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Planck 2015 Cosmology

Frangois R. Bouchet, Institut d’Astrophysique de Paris, CNRS & Sorbonne Universités-UPMC

This article summarizes a plenary talk which | presented at
the joint meeting of the Swiss and the Austrian Physical So-
cieties in September 2015 in Vienna, on behalf of the Planck
collaboration. In order to make reading easier, | have omit-
ted references. However, the reader may profitably consult
the series of 38 papers whose title starts by “Planck 2015
results” (readily found on the arxiv) which updates the 36
papers entitled “Planck 2013 results” (and the 41 papers
entitled “Planck Intermediate results” we published in be-
tween). Indeed my talk only overviewed some of the main
results derived from our measurements of the Cosmic Mi-
crowave Background (CMB) anisotropies.

The European Space Agency's Planck satellite ' is dedi-
cated to studying the early Universe and its subsequent
evolution. The satellite was launched on 14 May 2009 and
scanned the microwave and submillimetre sky continuously
between 12 August 2009 and 23 October 2013. Planck's
scientific payload contained an array of 74 detectors in nine
frequency bands sensitive to frequencies between 25 and
1000 GHz, which scanned the sky with angular resolution
between 33 arcm and 5 arcm. The detectors of the Low Fre-
quency Instrument were pseudo-correlation radiometers,
covering bands centred at 30, 44, and 70 GHz. The detec-
tors of the High Frequency Instrument — HFI — were bolom-
eters, cooled at 0.1 = 0.001 K and covering bands centred
at 100, 143, 217, 353, 545, and 857 GHz. Planck imaged
the whole sky twice per year, with a combination of sensitiv-
ity, angular resolution, and frequency coverage never before
achieved. One should note in particular the excellent sensi-
tivity 2 achieved by HFI in the core CMB channels, on which
most cosmology results rely, of 1.29, 0.55, 0.78 yK _,,. deg at
(respectively) 100, 143, and 217 GHz.

CMB.

1 Planck (http://www.esa.int/Planck) is a project of the European Space
Agency (ESA) with instruments provided by two scientific consortia funded
by ESA member states and led by Principal Investigators from France and
Italy, telescope reflectors provided through a collaboration between ESA
and a scientific consortium led and funded by Denmark, and additional
contributions from NASA (USA).

2 These numbers indicate the rms of the fluctuations contributed by
detector noise in pixels of 1 degree on a side (leading to 7.5, 4.3, 8.7 uK 5
per (Gaussian) beam solid angle of FWHM equal to 9.66, 7.22, 4.90 arcmin
(the rms of the CMB anisotropy is about 100 pK,,,. For white noise (a
reasonable approximation at scales below a degree), the detector noise
scales inversely proportional to the pixel linear size.
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The primary product of the mission is therefore a set of nine
maps of the sky emission in the 3 LFI and 6 HFI frequency
bands, as well as fourteen maps of the Q & U Stokes po-
larization parameters (the polarization was not measured at
550 and 857 GHz). In order to clean the background CMB
map from foreground emissions, we have used four different
approaches which combine differently the various frequency
maps. Indeed, different methods have different objectives
and possibilities, in line with the specific stochastic prob-
lem they set out to solve best. Each component separation
method produces at least a CMB map, a confidence map
(i.e., a mask), an effective beam, and a noise estimate map,
together characterizing that CMB map. To help the analyses
and validate results, the Planck team produced and made
available realistic simulations of the Planck data set called
full focal plane 8 (FFP8). They are based on detailed mod-
els of the satellite, instrument and sky. The first 1000 Monte
Carlo realizations of CMB and noise have been propagated
through the four component separation pipelines.

Aspects of the statistics of the CMB fluctuations were as-
sessed with tests of skewness, kurtosis, multinormality,
N-point functions, and Minkowski functionals, and none
yielded indications of significant departures from Gaussian-
ity, while the variance of the CMB map was found to be low,
in agreement with previous studies. First-order moments of
filtered maps also exhibit the low variance anomaly, as well
as a kurtosis excess on certain scales associated with the
so called "Cold Spot". A study of peak statistics finds results
consistent with the expectations for a Gaussian random
field, although the Cold Spot is again detected. The low vari-
ance anomaly appears to be associated with the known low-
| deficit in the angular power spectrum (see below). The lack
of large-scale angular correlations, the relatively featureless
northern ecliptic hemisphere 3- and 4-point functions, and
indications of violations of point- and mirror-parity symme-
try are also confirmed (although little attempt was made to
correct these for a posteriori effects). Tight constraints on a
quadrupolar power modulation were also obtained. Finally,
stacking of temperature and polarization peaks was ana-
lyzed. They are largely consistent with statistically isotropic
simulations, both for oriented and unoriented stacking. The
exception is a low unoriented temperature profile, which
seems to be yet another reflection of the large-scale power
deficit. With the Planck 2015 release, one is probably near
the limit of our ability to probe the CMB anomalies with tem-
perature fluctuations alone. The use of large-angular-scale
polarization, expected for the final Planck release in 2016,
should enable independent tests of these peculiar features.
It is a tantalizing possibility that some of the anomalies de-
scribed so far will take us beyond the standard model of
cosmology.

The CMB angular power spectra contain all of the informa-
tion available if the CMB is statistically isotropic and distrib-
uted as a multivariate Gaussian, which we now know is an
excellent approximation. For realistic data, these empirical
spectra must be augmented with models of instrumental
noise, of various instrumental or processing systematic ef-



fects, and of contamination from astrophysical foregrounds.
The CMB power spectra are in turn uniquely determined by
the underlying cosmological model and its parameters. The
CMB is characterized by its intensity (temperature) and its
(linear) polarization. Because linear polarization is given by
both an amplitude and direction, it can in turn be decom-
posed into two coordinate-independent quantities with dif-
ferent dependence on the cosmology. One, the so-called E
mode which is the curl-free part, is determined by much the
same physics as the intensity, and therefore allows an in-
dependent measurement of the background cosmology, as
well as an improved determination of some parameters. The
other polarization observable, the B mode, is only sourced
at early times by tensor modes (gravitational radiation), as
produced for example during an inflationary epoch. Only E
is expected to be correlated with intensity. Thus we expect to
be able to measure four independent power spectra, name-
ly the three auto-spectra C™(1), CEE(l),CB8(l) (unreleased so
far) along with the cross-spectrum CTE(l).

The analysis of the angular power spectra shown in figure
1 showed that the basic “LCDM model” with only 6 param-
eters is an excellent fit to the data. These parameters - bary-
onic and dark matter content, expansion rate, optical depth,
amplitude and logarithmic slope, n_, of the primordial fluctu-
ation spectrum - are measured with per cent level accuracy.
The most salient result is n_ = 0.965 + 0.005 (a hundred-fold
improvement in accuracy in the 20 years since the first con-
straint from COBE/DMR). This at last excludes unity at more

ic inflation models reflecting that, if inflation took place and
created the fluctuations seeding the latter growth of struc-
tures, it had to end. Let me note too that Large scale (low-I)
power, with TT versus TE anti-correlation (5° > ¥ > 1°) calls
for a period of accelerated expansion to avoid (apparently)
a-causal physics.

But negative results are equally important. In particular the
Planck analysis strictly bounds the amount of primordial
Isocurvature fluctuations (whose existence would ruin the
polarization prediction of LCDM which is based on curva-
ture fluctuation only), spatial curvature (with Q, =0 +5-107%,
a hundred-fold improvement in accuracy in the 15 years
since the first constraint from BOOMERANG), the running
of the primordial spectra, dn_/dink, as well as the amount
of primordial tensor fluctuations of the metric, aka gravita-
tional wave, which is denoted by the tensor to scalar ration,
r. Planck established r < 0.11 at 95%CL, therefore bounding
the energy scale of inflation V, = (1.6 x 10'® GeV)*(r/0.1). As
shown in figure 2, the joint constraints on (ns, r) now exclude
models of inflation like the most generic V, « m2¢2. Planck
also excluded substantial amount of primordial non-gaussi-
anity, which would generically be expected in non-standard/
minimal inflationary model (e.g. multi-field inflation, a non-
standard kinetic term or higher derivatives in the Lagrang-
ian, non Bunch-Davis pre-inflationary vacuum, etc.). For in-
stance, Planck established a constraint on the amplitude on
the generic local form of the three-point correlation function,
=0.8 £ 5.0, a hundred-fold improvement of accura-

cy in the 14 years since the first constraint
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Planck spectra further set tight constraints
on neutrinos properties (e.g. a bound of
0.23 eV at 95%CL on the sum of their
masses) and on many potential deviations
from the standard model prediction (e.g. on
the number of early degrees of freedom of
radiation, N_, the primordial Helium abun-
dance, Yp, the equation of state of vacuum,
It is worth mentioning that the Planck
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tional waves into an upper limit of r < 0.11
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Figure 1: Planck 2015 angular power spectra (blue points binned in 1) in TT, TE and EE.
The best fit LCDM model is shown in red. It is an excellent fit to the data. The residuals
w.r.t. this model are shown in the bottom panels. Note that the model parameters are
fit using temperature alone, the polarisation spectra being therefore predictions of the

model, which also provide an excellent fit to the data.

In summary, cosmological data provide a
consistent picture within LCDM. Primordial
fluctuations are, to a very good approxima-
tion, Isotropic, Gaussian, adiabatic, coher-
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ent (fluctuations are laid down at the same time), close to
Scale invariant - but not exactly (n, = 1 is excluded at more
than 50). There are no gravitational waves at the 10 percent
level. A flat spatial geometry is a very good approximation.
The content, now known with percent accuracy, is rather
minimal, i.e. matter is mostly dark (and cold), "Dark energy"

is consistent with A (w = -1), with a small fraction of baryon
(consistent with BBN). The CMB "Anomalies" are present
at tantalizing levels, but at large scales. Thus far, this is all
consistent within the generic inflationary framework, which
completes the Hot Big Bang phase to form the standard
model of cosmology.
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Figure 2: Planck constraints on the inflationary parameters (n, r), together with the predictions of a number of models for different number

of e-folds N..

28



