
logical case of ACDM+A; ). Addition of the Planck polarization
spectra shifts Qg towards zero by AQg =~ 0.015:

Qk = —0.040" 0038

(95%, Planck TT,TE ,EE+1lowP), (48)

but Qg remains negative at just over 20

What’s more, the lensing reconstruction from Planck mea-
sures the lensing amplitude directly and, as discussed in
Sect. 5.1, this does not prefer more lensing than base ACDM.
The combined constraint shows impressive consistency with a
flat universe:
Qk = —0.00570015

(95%, Planck TT+lowP+lensing). 49)

The dramatic improvement in the error bar is another illustration
of the power of the lensing reconstruction from Planck.

The constraint can be sharpened further by adding external
data that break the main geometric degeneracy. Combining the
Planck data with BAO, we find

Qg =0.000 +0.005 (95%, Planck TT+lowP+lensing+BAO).
(50)

This constraint is unchanged at the quoted precision if we add
the JLA supernovae data and the H prior of Eq. (30).

Figure 26 illustrates these results in the Q,,—Q, plane. We
adopt Eq. (50) as our most reliable constraint on spatial curva-
ture. Our Universe appears to be spatially flat to a 1o~ accuracy
of 0.25%.

6.3. Dark energy

The physical explanation for the observed accelerated expansion
of the Universe is currently not known. In standard ACDM the
acceleration is provided by a cosmological constant, i.e., an ad-
ditional fluid satisfying an equation of state w = ppg/ppg = —1.
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However, there are many possible alternatives, typically de-
scribed either in terms of extra degrees of freedom associated
with scalar fields or modifications of general relativity on cos-
mological scales (for reviews see, e.g., Copeland et al. 2006;
Tsujikawa 2010). A detailed study of these models and the con-
straints imposed by Planck and other data are presented in a sep-
arate paper, Planck Collaboration XIV (2016).

Here we will limit ourselves to the most basic extensions
of ACDM, which can be phenomenologically described in
terms of the equation of state parameter w alone. Specifically
we will use the camb implementation of the “parameterized
post-Friedmann” (PPF) framework of Hu & Sawicki (2007) and
Fang et al. (2008) to test whether there is any evidence that w
varies with time. This framework aims to recover the behaviour
of canonical (i.e., those with a standard kinetic term) scalar field
cosmologies minimally coupled to gravity when w > -1, and
accurately approximates them for values w ~ —1. In these mod-
els the speed of sound is equal to the speed of light, so that the
clustering of the dark energy inside the horizon is strongly sup-
pressed. The advantage of using the PPF formalism is that it is
possible to study the phantom domain, w < —1, including transi-
tions across the “phantom barrier”, w = —1, which is not possible
for canonical scalar fields.

The CMB temperature data alone do not tightly constrain w,
because of a strong geometrical degeneracy, even for spatially-
flat models. From Planck we find

w=-1.54"0% " (95%, Planck TT+lowP), (51)
i.e., almost a 20 shift into the phantom domain. This is partly, but
not entirely, a parameter volume effect, with the average effec-
tive x> improving by (Ay?) =~ 2 compared to base ACDM. This
is consistent with the preference for a higher lensing amplitude
discussed in Sect. 5.1.2, improving the fit in the w < —1 region,
where the lensing smoothing amplitude becomes slightly larger.
However, the lower limit in Eq. (51) is largely determined by the
(arbitrary) prior Hy < 100 km s™'Mpc~!, chosen for the Hubble
parameter. Much of the posterior volume in the phantom region
is associated with extreme values for cosmological parameters,
which are excluded by other astrophysical data. The mild tension
with base ACDM disappears as we add more data that break the
geometrical degeneracy. Adding Planck lensing and BAO, JLA
and H (“ext”) gives the 95% constraints

= —1.023700¢ Planck TT+lowP+ext, (52a)

= -1.006%008; Planck TT+lowP+lensing+ext,  (52b)
w = —1.019f8:8§8 Planck TT, TE, EE+lowP+lensing+ext.
(52¢)

The addition of Planck lensing, or using the full Planck tem-
perature+polarization likelihood together with the BAO, JLA,
and Hy data does not substantially improve the constraint of
Eq. (52a). All of these data set combinations are compatible with
the base ACDM value of w = —1. In PCP13, we conservatively
quoted w = —1.13*022, based on combining Planck with BAO,
as our most reliable limit on w. The errors in Eqgs. (52a)—(52c)
are substantially smaller, mainly because of the addition of the
JLA SNe data, which offer a sensitive probe of the dark energy
equation of state at z < 1. In PCP13, the addition of the SNLS
SNe data pulled w into the phantom domain at the 20 level, re-
flecting the tension between the SNLS sample and the Planck
2013 base ACDM parameters. As noted in Sect. 5.3, this dis-
crepancy is no longer present, following improved photometric
calibrations of the SNe data in the JLA sample. One consequence

of this is the tightening of the errors in Egs. (52a)—(52c) around
the ACDM value w = —1 when we combine the JLA sample
with Planck.

If w differs from —1, it is likely to change with time. We
consider here the case of a Taylor expansion of w at first order in
the scale factor, parameterized by

w=wy+ (1 -a)w,. (53)

More complex models of dynamical dark energy are discussed
in Planck Collaboration XIV (2016). Figure 27 shows the 2D
marginalized posterior distribution for wy and w, for the com-
bination Planck+BAO+JLA. The JLA SNe data are again cru-
cial in breaking the geometrical degeneracy at low redshift and
with these data we find no evidence for a departure from the
base ACDM cosmology. The points in Fig. 27 show samples
from these chains colour-coded by the value of Hy. From these
MCMC chains, we find Hy = (68.2 + 1.1) km s~'Mpc™'. Much
higher values of Hy would favour the phantom regime, w < —1.

As pointed out in Sects. 5.5.2 and 5.6 the CFHTLenS weak
lensing data are in tension with the Planck base ACDM param-
eters. Examples of this tension can be seen in investigations of
dark energy and modified gravity, since some of these models
can modify the growth rate of fluctuations from the base ACDM
predictions. This tension can be seen even in the simple model
of Eq. (53). The green regions in Fig. 28 show 68% and 95%
contours in the wy—w, plane for Planck TT+lowP combined with
the CFHTLenS H13 data. In this example, we have applied ultra-
conservative cuts, excluding £_ entirely and excluding measure-
ments with 6§ < 17’ in &, for all tomographic redshift bins. As
discussed in Planck Collaboration XIV (2016), with these cuts
the CFHTLenS data are insensitive to modelling the nonlinear
evolution of the power spectrum, but this reduction in sensitiv-
ity comes at the expense of reducing the statistical power of the
weak lensing data. Nevertheless, Fig. 28 shows that the combina-
tion of Planck+CFHTLenS pulls the contours into the phantom
domain and is discrepant with base ACDM at about the 20 level.
The Planck+CFHTLenS data also favour a high value of Hy. If
we add the (relatively weak) Hj prior of Eq. (30), the contours
(shown in cyan) in Fig. 28 shift towards w = —1. It therefore
seems unlikely that the tension between Planck and CFHTLenS
can be resolved by allowing a time-variable equation of state for
dark energy.

A much more extensive investigation of models of dark
energy and also models of modified gravity can be found in
Planck Collaboration XIV (2016). The main conclusions of that
analysis are:

e an investigation of more general time-variations of the equa-
tion of state shows a high degree of consistency withw = —1;

e a study of several dark energy and modified gravity models
either finds compatibility with base ACDM, or mild tensions,
which are driven mainly by external data sets.

6.4. Neutrino physics and constraints on relativistic
components

In the following subsections, we update Planck constraints on
the mass of standard (active) neutrinos, additional relativistic de-
grees of freedom, models with a combination of the two, and
models with massive sterile neutrinos. In each subsection we
emphasize the Planck-only constraint, and the implications of
the Planck result for late-time cosmological parameters mea-
sured from other observations. We then give a brief discussion of
tensions between Planck and some discordant external data, and
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Fig. 28. Marginalized posterior distributions for (wy,w,) for vari-
ous data combinations. We show Planck TT+lowP in combination
with BAO, JLA, H, (“ext”), and two data combinations that add the
CFHTLenS data with ultra-conservative cuts as described in the text
(denoted “WL”). Dashed grey lines show the parameter values corre-
sponding to a cosmological constant.

assess whether any of these model extensions can help to resolve
them. Finally we provide constraints on neutrino interactions.

6.4.1. Constraints on the total mass of active neutrinos

Detection of neutrino oscillations has proved that neutri-
nos have mass (see, e.g., Lesgourgues & Pastor 2006 and
Nakamura & Petcov 2014 for reviews). The Planck base ACDM
model assumes a normal mass hierarchy with ) m, =~ 0.06 eV
(dominated by the heaviest neutrino mass eigenstate) but there
are other possibilities, including a degenerate hierarchy with
>.m, = 0.1 eV. At this time there are no compelling theoreti-
cal reasons to strongly prefer any of these possibilities, so allow-
ing for larger neutrino masses is perhaps one of the most well-
motivated extensions to base ACDM considered in this paper.
There has also been significant interest recently in larger neu-
trino masses as a possible way to lower g (the late-time fluctua-
tion amplitude), and thereby reconcile Planck with weak lensing
measurements and the abundance of rich clusters (see Sects. 5.5
and 5.6). Though model dependent, neutrino mass constraints
from cosmology are already significantly stronger than those
from tritium S-decay experiments (see, e.g., Drexlin et al. 2013).

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small differences in mass
expected from the observed mass splittings. At the level of sen-
sitivity of Planck this is an accurate approximation, but note
that it does not quite match continuously on to the base ACDM
model (which assumes two massless and one massive neutrino
with Y, m, = 0.06 eV). We assume that the neutrino mass is con-
stant, and that the distribution function is Fermi-Dirac with zero
chemical potential.

Masses well below 1 eV have only a mild effect on the shape
of the CMB power spectra, since they became non-relativistic af-
ter recombination. The effect on the background cosmology can
be compensated by changes in Hy, to ensure the same observed
acoustic peak scale 6,.. There is, however, some sensitivity of
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Fig. 29. Samples from the Planck TT+lowP posterior in the }, m,—H,
plane, colour-coded by og. Higher ) m, damps the matter fluctuation
amplitude o, but also decreases Hy. The grey bands show the direct
measurement, Hy, = (70.6 + 3.3) km s’lMpc’l, Eq. (30). Solid black
contours show the constraint from Planck TT+lowP+lensing (which
mildly prefers larger masses), and filled contours show the constraints
from Planck TT+lowP+lensing+BAO.

the CMB anisotropies to neutrino masses as the neutrinos start
to become less relativistic at recombination (modifying the early
ISW effect), and from the late-time effect of lensing on the power
spectrum. The Planck power spectrum (95%) constraints are

dim, < 072eV  Planck TT+lowP, (54a)
Dim, < 021eV  Planck TT+lowP+BAO, (54b)
va < 049 eV Planck TT, TE, EE+lowP, (54c)
Dim, < 017eV  Planck TT, TE, EE+lowP+BAO. (54d)

The Planck TT+lowP constraint has a broad tail to high masses,
as shown in Fig. 29, which also illustrates the acoustic scale
degeneracy with Hj. Larger masses imply a lower og through
the effects of neutrino free-streaming on structure formation, but
the larger masses also require a lower Hubble constant, lead-
ing to possible tensions with direct measurements of Hy. Masses
below about 0.4 eV can provide an acceptable fit to the direct
Hy measurements, and adding the BAO data helps to break the
acoustic scale degeneracy and tightens the constraint on ), m,
substantially. Adding Planck polarization data at high multi-
poles produces a relatively small improvement to the Planck
TT+lowP+BAO constraint (and the improvement is even smaller
with the alternative CamSpec likelihood), so we consider the TT
results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95% limit
of Y m, < 0.23 eV reported in PCP13 for Planck+BAO. The
limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see, e.g. Abazajian et al. 2015b).
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As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in ACDM (allowing the lensing amplitude to vary
gives A, > 1 at just over 207). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ACDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ACDM prediction (Eq. (18)). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95%
limit is actually tighter than the Planck TT+lowP result:
Z m, < 0.68 eV (95%, Planck TT+lowP+lensing).  (55)
Adding the polarization spectra improves this constraint slightly
to

Z m, < 0.59 eV (95%, Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint that further includes BAO, JLA,
and Hy (“ext”) as our best limit:

Z m, < 0.23 eV

95%, Planck TT+lowP+lensing+ext.
Q,h% < 0.0025

(57)

This is slightly weaker than the constraint from Planck
TT, TE,EE+lowP+lensing+BAO (which is tighter in both the
CamSpec and P1lik likelihoods), but is immune to low level sys-
tematics that might affect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are*®

Hy=67.7+0.6

58
g = 0.81079913 (58)

} Planck TT+lowP+lensing+ext.

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of og will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to
disregard the Planck lensing information while retaining other
astrophysical data. The CMB lensing signal probes very-nearly
linear scales and passes many consistency checks over the mul-
tipole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2016). The situation with galaxy
weak lensing is rather different, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales, where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2015).

2 To simplify the displayed equations, H, is given in units of
km s~'Mpc~! in this section.
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Fig. 30. Constraints on the sum of the neutrino masses for various data
combinations.

A larger range of neutrino masses was found by Beutler et al.
(2014b) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ACDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
ACDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly« flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2015)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound ), m, <
0.15 eV (95% CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007,
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range >, m, < 0.23 eV preferred by Planck, detection with the
first generation experiment will be extremely difficult.

6.4.2. Constraints on Ng

Dark radiation density in the early Universe is usually parame-
terized by Neg, defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the
photon density p, at T < 1 MeV by

7( 4\*?
= Nog= [ — )
Y eﬁg(ll) Py

(59
The numerical factors in this equation are included so that Neg =
3 for three standard model neutrinos that were thermalized in
the early Universe and decoupled well before electron-positron
annihilation. The standard cosmological prediction is actually
Neg = 3.046, since neutrinos are not completely decoupled
at electron-positron annihilation and are subsequently slightly
heated (Mangano et al. 2002).
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Fig. 31. Samples from Planck TT+lowP chains in the N.g—H, plane,
colour-coded by os. The grey bands show the constraint Hy = (70.6 +
3.3) kms~'Mpc ! of Eq. (30). Notice that higher N, brings H into bet-
ter consistency with direct measurements, but increases os. Solid black
contours show the constraints from Planck TT,TE.EE+lowP+BAO.
Models with Ny < 3.046 (left of the solid vertical line) require photon
heating after neutrino decoupling or incomplete thermalization. Dashed
vertical lines correspond to specific fully-thermalized particle models,
for example one additional massless boson that decoupled around the
same time as the neutrinos (AN ~ 0.57), or before muon annihilation
(ANgg ~ 0.39), or an additional sterile neutrino that decoupled around
the same time as the active neutrinos (AN.g =~ 1).

In this section we focus on additional energy density from
massless particles. In addition to massless sterile neutrinos, a va-
riety of other particles could contribute to N.g. We assume that
the additional massless particles are produced well before re-
combination, and neither interact nor decay, so that their energy
density scales with the expansion exactly like massless neutri-
nos. An additional AN.g = 1 could correspond to a fully ther-
malized sterile neutrino that decoupled at 7 < 100 MeV;; for ex-
ample, any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1-eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Neg and )’ m, is reported in Sect. 6.4.3. For
areview of sterile neutrinos see Abazajian et al. (2012).

More generally the additional radiation does not need to be
fully thermalized, for example there are many possible models of
non-thermal radiation production via particle decays (see, e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures 7 > 100 MeV,
in which case typically ANz < 1 for each additional species,
since heating by photon production at muon annihilation (cor-
responding to T = 100 MeV) decreases the fractional impor-
tance of the additional component at the later times relevant
for the CMB. For particles produced at 7 > 100 MeV the
density would be diluted even more by numerous phase tran-
sitions and particle annihilations, and give AN.g < 1. Fur-
thermore, if the particle is not fermionic, the factors entering
the entropy conservation equation are different, and even ther-
malized particles could give specific fractional values of AN.g.
For example Weinberg (2013) considers the case of a thermal-
ized massless boson, which contributes AN.g = 4/7 ~ 0.57 if
it decouples in the range 0.5 MeV < T < 100 MeV like the
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neutrinos, or ANgg ~ 0.39 if it decouples at 7 > 100 MeV (be-
fore the photon production at muon annihilation, hence undergo-
ing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach, where one constrains N.g as a free parameter with a
wide flat prior, although we comment on a few discrete cases
separately below. Values of N.g < 3.046 are less well motivated,
since they would require the standard neutrinos to be incom-
pletely thermalized or additional photon production after neu-
trino decoupling, but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Neg = 3.046. However, a significant density of
additional radiation is still allowed, with the (68%) constraints

Neg = 3.13+£0.32 Planck TT+lowP, (60a)
Neg 3.15+0.23 Planck TT+lowP+BAO, (60b)
Negr 2.99 +0.20 Planck TT, TE, EE+lowP, (60c)
Neg = 3.04+0.18 Planck TT, TE, EE+lowP+BAO. (60d)

Notice the significantly tighter constraint with the inclusion of
Planck high-¢ polarization, with AN.g < 1 at over 40 from
Planck alone. This constraint is not very stable between likeli-
hoods, with the CamSpec likelihood giving a roughly 0.80 lower
value of N.g. However, the strong limit from polarization is
also consistent with the joint Planck TT+lowP+BAO result, so
Eq. (60b) leads to the robust conclusion that AN.g < 1 at over
3c. The addition of Planck lensing has very little effect on this
constraint.

For N.g > 3, the Planck data favour higher values of the
Hubble parameter than the Planck base ACDM value, which as
discussed in Sect. 5.4 may be in better agreement with some
direct measurements of Hy . This is because Planck accurately
measures the acoustic scale r./Dy; increasing N.g means (via
the Friedmann equation) that the early Universe expands faster,
so the sound horizon at recombination, r,, is smaller and hence
recombination has to be closer (larger Hy and hence smaller Dy )
for it to subtend the same angular size observed by Planck. How-
ever, models with Neg > 3 and a higher Hubble constant also
have higher values of the fluctuation amplitude o-g, as shown by
the coloured samples in Fig. 31. As a result, these models in-
crease the tensions between the CMB measurements and astro-
physical measurements of og discussed in Sect. 5.6. It therefore
seems unlikely that additional radiation alone can help to resolve
tensions with large-scale structure data.

The energy density in the early Universe can also be probed
by the predictions of BBN. In particular AN.g¢ > O increases the
primordial expansion rate, leading to earlier freeze-out, with a
higher neutron density and hence a greater abundance of helium
and deuterium after BBN has completed. A detailed discussion
of the implications of Planck for BBN is given in Sect. 6.5. Ob-
servations of both the primordial helium and deuterium abun-
dance are compatible with the predictions of standard BBN
for the Planck base ACDM value of the baryon density. The
Planck+BBN constraints on N.g (Egs. (75) and (76)) are com-
patible, and slightly tighter than Eq. (60b).

Although there is a large continuous range of plausible Neg
values, it is worth mentioning briefly a few of the discrete values
from fully thermalized models. This serves as an indication of
how strongly Planck prefers base ACDM, and also how the in-
ferred values of other cosmological parameters might be affected
by this particular extension to base ACDM. As discussed above,
one fully thermalized neutrino (AN.g ~ 1) is ruled out at over
30, and is disfavoured by Ay? ~ 8 compared to base ACDM by
Planck TT+lowP, and much more strongly in combination with
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Planck high-¢ polarization or BAO data. The thermalized boson
models that give AN.g = 0.39 or AN.g = 0.57 are disfavoured
by Ax? ~ 1.5 and Ay? ~ 3, respectively, and are therefore not
strongly excluded. We focus on the former, since it is also consis-
tent with the Planck TT+lowP+BAO constraint at 20~. As shown
in Fig. 31, larger N.g corresponds to a region of parameter space
with significantly higher Hubble parameter,

Hy=70.6+1.0 (68%,Planck TT+lowP; ANeg = 0.39). (61)

This can be compared to the direct measurements of Hy dis-
cussed in Sect. 5.4. Evidently, Eq. (61) is consistent with the H
prior adopted in this paper (Eq. (30)), but this example shows
that an accurate direct measurement of Hy can potentially pro-
vide evidence for new physics beyond that probed by Planck. As
shown in Fig. 31, the ANeg = 0.39 cosmology also has a signif-
icantly higher small-scale fluctuation amplitude and the spectral
index ny is also bluer, with

og = 0.850 £ 0.015

n, = 0.983 + 0.006 } Planck TT+1owP; ANgg = 0.39. (62)

The og range in this model is higher than preferred by the Planck
lensing likelihood in base ACDM. However, the fit to the Planck
lensing likelihood is model dependent and the lensing degener-
acy direction also associates high Hy and low Q;, values with
higher og. The joint Planck TT+lowP+lensing constraint does
pull og down slightly to og = 0.84 + 0.01 and provides an ac-
ceptable fit to the Planck data. For Planck TT+lowP+lensing,
the difference in y? between the best fit base ACDM model and
the extension with ANeg = 0.39 is only AxZ,;z ~ 2. The higher
spectral index with AN.g = 0.39 gives a decrease in large-scale
power, fitting the low ¢ < 30 Planck TT spectrum better by
Ax? =~ 1, but at the same time the high-¢ data prefer ANz ~ 0.
Correlations with other cosmological parameters can be seen
in Fig. 20. Clearly, a very effective way of testing these mod-
els would be to obtain reliable, accurate, astrophysical measure-
ments of Hy and 0.

In summary, models with AN,z = 1 are disfavoured by
Planck combined with BAO data at about the 30 level. Mod-
els with fractional changes of AN.g =~ 0.39 are mildly dis-
favoured by Planck, but require higher Hy and og compared to
base ACDM.

6.4.3. Simultaneous constraints on Ng¢ and neutrino mass

As discussed in the previous sections, neither a higher neu-
trino mass nor additional radiation density alone can resolve
all of the tensions between Planck and other astrophysical data.
However, the presence of additional massive particles, such as
massive sterile neutrinos, could potentially improve the situa-
tion by introducing enough freedom to allow higher values of
the Hubble constant and lower values of og. As mentioned
in Sect. 6.4.2, massive sterile neutrinos offer a possible solu-
tion to reactor neutrino oscillation anomalies (Kopp et al. 2013;
Giunti et al. 2013) and this has led to significant recent in-
terest in this class of models (Hamann & Hasenkamp 2013;
Wyman et al. 2014; Battye & Moss 2014; Leistedt et al. 2014;
Bergstrom et al. 2014; MacCrann et al. 2015). Alternatively, ac-
tive neutrinos could have significant degenerate masses above
the minimal baseline value together with additional massless
particles contributing to N.gs. Many more complicated scenarios
could also be envisaged.

In the case of massless radiation density, the cosmological
predictions are independent of the actual form of the distribution
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Fig. 32. Samples from Planck TT+lowP in the Neg—mST . = plane,
colour-coded by o, for models with one massive sterile neutrino fam-
ily, with effective mass mjfzmnc, and the three active neutrinos as in the
base ACDM model. The physical mass of the sterile neutrino in the
thermal scenario, m;‘;‘cer‘i'l‘fl, is constant along the grey dashed lines, with
the indicated mass in eV; the grey shading shows the region excluded
by our prior mfl‘:fl‘l‘f' < 10 eV, which cuts out most of the area where
the neutrinos behave nearly like dark matter. The physical mass in the
Dodelson-Widrow scenario, mg;’;’ﬂe, is constant along the dotted lines
(with the value indicated on the adjacent dashed lines).

function, since all particles travel at the speed of light. How-
ever, for massive particles the results are more model dependent.
To formulate a well-defined model, we follow PCP13 and con-
sider the case of one massive sterile neutrino parameterized by

iﬁsmile = (94.1 Q,erileh?) €V, in addition to the two approxi-
mately massless and one massive neutrino of the baseline model.
For thermally-distributed sterile neutrinos, meT is related to

- v, sterile
the true mass via

eff _ 3 thermal __ 3/4__ thermal
mv, sterile — (TS/TV) msteri]e - (ANeff) msterile >

(63)

and for the cosmologically-equivalent Dodelson-Widrow (DW)
case (Dodelson & Widrow 1994) the relation is given by

eff _ DW
m vy, sterile — Xsm sterile®

(64)

with AN.g = xs. We impose a prior on the physical thermal mass,

?::r‘l‘l‘;dl < 10 eV, when generating parameter chains, to exclude
regions of parameter space in which the particles are so massive
that their effect on the CMB spectra is identical to that of cold
dark matter. Although we consider only the specific case of one
massive sterile neutrino with a thermal (or DW) distribution, our
constraints will be reasonably accurate for other models, for ex-
ample eV-mass particles produced as non-thermal decay prod-
ucts (Hasenkamp 2014).

Figure 32 shows that although Planck is perfectly consistent
with no massive sterile neutrinos, a significant region of param-
eter space with fractional AN, is allowed, where og is lower
than in the base ACDM model. This is also the case for massless
sterile neutrinos combined with massive active neutrinos. In the
single massive sterile model, the combined constraints are

Neff <37
mT . <0.52eV

y, sterile

} 95%, Planck TT+lowP+lensing+BAO.

(65)
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Fig. 33. 68% and 95% constraints from Planck TT+lowP (green), Planck TT+lowP+lensing (grey), and Planck TT+lowP+lensing+BAO (red) on
the late-Universe parameters Hy, s, and €y, in various neutrino extensions of the base ACDM model. The blue contours show the base ACDM
constraints from Planck TT+lowP+lensing+BAO. The dashed cyan contours show joint constraints from the H13 CFHTLenS galaxy weak lensing
likelihood (with angular cuts as in Fig. 18) at constant CMB acoustic scale 6y (fixed to the Planck TT+lowP ACDM best fit) combined with BAO
and the Hubble constant measurement of Eq. (30). These additional constraints break large parameter degeneracies in the weak lensing likelihood
that would otherwise obscure the comparison with the Planck contours. Here priors on other parameters applied to the CFHTLenS analysis are as

described in Sect. 5.5.2.
The upper tail of msiter“e is largely associated with high physical
masses near to the prior cutoff; if instead we restrict to the region

where memal < 2 ¢V the constraint is

Neg < 3.7
mt <038 eV

v, sterile

} 95%, Planck TT+lowP+lensing+BAO.

(66)

Massive sterile neutrinos with mixing angles large enough to
help resolve the reactor anomalies would typically imply full
thermalization in the early Universe, and hence give ANg = 1
for each additional species. Such a high value of N.g, espe-
cially combined with mgeqe. ~ 1 eV, as required by reactor
anomaly solutions, were virtually ruled out by previous cos-
mological data (Mirizzi et al. 2013; Archidiacono et al. 2013a;
Gariazzo et al. 2013). This conclusion is strengthened by the
analysis presented here, since N.g = 4 is excluded at greater
than 99% confidence. Unfortunately, there does not appear to be
a consistent resolution to the reactor anomalies, unless thermal-
ization of the massive neutrinos can be suppressed, for example,
by large lepton asymmetry, new interactions, or particle decay
(see Gariazzo et al. 2014; Bergstrom et al. 2014, and references
therein).

We have also considered the case of additional radiation
and degenerate massive active neutrinos, with the combined
constraint

Neg =32+05

95%, Planck TT+lowP+lensing+BAO.
Z m, < 0.32 eV

(67)

Again Planck shows no evidence for a deviation from the base
ACDM model.
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6.4.4. Neutrino models and tension with external data

The extended models discussed in this section allow Planck to be
consistent with a wider range of late-Universe parameters than in
base ACDM. Figure 33 summarizes the constraints on Q,, o,
and H, for the various models that we have considered. The in-
ferred Hubble parameter can increase or decrease, as required to
maintain the observed acoustic scale, depending on the relative
contribution of additional radiation (changing the sound hori-
zon) and neutrino mass (changing mainly the angular diameter
distance). However, all of the models follow similar degeneracy
directions in the Q,,—og and Hy—og planes, so these models re-
main predictive: large common areas of the parameter space are
excluded in all of these models. The two-parameter extensions
are required to fit substantially lower values of o3 without also
decreasing Hj below the values determined from direct measure-
ments, but the scope for doing this is clearly limited.

External data sets need to be reanalysed consistently in ex-
tended models, since the extensions change the growth of struc-
ture, angular distances, and the matter-radiation equality scale.
For example, the dashed lines in Fig. 33 show how different
models affect the CFHTLenS galaxy weak lensing constraints
from Heymans et al. (2013) (see Sect. 5.5.2), when restricted
to the region of parameter space consistent with the Planck
acoustic scale measurements and the local Hubble parameter.
The filled green, grey, and red contours in Fig. 33 show the
CMB constraints on these models for various data combina-
tions. The tightest of these constraints comes from the Planck
TT+lowP+lensing+BAO combination. The blue contours show
the constraints in the base ACDM cosmology. The red contours
are broader than the blue contours and there is greater overlap
with the CFHTLenS contours, but this offers only a marginal
improvement compared to base ACDM (compare with Fig. 18;
see also the discussions in Leistedt et al. 2014 and Battye et al.
2015). For each of these models, the CFHTLenS results prefer
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lower values of og. Allowing for a higher neutrino mass low-
ers og from Planck, but does not help alleviate the discrepancy
with the CFHTLenS data, since the Planck data prefer a lower
value of Hy. A joint analysis of the CFHTLenS likelihood with
Planck TT+lowP shows a Ay? < 1 preference for the extended
neutrino models compared to base ACDM, and the fits to Planck
TT+lowP are worse in all cases. In base ACDM the CFHTLenS
data prefer a region of parameter space Ay’ ~ 4 away from the
Planck TT+lowP+CFHTLenS joint fit, indicative of the tension
between the data sets. This is only slightly relieved to Ay* ~ 3
in the extended models.

In summary, modifications to the neutrino sector alone can-
not easily explain the discrepancies between Planck and other
astrophysical data described in Sect. 5.5, including the inference
of a low value of og from rich cluster counts.

6.4.5. Testing perturbations in the neutrino background

As shown in the previous sections, the Planck data provide
evidence for a cosmic neutrino background at a very high
significance level. Neutrinos affect the CMB anisotropies at the
background level, by changing the expansion rate before recom-
bination and hence relevant quantities such as the sound hori-
zon and the damping scales. Neutrinos also affect the CMB
anisotropies via their perturbations. Perturbations in the neutrino
background are coupled through gravity to the perturbations in
the photon background, and can be described (for massless neu-
trinos) by the following set of equations (Hu 1998; Hu et al.
1999; Trotta & Melchiorri 2005; Archidiacono et al. 2011):

c_ aqy 2
5, = a(l—sceﬁ)((s + ak) k(qv 3kh) (63a)
. agy) a 2
g = k eﬁ(5 +34 k)—;qy—gkﬂv, (68b)
b= 3k (2q 4 — (4 6)) - 3kF (68¢)
T, = Clis 5‘]1/ 15k n V.35
. k
Fy, = Tl (lFye-1 —(E+ D Fypy1), (£=3). (68d)

Here dots denote derivatives with respect to conformal time, 9,
is the neutrino density contrast, g, is the neutrino velocity pertur-
bation, 7, the anisotropic stress, F,, are higher-order moments
of the neutrino distribution function, and % and n are the scalar
metric perturbations in the synchronous gauge. In these equa-
tions, cgff is the neutrino sound speed in its own reference frame
and C%is parameterizes the anisotropic stress. For standard non-
interacting massless neutrinos csz = csis = 1/3. Any deviation
from the expected values could provide a hint of non-standard
physics in the neutrino sector.

A greater (lower) neutrino sound speed would increase (de-
crease) the neutrino pressure, leading to a lower (higher) per-
turbation amplitude. On the other hand, changing 2

i alters
the viscosity of the neutrino fluid. For cm = 0, the neu-
trinos act as a perfect fluid, supporting undamped acoustic
oscillations.

Several previous studies have used this approach to
constrain cgﬁ. and cgis using cosmological data (see, e.g.,
Trotta & Melchiorri 2005; Smith et al. 2012; Archidiacono et al.
2013b; Gerbino et al. 2013; Audren et al. 2015), with the moti-
vation that deviations from the expected values could be a hint
of non-standard physics in the neutrino sector. Non-standard in-
teractions could involve, for example, neutrino coupling with
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Fig. 34 1D posterlor distributions for the neutrino perturbation param-

eters cetf (top) and cVls (bottom). Dashed vertical lines indicate the con-

2 —
ventional values c;; = vis =1/3.

light scalar particles (Hannestad 2005; Beacom et al. 2004; Bell
2005; Sawyer 2006). If neutrinos are strongly coupled at recom-
bination, this would result in a lower value for c%is than in the
standard model. Alternatively, the presence of early dark en-
ergy that mimics a relativistic component at recombination could
possibly lead to a value for csz that differs from 1/3 (see, e.g.,
Calabrese et al. 2011).

In this analysis, for simplicity, we assume Neg = 3.046 and
massless neutrinos. By using an equivalent parameterization for
massive neutrinos (Audren et al. 2015) we have checked that as-
suming one massive neutrino with Zm, ~ 0.06 eV, as in the base
model used throughout this paper, has no impact on the con-
straints on ¢Z; and 2, reported in this section”. We adopt a flat
prior between zero and unity for both cm and cgﬁ.

The top and bottom panels of Fig. 34 show the pos-
terior distributions of c¢? ¢ and c from Planck TT+lowP,
Planck TT+lowP+BAO, Planck TT TE,EE+lowP, and Planck

TT,TE,EE+lowP+BAO. The mean values and 68% errors on csz

2 We also do not explore extended cosmologies in this section, since no
significant degenerames are expected between (3 m,, Neg, w, dng/dIn k)
and (%, c%,) (Audren et al. 2015).

vis
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and ¢2, are
2y =0.312+0.011

5 1026 Planck TT+lowP, (69a)
Cyis = 04757,
2y = 0316 £0.010

; oS Planck TT+lowP+BAO, (69b)
cyis = 0447575
2 = 0.3240 + 0.0060

5 Planck TT, TE,EE+1owP, (69¢)
&, = 0327 +0.037
2 = 0.3242 + 0.0059

5 Planck TT,TE,EE+lowP+BAO.
. = 0.331 +0.037

(69d)

Constraints on these parameters are consistent with the conven-
tional values cgff = c%is = 1/3. A vanishing value of csis, which
might imply a strong interaction between neutrinos and other
species, is excluded at more than the 95% level arising from
the Planck temperature data. This conclusion is greatly strength-
ened (to about 907) when Planck polarization data are included.
As discussed in Bashinsky & Seljak (2004), neutrino anisotropic
stresses introduce a phase shift in the CMB angular power spec-
tra, which is more visible in polarization than temperature be-
cause of the sharper acoustic peaks. This explains why we see
such a dramatic reduction in the error on csis when including
polarization data.

The precision of our results is consistent with the forecasts
discussed in Smith et al. (2012), and we find strong evidence,
purely from CMB observations, for neutrino anisotropies with
the standard values ¢2._ = 1/3 and cgﬁ =1/3.

vis

6.5. Primordial nucleosynthesis
6.5.1. Details of analysis approach

Standard big bang nucleosynthesis (BBN) predicts light element
abundances as a function of parameters relevant to the CMB,
such as the baryon-to-photon density ratio 1, = ny/n,, the radi-
ation density parameterized by N.g, and the chemical potential
of the electron neutrinos. In PCP13, we presented consistency
checks between the Planck 2013 results, light element abun-
dance data, and standard BBN. The goal of Sect. 6.5.2 below
is to update these results and to provide improved tests of the
standard BBN model. In Sect. 6.5.3 we show how Planck data
can be used to constrain nuclear reaction rates, and in Sect. 6.5.4
we will present the most stringent CMB bounds to date on the
primordial helium fraction.

For simplicity, our analysis assumes a negligible leptonic
asymmetry in the electron neutrino sector. For a fixed photon
temperature today (which we take to be Ty = 2.7255K), i, can
be related to wy, = Qph?, up to a small (and negligible) uncer-
tainty associated with the primordial helium fraction. Standard
BBN then predicts the abundance of each light element as a func-
tion of only two parameters, wp and ANeg = Neg — 3.046, with
a theoretical error coming mainly from uncertainties in the neu-
tron lifetime and a few nuclear reaction rates.

We will confine our discussion to BBN predictions for
the primordial abundances®® of “He and deuterium, expressed,

39 BBN calculations usually refer to nucleon number density fractions
rather than mass fractions. To avoid any ambiguity with the helium mass
fraction Yp, normally used in CMB physics, we use superscripts to dis-
tinguish between the two definitions YS™B and YEBN. Typically, YEBN is
about 0.5% higher than YS™5.
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respectively as YpPN = 4nye/ny, and ypp = 10°np/ny. We will
not discuss other light elements, such as tritium and lithium, be-
cause the observed abundance measurements and their interpre-
tation is more controversial (see Fields et al. 2014, for a recent
review). As in PCP13, the BBN predictions for Y5®N(wy, ANeg)
and ypp(wyp, AN.g) are given by Taylor expansions obtained with
the PArthENoPE code (Pisanti et al. 2008), similar to the ones
presented in Iocco et al. (2009), but updated by the PArthENoPE
team with the latest observational data on nuclear rates and on
the neutron life-time:

YEBN = 0.2311 + 0.9502w;, — 11.27w}
+ ANgr (0.01356 + 0.00858 1wy, — 0.1810w7 )

+ AN (=0.0009795 — 0.001370a, +0.01746w7),  (70)

ypp = 18.754 — 1534.4wy, + 48656w; — 552670w;
+ ANegr (24914 - 208.1 1wy, + 6760.90 — 78007w;)

+ ANZ; (0.012907 — 1.3653w, + 37.388w; — 267.78w;)
(71)

By averaging over several measurements, the Particle Data
Group 2014 (Olive et al. 2014) estimates the neutron life-time
to be 7, = (880.3 + 1.1)s at 68% CL3'. The expansions in
Egs. (70) and (71) are based on this central value, and we assume
that Eq. (70) predicts the correct helium fraction up to a stan-
dard error o-(YpBN) = 0.0003, obtained by propagating the error
on Ty.

The uncertainty on the deuterium fraction is dominated
by that on the rate of the reaction d(p,y)>He. For that rate,
in PCP13 we relied on the result of Serpicoetal. (2004),
obtained by fitting several experiments. The expansions of
Egs. (70) and (71) now adopt the latest experimental determi-
nation by Adelberger et al. (2011) and use the best-fit expres-
sion in their Eq. (29). We also rely on the uncertainty quoted in
Adelberger et al. (2011) and propagate it to the deuterium frac-
tion. This gives a standard error o(ypp) = 0.06, which is more
conservative than the error adopted in PCP13.

6.5.2. Primordial abundances from Planck data
and standard BBN

We first investigate the consistency of standard BBN and the
CMB by fixing the radiation density to its standard value, i.e.,
Neg = 3.046, based on the assumption of standard neutrino
decoupling and no extra light relics. We can then use Planck
data to measure wy, assuming base ACDM, and test for consis-
tency with experimental abundance measurements. The 95% CL
bounds obtained for the base ACDM model for various data

31 However, the most recent individual measurement by Yue et al.
(2013) gives 7, = [887.8 = 1.2 (stat.) = 1.9 (syst.)] s, which is dis-
crepant at 3.30" with the previous average (including only statistical er-
rors). Hence one should bear in mind that systematic effects could be
underestimated in the Particle Data Group result. Adopting the central
value of Yue et al. (2013) would shift our results by a small amount (by
a factor of 1.0062 for Yp and 1.0036 for ypp).
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Fig. 35. Predictions of standard BBN for the primordial abundance of
“He (top) and deuterium (bottom), as a function of the baryon density
wyp. The width of the green stripes corresponds to 68% uncertainties
on nuclear reaction rates and on the neutron lifetime. The horizontal
bands show observational bounds on primordial element abundances
compiled by various authors, and the red vertical band shows the Planck
TT+lowP+BAO bounds on w, (all with 68% errors). The BBN predic-
tions and CMB results shown here assume Neg = 3.046 and no signifi-
cant lepton asymmetry.

combinations are

0.02222f8:88822 Planck TT+1owP,
0.02226f8'888‘3‘8 Planck TT+lowP+BAO,

Wy = :
0.0ZZZng:ggggé Planck TT,TE,EE+lowP,
0.02229%0:9992%  Planck TT,TE,EE+lowP+BAO,

(72)

corresponding to a predicted primordial “He number density
fraction (95% CL) of

+(0.00020) 0.00063

0'24665—(0.00019) 0.00063

+(0.00018) 0.00063

N
+(0.00014) 0.000

0'24667—(0.00014) 0.00062

0 24668+(0.00013) 0.00061

Planck TT+lowP,

Planck TT+lowP+BAO,
Planck TT,TE,EE+lowP,
Planck TT,TE,EE+lowP+BAO,

~(0.00013) 0.00061

(73)
and deuterium fraction (95% CL)
2.620"(sa 012 Planck TT+lowP,
2.612%0 7% 014 Planck TT+lowP+BAO,
Yop = +(0.057) 0.13
2.614_(0_060) 013 Planck TT,TE,EE+lowP,
2.606" 095 013 Planck TT.TE.EE+lowP+BAO.
(74)

The first set of error bars (in parentheses) in Egs. (73) and (74)
reflect only the uncertainty on wy. The second set includes the
theoretical uncertainty on the BBN predictions, added in quadra-
ture to the errors from wy. The total errors in the predicted he-
lium abundances are dominated by the BBN uncertainty, as in
PCP13. For deuterium, the Planck 2015 results improve the de-
termination of wy, to the point where the theoretical errors are

comparable or larger than the errors from the CMB. In other
words, for base ACDM the predicted abundances cannot be im-
proved substantially by further measurements of the CMB. This
also means that Planck results can, in principle, be used to inves-
tigate nuclear reaction rates that dominate the theoretical uncer-
tainty (see Sect. 6.5.3).

The results of Eqgs. (73) and (74) are well within the
ranges indicated by the latest measurements of primordial abun-
dances, as illustrated in Fig. 35. The helium data compilation
of Aver et al. (2013) gives YpPN = 0.2465 + 0.0097 (68% CL),
and the Planck prediction is near the middle of this range®>. As
summarized by Aver et al. (2013) and Peimbert (2008), helium
abundance measurements derived from emission lines in low-
metallicity H 1T regions are notoriously difficult and prone to sys-
tematic errors. As a result, many discrepant helium abundance
measurements can be found in the literature. Izotov et al. (2014)
have reported Y55 = 0.2551 +0.0022, which is discrepant with
the base ACDM predictions by 3.40-. Such a high helium frac-
tion could be accommodated by increasing N.g (see Fig. 36 and
Sect. 6.5.4); however, at present it is not clear whether the er-
ror quoted by Izotov et al. (2014) accurately reflects systematic
uncertainties, including in particular the error in extrapolating to
zero metallicity.

Historically, deuterium abundance measurements have
shown excess scatter over that expected from statistical errors,
indicating the presence of systematic uncertainties in the ob-
servations. Figure 35 shows the data compilation of locco et al.
(2009), ypp = 2.87 = 0.22 (68% CL), which includes mea-
surements based on damped Ly and Lyman limit systems.
We also show the more recent results by Cooke et al. (2014;
see also Pettini & Cooke 2012) based on their observations of
low-metallicity damped Ly« absorption systems in two quasars
(SDSS J1358+6522, zyps = 3.06726 and SDSS J1419+0829,
Zaps = 3.04973) and a reanalysis of archival spectra of damped
Lya systems in three further quasars that satisfy strict selection
criteria. The Cooke et al. (2014) analysis gives ypp = 2.53+0.04
(68% CL), somewhat lower than the central Iocco et al. (2009)
value, and with a much smaller error. The Cooke et al. (2014)
value is almost certainly the more reliable measurement, as ev-
idenced by the consistency of the deuterium abundances of the
five systems in their analysis. The Planck base ACDM predic-
tions of Eq. (74) lie within 1o of the Cooke et al. (2014) result.
This is a remarkable success for the standard theory of BBN.

It is worth noting that the Planck data are so accurate that wy
is insensitive to the underlying cosmological model. In our grid
of extensions to base ACDM the largest degradation of the error
in wy is in models that allow Ng to vary. In these models, the
mean value of wy, is almost identical to that for base ACDM, but
the error on wy, increases by about 30%. The value of wy, is sta-
ble to even more radical changes to the cosmology, for example,
adding general isocurvature modes (Planck Collaboration XX
2016).

If we relax the assumption that N.g = 3.046 (but adhere
to the hypothesis that electron neutrinos have a standard distri-
bution, with a negligible chemical potential), BBN predictions
depend on both parameters (wp and Neg). Following the same
methodology as in Sect. 6.4.4 of PCP13, we can identify the
region of the wy,—Ng parameter space that is compatible with
direct measurements of the primordial helium and deuterium

32 A substantial part of this error comes from the regression to zero
metallicity. The mean of the 17 measurements analysed by Aver et al.
(2013) is (YEBN) = 0.2535 + 0.0036, i.e., about 1.70" higher than the
Planck predictions of Eq. (73).
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Fig. 36. Constraints in the w,—N,g plane from Planck and Planck+BAO
data (68% and 95% contours) compared to the predictions of BBN,
given primordial element abundance measurements. We show the 68%
and 95% confidence regions derived from “He bounds compiled by
Aver et al. (2013) and from deuterium bounds compiled by Cooke et al.
(2014). In the CMB analysis, N.g is allowed to vary as an additional
parameter to base ACDM, with Yp fixed as a function of w, and Ny,
according to BBN predictions. These constraints assume no significant
lepton asymmetry.

abundances, including the BBN theoretical errors. This is illus-
trated in Fig. 36 for the N extension to base ACDM. The region
preferred by CMB observations lies at the intersection between
the helium and deuterium abundance 68% CL preferred regions
and is compatible with the standard value of N.g = 3.046.
This confirms the beautiful agreement between CMB and BBN
physics. Figure 36 also shows that the Planck polarization data
help in reducing the degeneracy between wy, and Neg.

We can actually make a more precise statement by com-
bining the posterior distribution on wy and N.g) obtained for
Planck with that inferred from helium and deuterium abun-
dance, including observational and theoretical errors. This pro-
vides joint CMB+BBN predictions on these parameters. After
marginalizing over wy, the 95% CL preferred ranges for N.g are

3.1 lfg:gg He+Planck TT+lowP,
Neg = 3.14f8:fé He+Planck TT+lowP+BAO, (75)
2.99’:8:;3 He+Planck TT,TE,EE+lowP,

when combining Planck with the helium abundance estimated
by Aver et al. (2013), or

2.95fg§§ D+Planck TT+lowP,
Ner =1 3.01793  D+Planck TT+lowP+BAO, (76)
2.91f8:g; D+Planck TT,TE,EE+lowP,

when combining with the deuterium abundance measured
by Cookeetal. (2014). These bounds represent the best
currently-available estimates of N and are remarkably consis-
tent with the standard model prediction.

The allowed region in wp,—Neg space does not increase sig-
nificantly when other parameters are allowed to vary at the same
time. From our grid of extended models, we have checked that
this conclusion holds in models with neutrino masses, tensor
fluctuations, or running of the scalar spectral index, for example.
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6.5.3. Constraints from Planck and deuterium observations
on nuclear reaction rates

We have seen that primordial element abundances estimated
from direct observations are consistent with those inferred from
Planck data under the assumption of standard BBN. However,
the Planck determination of wy, is so precise that the theoreti-
cal errors in the BBN predictions are now a dominant source
of uncertainty. As noted by Cooke et al. (2014), one can begin
to think about using CMB measurements together with accurate
deuterium abundance measurements to learn about the underly-
ing BBN physics.

While for helium the theoretical error comes mainly from
the uncertainties in the neutron lifetime, for deuterium it is
dominated by uncertainties in the radiative capture process
d(p,y)*He, converting deuterium into helium. The present ex-
perimental uncertainty for the S-factor at low energy (relevant
for BBN), is in the range 6—10% (Ma et al. 1997). However,
as noted by several authors (see, e.g., Nollett & Holder 2011;
Di Valentino et al. 2014) the best-fit value of S (E) inferred from
experimental data in the range 30keV < E <300keV is about
5—-10% lower than theoretical expectations (Viviani et al. 2000;
Marcucci et al. 2005). The PArthENoPE BBN code assumes the
lower experimental value for d(p,y)*He, and this might explain
why the deuterium abundance determined by Cooke et al. (2014)
is slightly lower than the value inferred by Planck.

To investigate this further, following the methodology of
Di Valentino et al. (2014), we perform a combined analysis of
Planck and deuterium observations, to constrain the value of the
d(p, ¥)*He reaction rate. As in Di Valentino et al. (2014), we pa-
rameterize the thermal rate Ro(T) of the d(p,y)>He process in
the PArthENoPE code by introducing a rescaling factor A, of
the experimental rate R3*(T), i.e., Ro(T) = Az RS*(T), and solve
for A, using various Planck+BAO data combinations, given the
Cooke et al. (2014) deuterium abundance measurements.

Assuming the base ACDM model we find (68% CL)

Ay, = 1.106 £0.071 Planck TT+lowP, (77a)
Ay = 1.098 £0.067 Planck TT+lowP+BAO, (77b)
Ay = 1.110+£0.062 Planck TT, TE, EE+lowP, (77c)
Ay = 1.109+0.058 Planck TT, TE, EE+lowP+BAO. (77d)

The posteriors for A, are shown in Fig. 37. These results sug-
gest that the d(p,y)*He reaction rate may be have been under-
estimated by about 10%. Evidently, tests of the standard BBN
picture appear to have reached the point where they are limited
by uncertainties in nuclear reaction rates. There is therefore a
strong case to improve the precision of experimental measure-
ments (e.g., Anders et al. 2014) and theoretical computations of
key nuclear reaction rates relevant for BBN.

6.5.4. Model-independent bounds on the helium fraction
from Planck

Instead of inferring the primordial helium abundance from BBN
codes using (wy, Neg) constraints from Planck, we can measure it
directly, since variations in Yp®N modify the density of free elec-
trons between helium and hydrogen recombination and therefore
affect the damping tail of the CMB anisotropies.
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Fig. 37. Posteriors for the A, reaction rate parameter for various data
combinations. The vertical dashed line shows the value A, = 1 that
corresponds to the current experimental estimate of the d(p,y)*He rate
used in the PArthENoPE BBN code.

If we allow YSMP to vary as an additional parameter to base
ACDM, we find the following constraints (at 95% CL):

0.253f8:8fé Planck TT+lowP,
yoon _ | 025500 Planck TT+lowP+BAO,
? 0.251*992  Planck TT,TE,EE-+lowP,
025370935 planck TT,TE,EE+lowP+BAO.

(78)

Joint constraints on YEEN and wy, are shown in Fig. 38. The
addition of Planck polarization measurements results in a sub-
stantial reduction in the uncertainty on the helium fraction.
In fact, the standard deviation on Y5BN in the case of Planck
TT,TE,EE+lowP is only 30% larger than the observational er-
ror quoted by Aver et al. (2013). As emphasized throughout this
paper, the systematic effects in the Planck polarization spectra,
although at low levels, have not been accurately characterized
at this time. Readers should therefore treat the polarization con-
straints with some caution. Nevertheless, as shown in Fig. 38,
all three data combinations agree well with the observed he-
lium abundance measurements and with the predictions of stan-
dard BBN.

There is a well-known parameter degeneracy between Yp
and the radiation density (see the discussion in PCP13). Helium
abundance predictions from the CMB are therefore particularly
sensitive to the addition of the parameter N.g to base ACDM.
Allowing both YEBN and N.g to vary we find the following con-
straints (at 95% CL):

0.252f8:gg§ Planck TT+lowP,
yBBN _ 0.251f8:82§ Planck TT+lowP+BAO,
’ 0.263*093  Planck TT,TE,EE+lowP,
0.262*093>  Planck TT,TE,EE+lowP+BAO.

(79)

Contours in the —Nes plane are shown in Fig. 39. Here
again, the impact of Planck polarization data is important, and
helps to substantially reduce the degeneracy between these two
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Fig. 38. Constraints in the w,~YE®N plane from Planck and

Planck+BAO, compared to helium abundance measurements. Here
68% and 95% contours are plotted for the CMB(+BAO) data combi-
nations when YEBN is allowed to vary as an additional parameter to base
ACDM. The horizontal band shows observational bounds on “He com-
piled by Aver et al. (2013) with 68% and 95% errors, while the dashed
line at the top of the figure delineates the conservative 95% upper bound
inferred from the Solar helium abundance by Serenelli & Basu (2010).
The green stripe shows the predictions of standard BBN for the primor-
dial abundance of “He as a function of the baryon density. Both BBN
predictions and CMB results assume N.g = 3.046 and no significant
lepton asymmetry.
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Fig. 39. As in Fig. 38, but now allowing Y55~ and N to vary as pa-
rameter extensions to base ACDM.

parameters. The Planck TT,TE,EE+lowP contours are in very
good agreement with standard BBN and N = 3.046. However,
even if we relax the assumption of standard BBN, the CMB does
not allow high values of N.g. It is therefore difficult to accommo-
date an extra thermalized relativistic species, even if the standard
BBN prior on the helium fraction is relaxed.

6.6. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
alter the recombination history, leading to changes in the
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temperature and polarization power spectra of the CMB
(e.g., Chen & Kamionkowski 2004; Padmanabhan & Finkbeiner
2005). As demonstrated in several papers (e.g., Gallietal.
2009a; Slatyer et al. 2009; Finkbeineretal. 2012), CMB
anisotropies offer an opportunity to constrain the nature of DM.
Furthermore, CMB experiments such as Planck can achieve
limits on the annihilation cross-section that are relevant for
the interpretation of the rise in the cosmic-ray positron frac-
tion at energies 210 GeV observed by PAMELA, Fermi, and
AMS (Adriani et al. 2009; Ackermann et al. 2012; Aguilar et al.
2014). The CMB constraints are complementary to those de-
termined from other astrophysical probes, such as the 7-
ray observations of dwarf galaxies by the Fermi satellite
(Ackermann et al. 2014).

The way in which DM annihilations heat and ionize the
gaseous background depends on the nature of the cascade of
particles produced following annihilation and, in particular, on
the production of e* pairs and photons that couple to the gas.
The fraction of the rest mass energy that is injected into the gas
can be modelled by an “efficiency factor”, f(z), which is typi-
cally in the range 0.01-1 and depends on redshift’3>. Computa-
tions of f(z) for various annihilation channels can be found in
Slatyer et al. (2009), Hiitsi et al. (2009), and Evoli et al. (2013).
The rate of energy release per unit volume by annihilating DM
can therefore be written as

dE
W(Z) =2g 0%, PQX1 + 2 Pam(2), (80)
where pan, is defined as
(ov)
Pann(2) = f(2) : (81)

ny
Here peri¢ the critical density of the Universe today, m, is the
mass of the DM particle, and (o) is the thermally-averaged
annihilation cross-section times the velocity (explicitly the so-
called Mller velocity); we will refer to this quantity loosely as
the “cross-section” hereafter. In Eq. (80), g is a degeneracy fac-
tor that is equal to 1/2 for Majorana particles and 1/4 for Dirac
particles. In this paper, the constraints will refer to Majorana
particles. Note that to produce the observed dark matter density
from thermal DM relics requires an annihilation cross-section of
(ov) ~ 3 x 10720 cm?s~! (assuming s-wave annihilation) at the
time of freeze-out (see, e.g., the review by Profumo 2013).
Both the amplitude and redshift dependence of the effi-
ciency factor f(z) depend on the details of the annihilation
process (e.g., Slatyer et al. 2009). The functional shape of f(z)
can be taken into account using generalized parameterizations
or principal components (Finkbeiner et al. 2012; Hutsi et al.
2011), similar to the analysis of the recombination history pre-
sented in Sect. 6.7.4. However, as shown in Galli et al. (2011),
Giesen et al. (2012), and Finkbeiner et al. (2012), to a first ap-
proximation the redshift dependence of f(z) can be ignored,
since current CMB data (including Planck) are sensitive to en-
ergy injection over a relatively narrow range of redshift, typically
z ~ 1000-600. The effects of DM annihilation can therefore
be reasonably well parameterized by a single constant param-
eter, pan (With f(2) set to a constant f.r), which encodes the
dependence on the properties of the DM particles. In the fol-
lowing, we calculate constraints on the p,,, parameter, assum-
ing that it is constant, and then project these constraints on to

3 To maintain consistency with other papers on dark matter annihila-
tion, we retain the notation f(z) for the efficiency factor in this sec-
tion; it should not be confused with the growth rate factor introduced in
Eq. (32).
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Table 6. Constraints on p,,, in units of cm®s~ GeV~".

Data combinations Pamn (95% upper limits)

TT+lowP . ................ <7 x107%
EE+lowP . ................ <1.4%x107%
TE+lowP . . ..., <5.9%x 10728
TT+lowP+lensing . . ........ <4.4x107%
TT,TE.EE+lowP ........... <4.1%x1072%8
TT,TE,EE+lowP+lensing . . . . <3.4x 10738
TT,TE . EE+lowP+ext ....... <3.5x 10728
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Fig. 40. 2D marginal distributions in the p,,,—ns plane for Planck
TT+lowP (red), Planck EE+lowP (yellow), Planck TE+lowP (green),
and Planck TT,TE,EE+lowP (blue) data combinations. We also show
the constraints obtained using WMAP9 data (light blue).

a particular dark matter model assuming fip = f(z = 600),
since the effect of dark matter annihilation peaks at z ~ 600 (see
Finkbeiner et al. 2012). The f(z) functions used here are those
calculated in Slatyer et al. (2009), with the updates described in
Galli et al. (2013) and Madhavacheril et al. (2014). Finally, we
estimate the fractions of injected energy that affect the gaseous
background, from heating, ionizations, or Lya excitations, us-
ing the updated calculations described in Galli et al. (2013) and
Valdes et al. (2010), following Shull & van Steenberg (1985).

We compute the theoretical angular power spectrum in the
presence of DM annihilations by modifying the recfast routine
(Seager et al. 1999) in the camb code as in Galli et al. (201 1)*.
We then add py,, as an additional parameter to those of the base
ACDM cosmology. Table 6 shows the constraints for various
data combinations.

The constraints on pa,, from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95% limit of p,, <
2.1 x 107 cm3 s~ GeV™! derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. On the other
hand, the Planck TE or EE spectra improve the constraints on
Pann Dy about an order of magnitude compared to those from
Planck TT alone. This is because the main effect of dark mat-
ter annihilation is to increase the width of last scattering, lead-
ing to a suppression of the amplitude of the peaks, both in

3 We checked that we obtain similar results using either the HyRec
code (Ali-Haimoud & Hirata 2011), as detailed in Giesen et al. (2012),
or CosmoRec (Chluba & Thomas 2011), instead of recfast.
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Fig. 41. Constraints on the self-annihilation cross-section at recombina-
tion, {ov),,, times the efficiency parameter, f.q (Eq. (81)). The blue area
shows the parameter space excluded by the Planck TT,TE, EE+lowP
data at 95% CL. The yellow line indicates the constraint using WMAP9
data. The dashed green line delineates the region ultimately accessible
to a cosmic-variance-limited experiment with angular resolution com-
parable to that of Planck. The horizontal red band includes the values
of the thermal-relic cross-section multiplied by the appropriate f.4 for
different DM annihilation channels. The dark grey circles show the best-
fit DM models for the PAMELA/AMS-02/Fermi cosmic-ray excesses,
as calculated in Cholis & Hooper (2013, caption of their figure 6). The
light grey stars show the best-fit DM models for the Fermi Galactic cen-
tre y-ray excess, as calculated by Calore et al. (2015, their tables I, II,
and III), with the light grey area indicating the astrophysical uncertain-
ties on the best-fit cross-sections.

temperature and polarization. As a result, the effects of DM
annihilation on the power spectra at high multipole are degen-
erate with other parameters of base ACDM, such as ng and
A (Chen & Kamionkowski 2004; Padmanabhan & Finkbeiner
2005). At large angular scales (£ < 200), however, dark matter
annihilation can produce an enhancement in polarization, caused
by the increased ionization fraction in the freeze-out tail follow-
ing recombination. As a result, large-angle polarization informa-
tion is crucial for breaking the degeneracies between parameters,
as illustrated in Fig. 40. The strongest constraints on pa,, there-
fore come from the full Planck temperature and polarization
likelihood and there is little improvement if other astrophysical
data, or Planck lensing, are added®.

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other parameter extensions of base
ACDM (Ngg, dng/dInk, or Yp) to vary together with py,,. We
found that the constraint is weakened by up to 20%. Further-
more, we have verified that we obtain consistent results when
relaxing the priors on the amplitudes of the Galactic dust tem-
plates or if we use the CamSpec likelihood instead of the baseline
Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic-variance-limited
experiment with similar angular resolution to Planck®. The

3 It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(20092), pann < 3 X 10728 cm?s™! GeV ™.

3 We assumed here that the cosmic-variance-limited experiment would
measure the angular power spectra up to a maximum multipole of £, =
2500, observing a sky fraction fy, = 0.65.

horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate f.¢ for different DM
annihilation channels. For example, the upper red line corre-
sponds to for = 0.67, which is appropriate for a DM particle
of mass m, = 10GeV annihilating into e*e”, while the lower
red line corresponds to feg = 0.13, for a DM particle annihi-
lating into 27*n~ through an intermediate mediator (see, e.g.,
Arkani-Hamed et al. 2009). The Planck data exclude at 95%
confidence level a thermal relic cross-section for DM parti-
cles of mass m, < 44 Gev annihilating into e*e™ (for = 0.6),
m, < 16GeV annihilating into u*u~ or bb (fur ~ 0.2), and
m,, S 11 GeV annihilating into 757~ (fur ~ 0.15).

The dark grey shaded area in Fig. 41 shows the approx-
imate allowed region of parameter space, as calculated by
Cholis & Hooper (2013) on the assumption that the PAMELA,
AMS, and Fermi cosmic-ray excesses are caused by DM annihi-
lation; the dark grey dots indicate the best-fit dark matter models
described in that paper (for a recent discussion on best-fitting
models, see also Boudaud et al. 2015). The favoured value of
the cross-section is about two orders of magnitude higher than
the thermal relic cross-section (3 x 1072° cm? s~!). Attempts to
reconcile such a high cross-section with the relic abundance of
DM include a Sommerfeld enhanced cross-section (that may sat-
urate at {ov) ~ 107>* cm? s7!) or non-thermal production of DM
(see, e.g., the discussion by Madhavacheril et al. 2014). Both of
these possibilities are strongly disfavoured by the Planck data.
We cannot, however, exclude more exotic possibilities, such as
DM annihilation through a p-wave channel with a cross-section
that scales as v* (Diamanti et al. 2014). Since the relative veloc-
ity of DM particles at recombination is many orders of magni-
tude smaller than in the Galactic halo, such a model cannot be
constrained using CMB data.

Observations from the Fermi Large Area Telescope of ex-
tended y-ray emission towards the centre of the Milky Way,
peaking at energies of around 1-3 GeV, have been interpreted
as evidence for annihilating DM (e.g.,Goodenough & Hooper
2009; Gordon & Macias 2013; Daylan et al.2016; Abazajian
et al. 2014; Lacroix et al. 2014). The light grey stars in Fig. 41
show specific models of DM annihilation designed to fit the
Fermi y-ray excess (Calore et al. 2015), while the light grey box
shows the uncertainties of the best-fit cross-sections due to im-
precise knowledge of the Galactic DM halo profile. Although
the interpretation of the Fermi excess remains controversial (be-
cause of uncertainties in the astrophysical backgrounds), DM an-
nihilation remains a possible explanation. The best-fit models of
Calore et al. (2015) are consistent with the Planck constraints on
DM annihilation.

6.7. Testing recombination physics with Planck

The cosmological recombination process determines how CMB
photons decoupled from baryons around redshift z ~ 103,
when the Universe was about 400000 years old. The impor-
tance of this transition on the CMB anisotropies has long been
recognized (Sunyaev & Zeldovich 1970; Peebles & Yu 1970).
The most advanced computations of the ionization history
(e.g., Ali-Haimoud & Hirata 2010; Ali-Haimoud & Hirata 2011;
Chluba & Thomas 2011; Chluba et al. 2012) account for many
subtle atomic physics and radiative transfer effects that were
not included in the earliest calculations (Zeldovich et al. 1968;
Peebles 1968).

With precision data from Planck, we are sensitive
to sub-percent variations of the free electron fraction
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around last-scattering (e.g., Hu et al. 1995; Seager et al. 2000;
Seljak et al. 2003). Quantifying the impact of uncertainties in the
ionization history around the maximum of the Thomson visibil-
ity function on predictions of the CMB power spectra is thus cru-
cial for the scientific interpretation of data from Planck. In par-
ticular, for tests of models of inflation and extensions to ACDM,
the interpretation of the CMB data can be significantly com-
promised by inaccuracies in the recombination calculation (e.g.,
Wong et al. 2008; Rubino-Martin et al. 2010; Shaw & Chluba
2011). This problem can be approached in two ways, either
by using modified recombination models with a specific phys-
ical process (or parameter) in mind, or in a semi-blind, model-
independent way. Both approaches provide useful insights in as-
sessing the robustness of the results from Planck.

Model-dependent limits on varying fundamental constants
(Kaplinghat et al. 1999; Scéccola et al. 2009; Galli et al. 2009b),
annihilating or decaying particles (e.g., Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005; Zhang et al. 2006, and
Sect. 6.6), or more general sources of extra ionization and ex-
citation photons (Peebles et al. 2000; Doroshkevich et al. 2003;
Galli et al. 2008), have been discussed extensively in the
literature.

As already discussed in PCP13, the choice for Planck has
been to use the rapid calculations of the recfast code, mod-
ified using corrections calculated with the more precise codes.
To start this sub-section we quantify the effect on the analy-
sis of Planck data of the remaining uncertainties in the stan-
dard recombination history obtained with different recombina-
tion codes (Sect. 6.7.1). We also derive CMB anisotropy-based
measurements of the hydrogen 2s—1s two-photon decay rate,
Ass15 (Sect. 6.7.2), and the average CMB temperature, T, de-
rived at the last-scattering epoch (Sect. 6.7.3). These two param-
eters strongly affect the recombination history but are usually
kept fixed when fitting models to CMB data (as in the analyses
described in previous sections). Section 6.7.4 describes model-
independent constraints on perturbed recombination scenarios.
A discussion of these cases provides both a test of the consis-
tency of the CMB data with the standard recombination scenario
and also a demonstration of the impressive sensitivity of Planck
to small variations in the ionization history at z = 1100.

6.7.1. Comparison of different recombination codes

Even for pre-Planck data, it was realized that the early recombi-
nation calculations of Zeldovich et al. (1968) and Peebles (1968)
had to be improved. This led to the development of the widely-
used and computationally quick recfast code (Seager et al.
1999, 2000). However, for Planck, the recombination model of
recfast in its original form is not accurate enough. Percent-
level corrections, due to detailed radiative transfer and atomic
physics effects have to be taken into account. Ignoring these ef-
fects can bias the inferred cosmological parameters, some by as
much as a few standard deviations.

The recombination problem was solved as a common ef-
fort of several groups (Dubrovich & Grachev 2005; Kholupenko
et al. 2007; Chluba & Sunyaev 2006b; Rubifio-Martin et al.
2006; Karshenboim & Ivanov 2008; Wong & Scott 2007,
Switzer & Hirata 2008; Grin & Hirata 2010; Ali-Haimoud &
Hirata 2010). This work was undertaken, to a large extent, in
preparation for the precision data from Planck. Both CosmoRec
(Chluba & Thomas 2011) and HyRec (Ali-Haimoud & Hirata
2011) allow fast and precise computations of the ionization
history, explicitly capturing the physics of the recombination
problem. For the standard cosmology, the ionization histories

A13, page 52 of 63

obtained from these two codes in their default settings agree to
within 0.05% for hydrogen recombination (600 S z < 1600)
and 0.35% during helium recombination®” (1600 < z < 3000).
The effect of these small differences on the CMB power spec-
tra is $ 0.1% at £ < 4000 and so has a negligible impact on
the interpretation of precision CMB data; for the standard six
parameters of base ACDM, we find that the largest effect is a
bias in In(10'°A,) at the level of 0.040- ~ 0.0012 for Planck
TT,TE,EE+lowP+BAO.

For Planck analyses, the recombination model of recfast is
used by default. In recfast, the precise dynamics of recombi-
nation is not modelled physically, but approximated with fitting-
functions calibrated against the full recombination calculations
assuming a reference cosmology (Seageretal. 1999, 2000;
Wong et al. 2008). At the level of precision required for Planck,
the recfast approach is sufficiently accurate, provided that
the cosmologies are close to base ACDM (Rubifio-Martin et al.
2010; Shaw & Chluba 2011). Comparing the latest version of
recfast (camb version) with CosmoRec, we find agreement to
within 0.2% for hydrogen recombination (600 < z < 1600)
and 0.2% during helium recombination for the standard ioniza-
tion history. The effect on the CMB power spectra is $0.15% at
¢ < 4000, although with slightly more pronounced shifts in the
peak positions than when comparing CosmoRec and HyRec. For
the base ACDM model, we find that the largest bias is on ng, at
the level of 0.150 (~0.0006) for Planck TT,TE ,EE+lowP+BAO.
Although this is about 5 times larger than the difference in ng
between CosmoRec and HyRec, this bias is nevertheless unim-
portant at the current level of precision (and smaller than the
differences seen from different likelihoods, see Sect. 3.1).

Finally we compare CosmoRec with recfast in its original
form (i.e., before recalibrating the fitting-functions on refined re-
combination calculations). For base ACDM, we expect to see
biases of AQuh? ~ —2.100 ~ —0.00028 and Ang ~ —3.30 =~
—0.012 (Shaw & Chluba 2011). Using the actual data (Planck
TT,TE.EE+lowP+BAO) we find biases of AQ A2 ~ —1.80 ~
—0.00024 and Any = —2.60 = —0.010, very close to the ex-
pected values. This illustrates explicitly the importance of the
improvements of CosmoRec and HyRec over the original ver-
sion of recfast for the interpretation of Planck data. However,
CosmoRec and HyRec themselves are much more computation-
ally intensive than the modified recfast, which is why we use
recfast in most Planck cosmological analyses.

6.7.2. Measuring Ass_,1s With Planck

The crucial role of the 2s—1s two-photon decay channel for the
dynamics of hydrogen recombination has been appreciated since
the early days of CMB research (Zeldovich et al. 1968; Peebles
1968). Recombination is an out-of-equilibrium process and en-
ergetic photons emitted in the far Wien tail of the CMB by Ly-
man continuum and series transitions keep the primordial plasma
ionized for a much longer period than expected from simple
equilibrium recombination physics. Direct recombinations to the
ground state of hydrogen are prohibited, causing a modification
of the free electron number density, N, by only AN, /N, ~ 107°
around z ~ 10 (Chluba & Sunyaev 2007). Similarly, the slow
escape of photons from the Lya resonance reduces the effec-
tive Ly-a transition rate to A;IHIS ~ 1-10s~" (by more than
seven orders of magnitude), making it comparable to the vacuum

37 Helium recombination is treated in more detail by CosmoRec (e.g.,
Rubifio-Martin et al. 2008; Chluba et al. 2012), which explains most of
the difference.
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2s—1s two-photon decay rate of Ay_,s = 8.22 s~!. About 57%
of all hydrogen atoms in the Universe became neutral through
the 2s—1s channel (e.g., Wong et al. 2006; Chluba & Sunyaev
2006a), and subtle effects, such as the induced 2s—1s two-photon
decay and Lya re-absorption, need to be considered in pre-
cision recombination calculations (Chluba & Sunyaev 2006b;
Kholupenko & Ivanchik 2006; Hirata 2008).

The high sensitivity of the recombination process to the
2s—1s two-photon transition rate also implies that instead of sim-
ply adopting a value for Ay, ;s from theoretical computations
(Breit & Teller 1940; Spitzer & Greenstein 1951; Goldman
1989) one can directly determine it with CMB data. From the
theoretical point of view it would be surprising to find a value
that deviates significantly from A,_;; = 8.2206s~!, derived
from the most detailed computation (Labzowsky et al. 2005).
However, laboratory measurements of this transition rate are
extremely challenging (O’Connell et al. 1975; Kriiger & Oed
1975; Cesar et al. 1996). The most stringent limit is for the dif-
ferential decay rate, Ay, 1s(1)dAd = (1.5 + 0.65)s™! (a 43%
error) at wavelengths 4 = 255.4-232.0nm, consistent with
the theoretical value of Ay, 1s(1)dd = 1.02s7! in the same
wavelength range (Kriiger & Oed 1975). With precision data
from Planck we are in a position to perform the best mea-
surement to date, using cosmological data to inform us about
atomic transition rates at last scattering (as also emphasized by
Mukhanov et al. 2012).

The 2s—1s two-photon rate affects the CMB anisotropies
only through its effect on the recombination history. A larger
value of A5, accelerates recombination, allowing photons
and baryons to decouple earlier, an effect that shifts the acoustic
peaks towards smaller scales. In addition, slightly less damp-
ing occurs, as in the case of the stimulated 2s—1s two-photon
decays (Chluba & Sunyaev 2006b). This implies that for flat
cosmologies, variations of Ays,1s correlate with Q.42 and H,
(which affect the distance to the last scattering surface), while
Ass_,1s anti-correlates with Qp/? and ng (which modify the slope
of the damping tail). Despite these degeneracies, one expects
that Planck will provide a measurement of Ay, to within
+0.5s7!, corresponding to an approximately 6% uncertainty
(Mukhanov et al. 2012).

In Fig. 42, we show the marginalized posterior for Ay,
from Planck and for Planck combined with BAO. Using
CosmoRec to compute the recombination history, we find

Assos1s 7.70 £ 1.01s™"  Planck TT+lowP, (82a)
Assois 7.72+0.60s™"  Planck TT, TE, EE+lowP, (82b)
Asss1s 7.71£0.99s™"  Planck TT+lowP+BAO,  (82c)
Axsis = 1.75+0.61s™"  Planck TT, TE, EE+lowP

+BAO. (82d)

These results are in very good agreement with the theoretical
value, A5 = 8.2206s™'. For Planck TT,TE,EE+lowP+BAO,
approximately 8% precision is reached using cosmological data.
These constraints are not sensitive to the addition of BAO, or
other external data (JLA+H,). The slight shift away from the
theoretical value is accompanied by small (fractions of a o)
shifts in ng, Q.A2, and Hy, to compensate for the effects of Ay,
on the distance to the last scattering surface and damping tail.
This indicates that additional constraints on the acoustic scale
are required to fully break degeneracies between these param-
eters and their effects on the CMB power spectrum, a task that
could be achieved in the future using large-scale structure sur-
veys and next generation CMB experiments.

CosmoRec TT+lowP+BAO
CosmoRec TT,TE,EE+lowP+BAO
RecFast TT,TE,EE+lowP+BAO

4.5

Fig. 42. Marginalized posterior for A5, obtained using CosmoRec,
with and without small-scale polarization data. We find good agreement
with the theoretical value of Ay, = 8.2206s~!. For comparison, we
also show the result for Planck TT,TE,EE+lowP+BAO obtained with
recfast, emphasizing the consistency of different treatments.

The values for A5 quoted above were obtained using
CosmoRec. When varying Ay, s, the range of cosmologies be-
comes large enough to potentially introduce a mismatch of the
recfast fitting-functions that could affect the posterior. In par-
ticular, with recfast the 2s—1s two-photon and Lya channels
are not treated separately, so that changes specific to the 2s—1s
decay channel propagate inconsistently*®. However, repeating
the analysis with recfast, we find Ay_,;; = 7.78 + 0.58 57!
(see Fig. 42), for Planck TT,TE,EE+lowP+BAO, which is in ex-
cellent agreement with CosmoRec, showing that these effects can
be neglected.

6.7.3. Measuring Ty at last-scattering with Planck

Our best constraint on the CMB monopole temperature
comes from the measurements of the CMB spectrum with
COBE/FIRAS, giving a 0.02% determination of T (Fixsen et al.
1996; Fixsen 2009). Other constraints from molecular lines typ-
ically reach 1% precision (see Table 2 in Fixsen 2009, for an
overview), while independent BBN constraints provide 5—-10%
limits (Simha & Steigman 2008; Jeong et al. 2014).

The CMB anisotropies provide additional ways of deter-
mining the value of Ty (for fixed values of N and Yp). One
is through the energy distribution of the CMB anisotropies
(Fixsen et al. 1996; Fixsen 2003; Chluba 2014) and another
through their power spectra (Opher & Pelinson 2004, 2005;
Chluba 2014). Even small changes in T, compatible with the
COBE/FIRAS error, affect the ionization history at the 0.5%
level around last-scattering, propagating to a roughly 0.1%

38 One effect is that by increasing Ay_,is fewer Lya photons are pro-
duced. This reduces the Lya feedback correction to the 2s—1s channel,
which further accelerates recombination, an effect that is not captured
with recfast in the current implementation.
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CosmoRec TT+lowP+BAO
CosmoRec TT,TE,EE+lowP+BAO
RecFast TT,TE,EE+lowP+BAO

264 268 2.72

To

2.76

Fig. 43. Marginalized posterior for T,,. We find excellent agreement with
the COBE/FIRAS measurement. For comparison, we show the result
for Planck TT,TE,EE+lowP+BAO obtained using both CosmoRec and
recfast, emphasizing the consistency of different treatments.

uncertainty in the CMB power spectrum (Chluba & Sunyaev
2008). Overall, the effect of this uncertainty on the parameters
of ACDM models is small (Hamann & Wong 2008); however,
without prior knowledge of Ty from the COBE/FIRAS measure-
ment, the situation would change significantly.

The CMB monopole affects the CMB anisotropies in sev-
eral ways. Most importantly, for larger Ty, photons decouple
from baryons at lower redshift, since more ionizing photons are
present in the Wien-tail of the CMB. This effect is amplified be-
cause of the exponential dependence of the atomic level popula-
tions on the ratio of the ionization potentials and CMB tempera-
ture. In addition, increasing Ty lowers the expansion timescale of
the Universe and the redshift of matter-radiation equality, while
increasing the photon sound speed. Some of these effects are
also produced by varying N.g; however, the effects of Ty on the
ionization history and photon sound speed are distinct.

With CMB data alone, the determination of T is degenerate
with other parameters, but the addition of other data sets breaks
this degeneracy. Marginalized posterior distributions for Ty are
shown in Fig. 43. Using CosmoRec, we find

Ty
Ty =

2.722 £ 0.027K  Planck TT+lowP+BAO, (83a)
2.718 £ 0.021 K Planck TT, TE, EE+lowP+BAO, (83b)

and similar results are obtained with recfast. This is in ex-
cellent agreement with the COBE/FIRAS measurement, Ty =
2.7255+0.0006 K (Fixsen et al. 1996; Fixsen 2009). These mea-
surements of T reach a precision that is comparable to the ac-
curacy obtained with interstellar molecules. Since the systemat-
ics of these independent methods are very different, this result
demonstrates the consistency of all these data. Allowing T to
vary causes the errors of the other cosmological parameters to
increase. The strongest effect is on 6yic, which is highly degen-
erate with T. The error on 6yc increases by a factor of roughly
25 if Ty is allowed to vary. The error on Quh? increases by a
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factor of about 4, while the errors on ns and Q.h? increase by fac-
tors of 1.5—2, and the other cosmological parameters are largely
unaffected by variations in 7. Because of the strong degener-
acy with 6yc, no constraint on 7y can be obtained using Planck
data alone. External data, such as BAO, are therefore required to
break this geometric degeneracy.

It is important to emphasize that the CMB measures the
temperature at a redshift of z =~ 1100, so the comparison with
measurements of 7 at the present day is effectively a test of the
constancy of aTcymp, where a = 1/1100 is the scale-factor at the
time of last-scattering. It is remarkable that we are able to test
the constancy of aTcyp = T over such a large dynamic range
in redshift. Of course, if we did find that aTcyp around recom-
bination were discrepant with Ty now, then we would need to
invent a finely-tuned late-time photon injection mechanism® to
explain the anomaly. Fortunately, the data are consistent with the
standard Tomp o« (1 + z) scaling of the CMB temperature.

Another approach to measuring aTcyp is through the ther-
mal Sunyaev-Zeldovich effect in rich clusters of galaxies at var-
ious redshifts (Fabbri et al. 1978; Rephaeli 1980), although it is
unclear how one would interpret a failure of this test without
an explicit model. In practice this approach is consistent with
a scaling aTcmp = constant, but with lower precision than ob-
tained here from Planck (e.g., Battistelli et al. 2002; Luzzi et al.
2009; Saro et al. 2014; Hurier et al. 2014). A simple Teyp =
To(1 + z)'# modification to the standard temperature redshift
relation is frequently discussed in the literature (though this case
is not justified by any physical model and is difficult to realize
without creating a CMB spectral distortion, see Chluba 2014).
For this parameterization we find

B = (02+14)x 107 Planck TT+lowP+BAO, (84a)
B = (04+1.1)x 1073 Planck TT, TE, EE+lowP+BAO, (84b)

where we have adopted a recombination redshift of z, = 1100%.
Because of the long lever-arm in redshift afforded by the CMB,
this is an improvement over earlier constraints by more than an
order of magnitude (e.g., Hurier et al. 2014).

In a self-consistent picture, changes of T,y would also affect
the BBN era. We might therefore consider a simultaneous varia-
tion of N.g and Yp to reflect the variation of the neutrino energy
density accompanying a putative variation in the photon energy
density. Since we find aTcyp at recombination to be highly con-
sistent with the observed CMB temperature from COBE/FIRAS,
considering this extra variation seems unnecessary. Instead, we
may view the aTcyp variation investigated here as further sup-
port for the limits discussed in Sects. 6.4 and 6.5.

6.7.4. Semi-blind perturbed recombination analysis

The high sensitivity of small-scale CMB anisotropies to the
ionization history of the Universe around the epoch of recom-
bination allows us to constrain possible deviations from the
standard recombination scenario in a model-independent way
(Farhang et al. 2012, 2013). The method relies on an eigen-
analysis (often referred to as a principle component analysis)
of perturbations in the free electron fraction, X.(z) = N¢/Nu,
where Ny denotes the number density of hydrogen nuclei. The
eigenmodes selected are specific to the data used in the analysis.

3 Pure energy release in the form of heating of ordinary matter would
leave a Compton y-distortion (Zeldovich & Sunyaev 1969) at these late
times (Burigana et al. 1991; Hu & Silk 1993; Chluba & Sunyaev 2012).
40 The test depends on the logarithm of the redshift and so is insensitive
to the precise value adopted for z..
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Table 7. Standard parameters and the first three X.-modes, as deter-
mined for Planck TT,TE ,EE+lowP+BAO.

Parameter + 1 mode + 2 modes + 3 modes
Quh? ... 0.02229 +0.00017 0.02237 +0.00018 0.02237 + 0.00019
QA% ... 0.1190 £0.0010 0.1186 +0.0011 0.1187 +0.0012
Hy .... 67.64 +£0.48 67.80 £0.51 67.80 + 0.56
T, 0.065 +£0.012 0.068 +£0.013 0.068 +£0.013
R oo.. 0.9667 + 0.0053 0.9677 + 0.0055 0.9678 + 0.0067
In(10'°4,)  3.062 + 0.023 3.066 + 0.024 3.066 + 0.024
Hyoeen . —-0.03 £0.12 0.03+0.14 0.02+£0.15
Hoooonn . -0.17 £0.18 -0.18 £ 0.19

M3 onn .. —0.02 +£0.88

Similar approaches have been used to constrain deviations of the
reionization history from the simplest models (Mortonson & Hu
2008) and annihilating dark matter scenarios (Finkbeiner et al.
2012), both with the prior assumption that the standard recombi-
nation physics is fully understood, as well as for constraining tra-
jectories in inflation Planck Collaboration XX (2016) and dark
energy Planck Collaboration XIV (2016) parameterizations.

Here, we use Planck data to find preferred ionization frac-
tion trajectories X.(z) composed of low-order perturbation eigen-
modes to the standard history (X.-modes). The X.-modes are
constructed through the eigen-decomposition of the inverse of
the Fisher information matrix for base ACDM (the six cosmo-
logical parameters and the nuisance parameters) and recombi-
nation perturbation parameters (see Farhang et al. 2012, for de-
tails). This procedure allows us to estimate the errors on the
eigenmode amplitudes, y;, providing a rank ordering of the
X.-modes and their information content.

The first three X.-modes for Planck TT,TE,EE+lowP are il-
lustrated in Fig. 44, together with their impact on the differential
visibility function. Figure 45 shows the response of the CMB
temperature and polarization power spectra to these eigenmodes.
The first mode mainly leads to a change in the width and height
of the Thomson visibility function (bottom panel of Fig. 44).
This implies less diffusion damping, which is also reflected in the
modifications to the CMB power spectra (as shown in Fig. 45).
The second mode causes the visibility maximum to shift to-
wards higher redshifts for u, > 0, which leads to a shift of the
CMB extrema to smaller scales; however, for roughly constant
width of the visibility function it also introduces less damping at
small scales. The third mode causes a combination of changes
in both the position and width of the visibility function, with a
pronounced effect on the location of the acoustic peaks. For the
analysis of Planck data combinations, we only use X.-modes that
are optimized for Planck TT,TE,EE+lowP.

We modified CosmoMC to estimate the mode amplitudes.
The results for Planck TT,TE,EE+lowP+BAO are presented in
Table 7. Although all mode amplitudes are consistent with stan-
dard recombination, adding the second X.-mode causes mild
shifts in Hy and 7. For Planck TT+lowP, we find u; = —0.11 +
0.51 and u, = —0.23 + 0.50, using the Planck TT,TE,EE+lowP
eigenmodes, again consistent with the standard recombination
scenario. Adding the polarization data improves the errors by
more than a factor of 2. However, the mode amplitudes are in-
sensitive to the addition of external data.

With pre-Planck data, only the amplitude, y;, of the first
eigenmode could be constrained. The corresponding change
in the ionization history translates mainly into a change in
the slope of the CMB damping tail, with this mode resem-
bling the first mode determined using Planck data (Fig. 44).
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Fig. 44. Eigen-modes of the recombination history, marginalized over
the standard six cosmological and Planck nuisance parameters. The
upper panel shows the first three X.-modes constructed for Planck
TT,TE,EE+lowP data. The lower panel show changes in the differential
visibility corresponding to 1o deviations from the standard recombina-
tion scenario for the first three X.-modes. The maximum of the Thom-
son visibility function and width are indicated in both figures.

The WMAP9+SPT data gave a non-zero value for the first
eigenmode at about 20, p;*T = —0.80 + 0.37. However, the
WMAP9+ACT data gave u‘l\CT = 0.14 + 0.45 and the com-
bined pre-Planck data (WMAP+ACT+SPT) gave " = —0.44+
0.33, both consistent with the standard recombination scenario
(Calabrese et al. 2013). The variation among these results is

another manifestation of the tensions between different pre-
Planck CMB data, as discussed in PCP13.

Although not optimal for Planck data, we also com-
pute the amplitudes of the first three X.-modes constructed
for the WMAPO9+SPT data set. This provides a more di-
rect comparison with the pre-Planck constraints. For Planck
TT,TE,EE+lowP+BAO we obtain /.t?ryr = —=0.10 = 0.13 and
ung = —0.13 £ 0.18. The mild tension of the pre-Planck data
with the standard recombination scenario disappears when us-
ing Planck data. This is especially impressive, since the er-
rors have improved by more than a factor of 2. By projecting
onto the Planck modes, we find that the first two SPT modes
can be expressed as u5FT ~ 0.69u; + 0.66p; ~ —0.09 and
ung ~ —0.70u; + 0.64u, ~ —0.13, which emphasizes the
consistency of the results. Adding the first three SPT modes,
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Fig. 45. Changes in the TT (upper panel) and EE (lower panel) power
spectra caused by a 1o deviation from the standard recombination sce-
nario for the first three X.-modes (see Fig. 44).

we obtain ,u?lyr = -0.09 = 0.13, ,u§PT = —-0.14 + 0.21, and
p5PT = —0.12 + 0.86, which again is consistent with the stan-
dard model of recombination. The small changes in the mode
amplitudes when adding the third mode arise because the SPT

modes are not optimal for Planck and so are correlated.

6.8. Cosmic defects

Topological defects are a generic by-product of symmetry-
breaking phase transitions and a common phenomenon in con-
densed matter systems. Cosmic defects of various types can
be formed in phase transitions in the early Universe (Kibble
1976). In particular, cosmic strings can be produced in some su-
persymmetric and grand-unified theories at the end of inflation
(Jeannerot et al. 2003), as well as in higher-dimensional theories
(e.g., Polchinski 2005). Constraints on the abundance of cos-
mic strings and other defects therefore place limits on a range
of models of the early Universe. More discussion on the forma-
tion, evolution, and cosmological role of topological defects can
be found, for example, in the reviews by Vilenkin & Shellard
(2000), Hindmarsh & Kibble (1995), and Copeland & Kibble
(2010).
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Fig. 46. Marginalized posterior distributions for the fractional contribu-
tion, fio, of the defect contribution to the temperature power spectrum
at £ = 10 (see the text for the precise definition). Here we show the
constraints for the Nambu-Goto cosmic strings (NG, solid black), field-
theory simulations of Abelian-Higgs cosmic strings (AH, solid red),
semi-local strings (SL, dotted blue), and global textures (TX, dashed
green). The upper panel shows the 1D posterior for the Planck+lowP
data, while constraints shown in the lower panel additionally use the
TE and EE data.

In this section we revisit the power spectrum-based con-
straints on the abundance of cosmic strings and other topo-
logical defects using the 2015 Planck data, including Planck
polarization measurements. The general approach follows that
described in the Planck 2013 analysis of cosmic defects
(Planck Collaboration XXV 2014), so here we focus on the up-
dated constraints rather than on details of the methodology.

Topological defects are non-perturbative excitations of the
underlying field theory and their study requires numerical sim-
ulations. Unfortunately, since the Hubble scale, ¢/Hy, is over
50 orders of magnitude greater that the thickness of a GUT-scale
string, approximately (72/uc)!/? with y the mass per unit length
of the string, it is impractical to simulate the string dynamics ex-
actly in the late Universe. For this reason one needs to make ap-
proximations. One approach considers the limit of an infinitely
thin string, which corresponds to using the Nambu-Goto (“NG”)
action for the string dynamics. In an alternative approach, the
actual field dynamics for a given model are solved on a lattice.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201525830&pdf_id=45
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201525830&pdf_id=46

Planck Collaboration: Planck 2015 results. XIII.

Table 8. 95% upper limits on the parameter fj, and on the derived pa-
rameter Gu/c? for the defect models discussed in the text.

TT+lowP TT,TE,EE+lowP
Defect type fio Gu/c? fio Gu/c?
NG....... <0.020 < 1.8x1077 <0.011 <1.3x1077
AH....... <0.030 < 3.3x1077 <0.015 <2.4x107’
SL ....... <0.039 <10.6x 1077 <0.024 <8.5x 1077
™X....... <0.047 < 9.8x1077 <0.036 <8.6x 1077

Notes. We show results for Planck TT+lowP data as well as for Planck
TT, TE, EE+lowP.

In this case it is necessary to resolve the string core, which gen-
erally requires more computationally intensive simulations than
in the NG approach. Lattice simulations, however, can include
additional physics, such as field radiation that is not present in
NG simulations. Here we will use field-theory simulations of the
Abelian-Higgs action (“AH”); details of these simulations are
discussed in Bevis et al. (2007, 2010).

The field-theory approach also allows one to simulate theo-
ries in which the defects are not cosmic strings and so cannot be
described by the NG action. Examples include semi-local strings
(“SL”, Urrestilla et al. 2008) and global defects. Here we will
specifically consider the breaking of a global O(4) symmetry re-
sulting in texture defects (“TX”).

For the field-theory defects, we measure the energy-
momentum tensor from the simulations and insert it as an ad-
ditional constituent into a modified version of the CMBEASY
Boltzmann code (Doran 2005) to predict the defect contribu-
tion to the CMB temperature and polarization power spec-
tra (see, e.g., Durrer et al. 2002). The same approach can be
applied to NG strings, but rather than using simulations di-
rectly, we model the strings using the unconnected segment
model (“USM”, Albrechtetal. 1999; Pogosian & Vachaspati
1999). In this model, strings are represented by a set of un-
correlated straight segments, with scaling properties chosen to
match those determined from numerical simulations. In this
case, the string energy-momentum tensor can be computed ana-
lytically and used as an active source in a modified Boltzmann
code. For this analysis we use CMBACT version 4 !, whereas
Planck Collaboration XXV (2014) used version 3. There have
been several improvements to the code since the 2013 analysis,
including a correction to the normalization of vector mode spec-
tra. However, the largest change comes from an improved treat-
ment of the scaling properties. The string correlation length and
velocity are described by an updated velocity-dependent one-
scale model (Martins & Shellard 2002), which provides better
agreement with numerical simulations. Small-scale structure of
the string, which was previously a free parameter, is accounted
for by the one-scale model.

The CMB power spectra from defects are proportional to
(Gu/c*)*. We scale the computed template CMB spectra, and
add these to the inflationary and foreground power spectra, to
form the theory spectra that enter the likelihood. In practice, we
parameterize the defects with their relative contribution to the
TT spectrum at multipole £ = 10, fip = C ITOT (defect) ; ITOT (total)
We vary fip and the standard six parameters of the base ACDM
model, using CosmoMC. We also report our results in terms of the
derived parameter Gu/c?.

4 http://www.sfu.ca/~levon/cmbact.html

The constraints on fio and the inferred limits on Gu/c? are
summarized in Table 8. The marginalized 1D posterior distribu-
tion functions are shown in Fig. 46. For Planck TT+lowP we
find that the results are similar to the Planck+WP constraints re-
ported in Planck Collaboration XXV (2014), for the AH model,
or somewhat better for SL and TX. However, the addition of the
Planck high-¢ TE and EE polarization data leads to a significant
improvement compared to the 2013 constraints.

For the NG string model, the results based on Planck
TT+lowP are slightly weaker than the 2013 Planck+WP con-
straints. This is caused by a difference in the updated defect
spectrum from the USM model, which has a less pronounced
peak and shifts towards the AH spectrum. With the inclusion of
polarization, Planck TT,TE,EE+lowP improves the upper limit
on fip by a factor of 2, as for the AH model. The differences
between the AH and NG results quoted here can be regarded
as a rough indication of the uncertainty in the theoretical string
power spectra.

In summary, we find no evidence for cosmic defects from the
Planck 2015 data, with tighter limits than before.

7. Conclusions*?

(1) The six-parameter base ACDM model continues to provide
a very good match to the more extensive 2015 Planck data,
including polarization. This is the most important conclusion
of this paper.

The 2015 Planck TT, TE, EE, and lensing spectra are
consistent with each other under the assumption of the
base ACDM cosmology. However, when comparing the TE
and EE spectra computed for different frequency combi-
nations, we find evidence for systematic effects caused by
temperature-to-polarization leakage. These effects are at low
levels and have little impact on the science conclusions of
this paper.

We have presented the first results on polarization from the
LFI at low multipoles. The LFI polarization data, together
with Planck lensing and high-multipole temperature data,
gives a reionization optical depth of 7 = 0.066 + 0.016 and
a reionization redshift of z, = 8.8*]"7. These numbers are
in good agreement with those inferred from the WMAP9 po-
larization data cleaned for polarized dust emission using HFI
353-GHz maps. They are also in good agreement with results
from Planck temperature and lensing data, i.e., excluding any
information from polarization at low multipoles.

The absolute calibration of the Planck 2015 HFI spectra is
higher by 2% (in power) compared to 2013, largely resolving
the calibration difference noted in PCP13 between WMAP
and Planck. In addition, there have been a number of small
changes to the low-level Planck processing and more accu-
rate calibrations of the HFI beams. The 2015 Planck likeli-
hood also makes more aggressive use of sky than in PCP13
and incorporates some refinements to the modelling of unre-
solved foregrounds. Apart from differences in 7 (caused by
switching to the LFI low-multipole polarization likelihood,
as described in item 3 above) and the amplitude-t combina-
tion Age™>" (caused by the change in absolute calibration),
the 2015 parameters for base ACDM are in good agreement
with those reported in PCP13.

The Planck TT, TE, and EE spectra are accurately de-
scribed by a purely adiabatic spectrum of fluctuations with

2

3)

“4)

®)

42" As in the abstract, here we quote 68% confidence limits on measured
parameters and 95% upper limits on other parameters.
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a spectral tilt ng = 0.968 + 0.006, consistent with the predic-
tions of single-field inflationary models. Combining Planck
data with BAO, we find tight limits on the spatial curvature
of the Universe, [Qk| < 0.005, again consistent with the in-
flationary prediction of a spatially-flat Universe.

The Planck data show no evidence for tensor modes. Adding
a tensor amplitude as a one-parameter extension to base
ACDM, we derive a 95% upper limit of rgppp < 0.11.
This is consistent with the B-mode polarization analysis re-
ported in BKP, resolving the apparent discrepancy between
the Planck constraints on r and the BICEP2 results reported
by BICEP2 Collaboration (2014). In fact, by combining the
Planck and BKP likelihoods, we find an even tighter con-
straint, rg.002 < 0.09, strongly disfavouring inflationary mod-
els with a V(¢) o« ¢* potential.

The Planck data show no evidence for any significant run-
ning of the spectral index. We also set strong limits on a
possible departure from a purely adiabatic spectrum, either
through an admixture of fully-correlated isocurvature modes
or from cosmic defects.

The Planck best-fit base ACDM cosmology (we quote num-
bers for Planck TT+lowP+lensing here) is in good agree-
ment with results from BAO surveys, and with the recent
JLA sample of Type Ia SNe. The Hubble constant in this cos-
mology is Hy = (67.8 + 0.9) km s~'Mpc™', consistent with
the direct measurement of Hy of Eq. (30) used as an Hy prior
in this paper. The Planck base ACDM cosmology is also con-
sistent with the recent analysis of redshift-space distortions
of the BOSS CMASS-DR11 data by Samushia et al. (2014)
and Beutler et al. (2014a). The amplitude of the present-day
fluctuation spectrum, og, of the Planck base ACDM cos-
mology is higher than inferred from weak lensing measure-
ments from the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2013) and, possibly, from counts of rich clus-
ters of galaxies (including Planck cluster counts reported in
Planck Collaboration XXIV 2016). The Planck base ACDM
cosmology is also discordant with Lya BAO measurements
at z = 2.35 (Delubac et al. 2015; Font-Ribera et al. 2014). At
present, the reasons for these tensions are unclear.

By combining the Planck TT+lowP+lensing data with other
astrophysical data, including the JLA supernovae, the equa-
tion of state for dark energy is constrained to w = —1.006 +
0.045 and is therefore compatible with a cosmological con-
stant, as assumed in the base ACDM cosmology.

We have presented a detailed analysis of possible extensions
to the neutrino sector of the base ACDM model. Combin-
ing Planck TT+lowP+lensing with BAO we find Neg =
3.15 + 0.23 for the effective number of relativistic degrees
of freedom, consistent with the value Ne.g = 3.046 of the
standard model. The sum of neutrino masses is constrained
to Y. m, < 0.23eV. The Planck data strongly disfavour fully
thermalized sterile neutrinos with mgej. ~ 1€V that have
been proposed as a solution to reactor neutrino oscillation
anomalies. From Planck, we find no evidence for new neu-
trino physics. Standard neutrinos with masses larger than
those in the minimal mass hierarchy are still allowed, and
could be detectable in combination with future astrophysical
and CMB lensing data.

The standard theory of big bang nucleosynthesis, with Neg =
3.046 and negligible leptonic asymmetry in the electron neu-
trino sector, is in excellent agreement with Planck data and
observations of primordial light element abundances. This
agreement is particularly striking for deuterium, for which
accurate primordial abundance measurements have been

(6)

)

®)

©))

(10)

(1)
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reported recently (Cooke et al. 2014). The BBN theoretical
predictions for deuterium are now dominated by uncertain-
ties in nuclear reaction rates (principally the d(p,y)*He ra-
diative capture process), rather than from Planck uncertain-
ties in the physical baryon density wy, = Qph?.

We have investigated the temperature and polarization signa-
tures associated with annihilating dark matter and possible
deviations from the standard recombination history. Again,
we find no evidence for new physics from the Planck data.

12)

In summary, the Planck temperature and polarization spec-
tra presented in Figs. 1 and 3 are more precise (and accu-
rate) than those from any previous CMB experiment, and im-
prove on the 2013 spectra presented in PCP13. Yet we find no
signs for any significant deviation from the base ACDM cos-
mology. Similarly, the analysis of 2015 Planck data reported
in Planck Collaboration XVII (2016) sets unprecedentedly tight
limits on primordial non-Gaussianity. The Planck results of-
fer powerful evidence in favour of simple inflationary mod-
els, which provide an attractive mechanism for generating the
slightly tilted spectrum of (nearly) Gaussian adiabatic perturba-
tions that match our data to such high precision. In addition, the
Planck data show that the neutrino sector of the theory is con-
sistent with the assumptions of the base ACDM model and that
the dark energy is compatible with a cosmological constant. If
there is new physics beyond base ACDM, then the correspond-
ing observational signatures in the CMB are weak and difficult
to detect. This is the legacy of the Planck mission for cosmology.
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