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The main scientific questions in Cosmology are . . .

What is the Universe made of?

What are the fundamental laws the governs the evolution of its behavior in space
and time and how do they back-react on the evolution of spacetime ?

Initial conditions ?
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Introduction

On of the main difference between cosmology (astroparticle physics) and other
branches of physics is that in cosmology we can only observe. We cannot prepare an
experiment and control all possible effects. ⇒ Model dependence! Therefore we
usually want different independent observations showing the same before coming to
conclusions.

At present, most of the precise information about cosmology comes from CMB
experiments. An important reason for this is that the theory of the CMB is quite simple
and elegant, and we can compute its anisotropies & polarisation very precisely. This
has led to the amazing success story of the CMB which helped us to determine the
parameters describing the present Universe with 1% precision.
Therefore I shall spend half of my time talking about the CMB. Especially, I want to
emphasize that it is not over, there is more to come.

Another very important dataset is the distribution of galaxies and their shapes. To this
large scale structure, LSS, (galaxy distribution and weak lensing) I devote the second
half of the talk. This dataset is much more difficult to interpret since we usually
calculate the fluctuations of the matter density and we observe individual galaxies.
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The cosmic microwave background discovery 1965 by Penzias & Wilson
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The cosmic microwave background (CMB)

The Universe is expanding. In the past it was much denser and hotter.

At T > 3000K hydrogen was ionised and the ’cosmic plasma’ of protons, electrons
and photons was strongly coupled by Thomson scattering and in thermal
equilibrium.

At T ' 3000K ' 0.26eV protons and electrons combined to neutral hydrogen.
The photons became free and their distribution evolved simply by redshifting of the
photon energies to a thermal distribution with T0 = 2.7255± 0.0006K today.

This corresponds to about 400 photons per cm3 with typical energy of
Eγ = kT0 ' 2.3× 10−4eV ' 140GHz (λ ' 0.25cm). This is the observed CMB.

Initial fluctuations in the energy density of the Universe (e.g. from inflation) should
be imprinted as fluctuations in the CMB temperature.

At z ∼ 7–8 the Universe was re-ionized (probably due to uv radiation from the first
stars).
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The cosmic microwave background (CMB)

T0 = (2.72548± 0.00057)K
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CMB anisotropies

T0 = (2.72548± 0.00057)K
∆T (n) =

∑
`m a`mY`m(n)

C` = 〈|a`m|2〉,
D` = `(`+ 1)C`/(2π)

From the Planck Collaboration
Planck 2018 Results VI
arXiv:1807.06209
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Polarisation of the CMB

CMB Anisotropies 23

E–mode

B–modee–

Linear
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Plate 2: Polarization generation and classification. Left: Thomson scattering of quadrupole
temperature anisotropies (depicted here in the x̂− ŷ plane) generates linear polarization. Right:
Polarization in the x̂ − ŷ plane along the outgoing ẑ axis. The component of the polarization
that is parallel or perpendicular to the wavevector k is called the E-mode and the one at 45◦

angles is called the B-mode.

is

Θ(n̂, η0) =
∑

!m

Y!m(n̂)

[
(−i)!

∫
d3k

(2π)3
a!(k)Y ∗

!m(k̂)

]
, (21)

where the projected source a!(k) = [Θ + Ψ](k, η∗)j!(kD∗). Because the spherical
harmonics are orthogonal, Equation (1) implies that Θ!m today is given by the
integral in square brackets today. A given plane wave actually produces a range of
anisotropies in angular scale as is obvious from Plate 3. The one-to-one mapping
between wavenumber and multipole moment described in §3.1 is only approxi-
mately true and comes from the fact that the spherical Bessel function j!(kD∗) is
strongly peaked at kD∗ ≈ #. Notice that this peak corresponds to contributions
in the direction orthogonal to the wavevector where the correspondence between
# and k is one-to-one (see Plate 3).

Projection is less straightforward for other sources of anisotropy. We have
hitherto neglected the fact that the acoustic motion of the photon-baryon fluid
also produces a Doppler shift in the radiation that appears to the observer as
a temperature anisotropy as well. In fact, we argued above that vb ≈ vγ is
of comparable magnitude but out of phase with the effective temperature. If
the Doppler effect projected in the same way as the effective temperature, it
would wash out the acoustic peaks. However, the Doppler effect has a directional
dependence as well since it is only the line-of-sight velocity that produces the
effect. Formally, it is a dipole source of temperature anisotropies and hence
has an # = 1 structure. The coupling of the dipole and plane wave angular

24 Hu & Dodelson

Plate 3: Integral approach. CMB anisotropies can be thought of as the line-of-sight projection
of various sources of plane wave temperature and polarization fluctuations: the acoustic effective
temperature and velocity or Doppler effect (see §3.8), the quadrupole sources of polarization (see
§3.7) and secondary sources (see §4.2, §4.3). Secondary contributions differ in that the region
over which they contribute is thick compared with the last scattering surface at recombination
and the typical wavelength of a perturbation.

Thomson scattering depends
on polarisation.
A local quadrupole induces
linear polarisation,
Q 6= 0 and U 6= 0.
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Polarisation

Polarisation defines a tensor field on the CMB sky which is split into a parity even
component called E-polarisation and parity odd component called B-polarisation.

At first order, scalar perturbations only generate E-polarisation.

B-polarisation is generated by (vector and) tensor perturbations and at higher order
scalar perturbations.

E-polarisation is correlated with temperature anisotropies.

B-polarisation has opposite parity to E polarisation and temperature anisotropies,
hence in a parity conserving Universe 〈EB〉 = 〈TB〉 = 0EE--mode and Bmode and B--modemode

�� Polarization fields can be linearly Polarization fields can be linearly 

decomposed to E and B modedecomposed to E and B mode

�� EE--mode polarization is perpendicular/parallel mode polarization is perpendicular/parallel 

to the direction of modulationto the direction of modulation

�� BB--mode polarization is oriented at 45mode polarization is oriented at 45 ̓̓ to the to the 

direction of modulationdirection of modulation

�� Linear, scalar perturbation cannot generate BLinear, scalar perturbation cannot generate B--

mode polarizations mode polarizations 

�� No Cosmic VarianceNo Cosmic Variance
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Polarization spectra (Planck 2018 results arXiv:1807.06209)

T-E correlation

DTE
` = `(`+1)

2π CTE
`

E-E spectrum
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CMB lensing

Due to the foreground gravitational potential the CMB temperature anisotropies and
polarisation are lensed:

Tobs(n) = T (n + δn), δn = ∇φ,

φ(n) = −
∫ r∗

0
dr

(r∗ − r)

r∗r
(Φ + Ψ)(rn, τ0 − r)

Lensing of the CMB is a second order effect. Lensing E polarisation induces B
polarisation.
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Lensing spectrum (Planck 2018 Results arXiv:1807.06210)

φ(n) = −
∫ r∗

0
dr

(r∗ − r)

r∗r
(Φ + Ψ)(rn, τ0 − r)
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Lensing B modes

ACTPol spectrum and parameters 13

Fig. 13.— Distribution of the �2 for the null tests described in
Section 3.7. The smooth line represents the expected distribution
if the null tests were uncorrelated. The dashed black histogram
shows our null test distribution after rescaling the errors by 3%.
We interpret this as an estimate of the uncertainty on our errors.

The �2 distribution for this set of null tests is shown in
Figure 13. The distribution is close to expectation, but
we find that the measured and predicted �2 distribution
fit best if we reduce the error bars by ⇡ 3%. We interpret
this as an estimate of the uncertainty on our errors.

3.8. E↵ect of aberration

The observed power spectra are a↵ected by aberration
due to our proper motion with respect to the CMB last
scattering surface. We move at a speed of 369 km/s along
the direction d = (l, b) = (264�, 48�) (e.g. Planck Collab-
oration et al. (2014b)). This motion induces a kinematic
dipole of the form cos ✓ = (d · n), where n is the vector
position of each pixel. Aberration results in an angle-
dependent rescaling of the multipole moments ` and its
e↵ect on the power spectrum can be approximated as

�C`

C`
= �d ln C`

d ln `
�hcos ✓i (2)

(Jeong et al. 2014), where � = v/c and hcos ✓i = �0.82
in D56, �0.97 in D5 and �0.65 in D6, where the aver-
age is taken over the solid angle of each ACTPol patch.
We generate a set of 120 aberrated simulations, compute
their power spectra and compare it to the power spec-
tra of non-aberrated maps. The result is presented in
Figure 14 together with the analytical estimate. We use
this set of simulations to correct our power spectra for
the aberration e↵ect, such that Ĉ` = C`��C`. In earlier
releases the e↵ect was negligible and we did not correct
for it. Section 5.2 discusses the impact of this correction
on cosmological parameters.

3.9. Unblinded BB spectra

We unblind the B mode power spectrum at the end of
the analysis. The spectrum is shown in Figure 15 along
with B mode measurements from The Polarbear Collab-
oration: P. A. R. Ade et al. (2014), SPTpol (Keisler et al.
2015) and BICEP2/Keck array (BICEP2 Collaboration
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Fig. 14.— E↵ect of aberration on the TT and EE CMB power
spectra due to our proper motion with respect to the CMB. Our
aberrated simulations agree with the analytical estimate of the
expected e↵ect.
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Fig. 15.— Unblinded ACTPol BB power spectra compared to
measurements from POLARBEAR (The Polarbear Collaboration:
P. A. R. Ade et al. 2014), SPTpol (Keisler et al. 2015) and BI-
CEP2/Keck array (BICEP2 Collaboration et al. 2016). The solid
line is the Planck best fit ⇤CDM model. The ACTPol data are
consistent with expectation and deviate from zero at 2�.

et al. 2016). We fit for an amplitude in the multipole
range 500 < ` < 2500, where Galactic and extragalac-
tic contamination is minimal, using the lensed B mode
⇤CDM prediction. We find A = 2.03±1.01. This ampli-
tude is consistent with expectation, but the significance
of the fit is not high enough to be interpreted as a detec-
tion.

4. LIKELIHOOD

We first construct a likelihood function to describe the
CMB and foreground emission present in the 149 GHz
power spectrum. To improve the estimation of the CMB
part, we then add intensity power spectra estimated at
both 150 and 220 GHz by the previous ACT receiver,
MBAC.

Using these multi-frequency data we estimate the
foreground-marginalized CMB power spectrum in TT,
TE, EE for ACT, for both the MBAC and ACTPol

Atacama telescope array
[arXiv:1610.02360]
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FIG. 10. Likelihoods for r and Ad, using BICEP2/Keck
and Planck, as plotted in Fig. 6, overplotted on constraints
obtained from realizations of a lensed-⇤CDM+noise+dust
model with dust power similar to that favored by the real
data (Ad = 3.6 µK2). Half of the r curves peak at zero as
expected.
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FIG. 11. Constraints obtained when adding dust realizations
from the Planck Sky Model version 1.7.8 to the base lensed-
⇤CDM+noise simulations. (Curves for 139 regions with peak
Ad < 20 µK2 are plotted). We see that the results for r
are unbiased in the presence of dust realizations which do
not necessarily follow the `�0.42 power law or have Gaussian
fluctuations about it.

as the level of Ad increases, and we should therefore not
be surprised if the fraction of realizations peaking at a
value higher than the real data is increased compared to
the simulations with mean Ad = 3.6 µK2. However we
still expect that on average 50% will peak above zero and
approximately 8% will have an L0/Lpeak ratio less than
the 0.38 observed in the real data. In fact we find 57%
and 7%, respectively, consistent with the expected val-
ues. There is one realization which has a nominal (false)
detection of non-zero r of 3.3�, although this turns out to
also have one of the lowest L0/Lpeak ratios in the Gaus-
sian simulations shown in Fig. 10 (with which it shares
the CMB and noise components), so this is apparently
just a relatively unlikely fluctuation.
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FIG. 12. Upper: BB spectrum of the BICEP2/Keck maps
before and after subtraction of the dust contribution, esti-
mated from the cross-spectrum with Planck 353 GHz. The
error bars are the standard deviations of simulations, which,
in the latter case, have been scaled and combined in the same
way. The inner error bars are from lensed-⇤CDM+noise sim-
ulations as in the previous plots, while the outer error bars
are from the lensed-⇤CDM+noise+dust simulations. Lower:
constraint on r derived from the cleaned spectrum compared
to the fiducial analysis shown in Fig. 6.

B. Subtraction of scaled spectra

As previously mentioned, the modified blackbody
model predicts that dust emission is 4% as bright in the
BICEP2 band as it is in the Planck 353 GHz band. There-
fore, taking the auto- and cross-spectra of the combined
BICEP2/Keck maps and the Planck 353 GHz maps, as
shown in the bottom row of Fig. 2, and evaluating
(BK⇥BK�↵BK⇥P)/(1�↵), at ↵ = ↵fid cleans out the
dust contribution (where ↵fid = 0.04). The upper panel
of Fig. 12 shows the result.

As an alternative to the full likelihood analysis pre-
sented in Sec. III B, we can instead work with the dif-
ferenced spectra from above, a method we denote the
“cleaning” approach. If ↵fid were the true value, the ex-
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FIG. 6. Likelihood results from a basic lensed-⇤CDM+r+dust model, fitting BB auto- and cross-spectra taken between maps
at 150 GHz, 217, and 353 GHz. The 217 and 353 GHz maps come from Planck. The primary results (heavy black) use the
150 GHz combined maps from BICEP2/Keck. Alternate curves (light blue and red) show how the results vary when the
BICEP2 and Keck Array only maps are used. In all cases a Gaussian prior is placed on the dust frequency spectrum parameter
�d = 1.59 ± 0.11. In the right panel the two dimensional contours enclose 68% and 95% of the total likelihood.

variation at high latitude, as explained in Sec. V A.
Nevertheless, it is important to appreciate that the
r constraint curves shown in Fig. 6 shift left (right)
when assuming a lower (higher) value of �d. For
�d = 1.3 ± 0.11 the peak is at r = 0.021 and for
�d = 1.9 ± 0.11 the peak is at r = 0.073.

• Varying the dust power spectrum shape: in
the fiducial analysis the dust spatial power spec-
trum is assumed to be a power law with D` /
`�0.42. Marginalizing over spectral indices in the
range �0.8 to 0 we find little change in the r con-
straint (see also Sec. IVB for an alternate relax-
ation of the assumptions regarding the spatial prop-
erties of the dust pattern).

• Using Gaussian determinant likelihood: the
fiducial analysis uses the HL likelihood approx-
imation, as described in Sec. III A. An alterna-
tive is to recompute the covariance matrix C at
each point in parameter space and take L =
det (C)�1/2 exp (�(dTC�1d)/2), where d is the de-
viation of the observed bandpowers from the model
expectation values. This results in an r constraint
which peaks slightly lower, as shown in Fig. 7. Run-
ning both methods on the simulated realizations
described in Sec. IV A, indicates that such a dif-
ference is not unexpected and that there may be
a small systematic downward bias in the Gaussian
determinant method.

• Varying the HL fiducial model: as mentioned
in Sec. IIIA the HL likelihood formulation requires
that the expectation values and bandpower co-
variance matrix be provided for a single “fiducial
model” (not to be confused with the “fiducial anal-
ysis” of Sec. III B). Normally we use the lensed-
⇤CDM+dust simulations described in Sec. IV A be-
low. Switching this to lensed-⇤CDM+r=0.2 pro-
duces no change on average in the simulations, al-

though it does cause any given realization to shift
slightly—the change for the real data case is shown
in Fig. 7.

• Adding synchrotron: BK-I took the WMAP K -
band (23GHz) map, extrapolated it to 150 GHz ac-
cording to ⌫�3.3 (mean value within the BICEP2
field of the MCMC “Model f” spectral index map
provided by WMAP [2]), and found a negligible
predicted contribution (rsync,150 = 0.0008±0.0041).
Figure 3 does not o↵er strong motivation to reex-
amine this finding—the only significant detections
of correlated BB power are in the BK150⇥P353
and, to a lesser extent, BK150⇥P217 spectra. How-
ever, here we proceed to a fit including all the
polarized bands of Planck (as shown in Fig. 3)
and adding a synchrotron component to the base
lensed-⇤CDM+noise+r+dust model. We take syn-
chrotron to have a power law spectrum D` /
`�0.6 [23], with free amplitude Async, where Async is
the amplitude at ` = 80 and at 150GHz, and scal-
ing with frequency according to ⌫�3.3. In such a
scenario we can vary the degree of correlation that
is assumed between the dust and synchrotron sky
patterns. Figure 8 shows results for the uncorre-
lated and fully correlated cases. Marginalizing over
r and Ad we find Async < 0.0003 µK2 at 95% con-
fidence for the uncorrelated case, and many times
smaller for the correlated. This last is because once
one has a detection of dust it e↵ectively becomes
a template for the synchrotron. This synchrotron
limit is driven by the Planck 30 GHz band—we ob-
tain almost identical results when adding only this
band, and a much softer limit when not including it.
If we instead assume synchrotron scaling of ⌫�3.0

the limit on Async is approximately doubled for the
uncorrelated case and reduced for the correlated.
(Because the DS1⇥DS2 data-split is not available
for the Planck LFI bands we switch to Y1⇥Y2 for

Bicep2 – KeckArray – Planck [arXiv:1502.00612]
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Cosmological parameters from Planck 2018 arXiv:1807.06209

Planck Collaboration: Cosmological parameters
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Planck TT,TE,EE+lowE. Parameters on the bottom axis are our sampled MCMC parameters with flat priors, and parameters on the
left axis are derived parameters (with H0 in km s�1Mpc�1). Contours contain 68 % and 95 % of the probability.

Table 1. Base-⇤CDM cosmological parameters from Planck TT,TE,EE+lowE+lensing. Results for the parameter best fits,
marginalized means and 68 % errors from our default analysis using the Plik likelihood are given in the first two numerical
columns. The CamSpec likelihood results give some idea of the remaining modelling uncertainty in the high-` polarization, though
parts of the small shifts are due to slightly di↵erent sky areas in polarization. The “Combined” column give the average of the
Plik and CamSpec results, assuming equal weight. The combined errors are from the equal-weighted probabilities, hence including
some uncertainty from the systematic di↵erence between them; however, the di↵erences between the high-` likelihoods are so small
that they have little e↵ect on the 1� errors. The errors do not include modelling uncertainties in the lensing and low-` likelihoods
or other modelling errors (such as temperature foregrounds) common to both high-` likelihoods. A total systematic uncertainty of
around 0.5� may be more realistic, and values should not be overinterpreted beyond this level. The best-fit values give a represen-
tative model that is an excellent fit to the baseline likelihood, though models nearby in the parameter space may have very similar
likelihoods. The first six parameters here are the ones on which we impose flat priors and use as sampling parameters; the remaining
parameters are derived from the first six. Note that ⌦m includes the contribution from one neutrino with a mass of 0.06 eV. The
quantity ✓MC is an approximation to the acoustic scale angle, while ✓⇤ is the full numerical result.

Parameter Plik best fit Plik [1] CamSpec [2] ([2] � [1])/�1 Combined

⌦bh2 . . . . . . . . . . . . . 0.022383 0.02237 ± 0.00015 0.02229 ± 0.00015 �0.5 0.02233 ± 0.00015
⌦ch2 . . . . . . . . . . . . . 0.12011 0.1200 ± 0.0012 0.1197 ± 0.0012 �0.3 0.1198 ± 0.0012
100✓MC . . . . . . . . . . . 1.040909 1.04092 ± 0.00031 1.04087 ± 0.00031 �0.2 1.04089 ± 0.00031
⌧ . . . . . . . . . . . . . . . . 0.0543 0.0544 ± 0.0073 0.0536+0.0069

�0.0077 �0.1 0.0540 ± 0.0074
ln(1010As) . . . . . . . . . 3.0448 3.044 ± 0.014 3.041 ± 0.015 �0.3 3.043 ± 0.014
ns . . . . . . . . . . . . . . . 0.96605 0.9649 ± 0.0042 0.9656 ± 0.0042 +0.2 0.9652 ± 0.0042

⌦mh2 . . . . . . . . . . . . 0.14314 0.1430 ± 0.0011 0.1426 ± 0.0011 �0.3 0.1428 ± 0.0011
H0 [ km s�1Mpc�1] . . . 67.32 67.36 ± 0.54 67.39 ± 0.54 +0.1 67.37 ± 0.54
⌦m . . . . . . . . . . . . . . 0.3158 0.3153 ± 0.0073 0.3142 ± 0.0074 �0.2 0.3147 ± 0.0074
Age [Gyr] . . . . . . . . . 13.7971 13.797 ± 0.023 13.805 ± 0.023 +0.4 13.801 ± 0.024
�8 . . . . . . . . . . . . . . . 0.8120 0.8111 ± 0.0060 0.8091 ± 0.0060 �0.3 0.8101 ± 0.0061
S 8 ⌘ �8(⌦m/0.3)0.5 . . 0.8331 0.832 ± 0.013 0.828 ± 0.013 �0.3 0.830 ± 0.013
zre . . . . . . . . . . . . . . . 7.68 7.67 ± 0.73 7.61 ± 0.75 �0.1 7.64 ± 0.74
100✓⇤ . . . . . . . . . . . . 1.041085 1.04110 ± 0.00031 1.04106 ± 0.00031 �0.1 1.04108 ± 0.00031
rdrag [Mpc] . . . . . . . . . 147.049 147.09 ± 0.26 147.26 ± 0.28 +0.6 147.18 ± 0.29
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eracy between ⌦m and ⌦⇤ is partially broken because of the ef-
fect of lensing on the temperature and polarization power spec-
tra. 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 ge-
ometry of our Universe to be nearly flat.

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 di↵erent vacua of a “string landscape” (e.g.,
Freivogel et al. 2006; Bousso et al. 2013). Clearly, the detection
of a significant deviation from ⌦K = 0 would have profound
consequences for inflation theory and fundamental physics.

The Planck power spectra give the constraint

⌦K = �0.052+0.049
�0.055 (95%,Planck TT+lowP). (47)

The “geometric degeneracy” (Bond et al. 1997;
Zaldarriaga et al. 1997) allows for the small-scale linear
CMB spectrum to remain almost unchanged if changes in ⌦K
are compensated by changes in H0 to obtain the same angular
diameter distance to last scattering. The Planck constraint is
therefore mainly determined by the (wide) priors on H0, and the
e↵ect 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 ⇤CDM
cosmology, and since positive curvature increases the amplitude
of the lensing signal, this preference also drives ⌦K towards
negative values.

Taken at face value, Eq. (47) represents a detection of posi-
tive curvature at just over 2�, largely via the impact of lensing
on the power spectra. One might wonder whether this is mainly
a parameter volume e↵ect, but that is not the case, since the best
fit closed model has ��2 ⇡ 6 relative to base ⇤CDM, and the
fit is improved over almost all the posterior volume, with the
mean chi-squared improving by h��2i ⇡ 5 (very similar to the
phenomenological case of ⇤CDM+AL). Addition of the Planck
polarization spectra shifts ⌦K towards zero by �⌦K ⇡ 0.015:

⌦K = �0.040+0.038
�0.041 (95%,Planck TT,TE,EE+lowP), (48)

but ⌦K remains negative at just over 2�.
However the lensing reconstruction from Planck measures

the lensing amplitude directly and, as discussed in Sect. 5.1, this
does not prefer more lensing than base ⇤CDM. The combined
constraint shows impressive consistency with a flat universe:

⌦K = �0.005+0.016
�0.017 (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

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

38

(Planck 1502.01589)

ΩK =
−0.010± 0.012 (TT,EE,TE, lensing)
− 0.0007± 0.0037 add BAO’s 95% (Planck 1807.06209)
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Inflation (Planck 2018 Results VII, arXiv:1807.06211)

Slow-roll inflationary models can be described with a few (mainly 2) slow-roll
parameters and the Hubble scale during inflation, H∗. The scalar and tensor spectra
from inflation are given by

Pζ(k) ' H2
∗

εM2
p

k−6ε+2η ' 12.2× 10−9 Ph '
H2

∗
M2

p
k−2ε '

(
E∗
Mp

)4

E∗ =
( r

0.1

)1/4
1.7× 1016GeV , r = 16ε
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Fig. 6. Marginalized joint two-dimensional 68 % and 95 % CL
regions for (✏1 , ✏2) (top panel) and (✏V , ⌘V ) (bottom panel) for
Planck TT,TE,EE+lowE+lensing (red contours), compared with
Planck TT,TE,EE+lowE+lensing+BK14 (blue contours). The
dashed lines divide between convex and concave potentials.

(Leach et al. 2002; Finelli et al. 2010) given above:

✏V < 0.0063 (0.0045) (95 % CL) , (39)

⌘V = �0.010+0.004
�0.008

⇣
�0.011+0.004

�0.006

⌘
(68 % CL) . (40)

As can be seen from Fig. 6, the 95 % CL allowed contours are
mostly in the region of concave potentials when BK14 is com-
bined with Planck 2018 data.

When contributions to the primordial power spectra that
are second-order in the HFFs are included, for Planck
TT,TE,EE+lowE+lensing(+BK14) we obtain the following con-
straints on the slow-roll HFFs:

✏1 < 0.0097 (0.0052) (95 % CL) , (41)

✏2 = 0.032+0.009
�0.008 (0.034 ± 0.008) (68 % CL) , (42)

✏3 = 0.19+0.55
�0.53

⇣
0.13+0.40

�0.45

⌘
(95 % CL) , (43)

and on the slow-roll potential parameters we obtain:

✏V < 0.0097 (0.0053) (95 % CL) , (44)

⌘V = �0.010+0.007
�0.011

⇣
�0.014+0.006

�0.007

⌘
(68 % CL) , (45)

⇠2V = 0.0035+0.0078
�0.0072

⇣
0.0023+0.0073

�0.0068

⌘
(95 % CL) . (46)

The marginalized 68 % and 95 % CLs for the slow-roll HFF and
potential parameters, allowing ✏3 , 0, with Planck data alone or
in combination with BK14, are displayed in Fig. 7.

Parameter range Prior type

0.019 < ⌦bh2 < 0.025 uniform
0.095 < ⌦ch2 < 0.145 uniform
1.03 < 100✓MC < 1.05 uniform

0.01 < ⌧ < 0.4 uniform

Table 4. Priors for cosmological parameters used in the
Bayesian comparison of inflationary models.

4.2. Implications for selected slow-roll inflationary models

The predictions for (ns, r) to first order in the slow-roll ap-
proximation for a few inflationary models are shown in Fig. 8,
which updates figure 12 of PCI15 and figure 1 of PCI13 with
the same notation. These predictions are calculated for scale
k = 0.002 Mpc�1 and include an uncertainty in the number of
e-folds of 50 < N⇤ < 60.

In the following we discuss the implications of the Planck
2018 data release for selected slow-roll inflationary models by
taking into account the uncertainties in the entropy generation
stage. As in PCI15, we use the primordial power spectra of cos-
mological fluctuations generated during slow-roll inflation pa-
rameterized by the HFFs, ✏i, to second order, which can be ex-
pressed in terms of the parameters of the inflationary model and
the number of e-folds to the end of inflation, N⇤ (Liddle & Leach
2003; Martin & Ringeval 2010), given by (PCI13)

N⇤ ' 67 � ln
 

k⇤
a0H0

!
+

1
4

ln

0BBBBB@
V2
⇤

M4
pl ⇢end

1CCCCCA

+
1 � 3wint

12(1 + wint)
ln

 
⇢th

⇢end

!
� 1

12
ln(gth) , (47)

where ⇢end is the energy density at the end of inflation, a0H0
is the present Hubble scale, V⇤ is the potential energy when k⇤
left the Hubble radius during inflation, wint characterizes the ef-
fective equation of state between the end of inflation and the
thermalization energy scale ⇢th, and gth is the number of e↵ec-
tive bosonic degrees of freedom at the energy scale ⇢th. We fix
gth = 103 and ✏end = 1, and we use modified routines of the pub-
lic code ASPIC11 (Martin et al. 2014b). In order to make con-
tact with Fig. 8, we consider the pivot scale k⇤ = 0.002 Mpc�1

in this subsection. We assume the uniform priors for the cos-
mological parameters listed in Table 4, and logarithmic priors
on 1010As (over the interval [e2.5, e3.7]) and ⇢th (over the interval
[(1 TeV)4, ⇢end]). Prior ranges for additional parameters in the in-
flationary models considered are listed in Table 5. In this paper
we restrict ourselves to the case wint = (p� 2)/(p+ 2), when the
potential can be approximated as V(�) / �p during the coherent
oscillation regime after inflation, or simply wint = 0 when the
potential considered describes only the inflationary stage. For
data we use the full constraining power of Planck, i.e., Planck
TT,TE,EE+lowE+lensing, in combination with BK14.

The ��2 and the Bayesian evidence values for a selec-
tion of inflationary models with respect to the R2 model
(Starobinsky 1980; Mukhanov & Chibisov 1981; Starobinsky
1983) are shown in Table 5. Figure 9 shows the result-
ing marginalized probability densities of ns and r at k =
0.002 Mpc�1 for a few inflationary models with the above spec-
ified priors, compared to the corresponding 68 % and 95 % CL

11http://cp3.irmp.ucl.ac.be/˜ringeval/aspic.html
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limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' � 2
N
, r ' 12

N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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if we add CMB lensing, since the lensing measurements restrict
the lensing amplitude to values closer to those expected in base
⇤CDM.

The combination of the acoustic scale measured by the CMB
(✓MC) and BAO data is su�cient to largely determine the back-
ground geometry in the ⇤CDM+

P
m⌫ model, since the lower-

redshift BAO data break the geometric degeneracy. Combining
BAO data with the CMB lensing reconstruction power spectrum
(with priors on ⌦bh2 and ns, following PL2015), the neutrino
mass can also be constrained to be
X

m⌫ < 0.60 eV (95 %, Planck lensing+BAO+✓MC). (61)

This number is consistent with the tighter constraints using the
CMB power spectra, and almost independent of lensing e↵ects
in the CMB spectra; it would hold even if the AL tension dis-
cussed in Sect. 6.2 were interpreted as a sign of unknown resid-
ual systematics. Since the constraint from the CMB power spec-
tra is strongly limited by the geometrical degeneracy, adding
BAO data to the Planck likelihood significantly tightens the neu-
trino mass constraints. Without CMB lensing we find

X
m⌫ < 0.16 eV (95 %, Planck TT+lowE+BAO), (62a)

X
m⌫ < 0.13 eV (95 %, Planck TT,TE,EE+lowE

+BAO), (62b)

and combining with lensing the limits further tighten to

X
m⌫ < 0.13 eV (95 %, Planck TT+lowE+lensing

+BAO), (63a)

X
m⌫ < 0.12 eV (95 %, Planck TT,TE,EE+lowE

+lensing+BAO). (63b)

These combined constraints are almost immune to high-` po-
larization modelling uncertainties, with the CamSpec likelihood
giving the 95 % limit

P
m⌫ < 0.13 eV for Planck TT,TE,EE

+lowE+lensing+BAO.
Adding the Pantheon SNe data marginally tightens the bound

to
P

m⌫ < 0.11 eV (95 %, Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon). In contrast the full DES 1-year data prefer a
slightly lower �8 value than the Planck ⇤CDM best fit, so DES
slightly favours higher neutrino masses, relaxing the bound toP

m⌫ < 0.14 eV (95 %, Planck TT,TE,EE+lowE+lensing+BAO
+DES).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly↵ forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our

0.0 0.1 0.2 0.3 0.4

�m� [eV]

60

62

64

66

68

70

H
0
[k

m
s�

1
M

p
c�

1
]

NH NH or IH

TT,TE,EE+lowE+lensing

+BAO
+Ne�

0.70

0.72

0.74

0.76

0.78

0.80

0.82

0.84

�
8

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

95 % limit of
P

m⌫ < 0.12 eV starts to put pressure on the in-
verted mass hierarchy (which requires

P
m⌫ >⇠ 0.1 eV) indepen-

dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046, slightly
larger than 3 since the three standard model neutrinos were
not completely decoupled at electron-positron annihilation
(Mangano et al. 2002; de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥
(

4/7 boson,
1/2 fermion, (65)
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.33 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <⇠ T <⇠ 100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO
data changes in the same way, the low-redshift BAO geometry
helps to partially break the degeneracies. Despite improvements

33For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

in both BAO data and Planck polarization measurements, the
joint Planck+BAO constraints remain similar to PCP15:

Ne↵ = 3.11+0.44
�0.43 (95 %, TT+lowE+lensing+BAO); (67a)

Ne↵ = 2.99+0.34
�0.33

(95 %, TT,TE,EE+lowE+lensing
+BAO). (67b)

For Ne↵ > 3.046 the Planck data prefer higher values of the
Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
sound horizon at recombination and H0 must rise to keep the
acoustic scale, ✓⇤ = r⇤/DM, fixed at the observed value. Since
the change in the allowed Hubble constant with Ne↵ is associ-
ated with a change in the sound horizon, BAO data do not help to
strongly exclude larger values of Ne↵ . Thus varying Ne↵ allows
the tension with Riess et al. (2018a, R18) to be somewhat eased,
as illustrated in Fig. 35. However, although the 68 % error from
Planck TT,TE,EE+lowE+lensing+BAO on the Hubble parame-
ter is weakened when allowing varying Ne↵ , it is still discrepant
with R18 at just over 3�, giving H0 = (67.3±1.1) km s�1Mpc�1.
Interpreting this discrepancy as a moderate statistical fluctuation,
the combined result is

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=>;
68 %, TT,TE,EE
+lowE+lensing
+BAO+R18.

(68)

However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
shows the detailed constraint as a function of decoupling tem-
perature, assuming only light thermal relics and other Standard
Model particles.

7.5.3. Joint constraints on neutrino mass and Ne↵

There are various theoretical scenarios in which it is possible to
have both sterile neutrinos and neutrino mass. We first consider
the case of massless relics combined with the three standard de-
generate active neutrinos, varying Ne↵ and

P
m⌫ together. The

parameters are not very correlated, so the mass constraint is sim-
ilar to that obtained when not also varying Ne↵ . We find:

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=>>;
95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (69)

The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or

P
m⌫ (Eq. 63b) in 7-parameter models, showing that

the data clearly di↵erentiate between the physical e↵ects gener-
ated by the addition of these two parameters. Similar results are

48

Single extension best constraints:

Σimi < 0.12 eV Neff = 2.99± 0.33 Planck + BAO 95%

Joint constraints:

Σimi < 0.12 eV Neff = 2.96± 0.33 Planck + BAO 95%
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Large Scale Structure (LSS)

M. Blanton and the Sloan Digital Sky Survey Team.
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LSS

In principle LSS contains much more information since it is a 3d dataset while the CMB
is essentially 2D. But

At late times clustering becomes non-linear and must be calculated with costly
and limited N-body simulations

On small scales not only gravity is relevant but also hydrodynamical processes,
radiative processes, magnetic fields?

What is the relation between the matter density and the galaxy density (bias))

However

Even if we do not have access to very small scales the 3d nature still make this
dataset very interesting.

With higher order perturbation theory and effective field theory methods we may
have access at least to mildly non-linear scales, up to k ∼ 0.5h/Mpc.

Via redshift space distortions (RSD) and lensing magnification, in LSS
observations we have access not only to the galaxy density but also to the velocity
and the gravitational potential. This allows us to test GR with cosmological
observations.

Weak lensing from shape measurements also measures the gravitational potential
directly with very different systematics .
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Galaxy power spectrum from the Sloan Digital Sky Survey (BOSS)
14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3 h Mpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04 h Mpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥ Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2 h Mpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m � W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2 h�1 Mpc, centred on
8.24 h�1 Mpc for pre-reconstruction fits and 4.47 h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

from Anderson et al. ’12

SDSS-III (BOSS)
power spectrum.

Galaxy surveys '
matter density fluctuations,
biasing and redshift space
distortions.
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Redshift space distortions in the BOSS survey

(from Reid et al. ’12)
Anisotropic clustering in CMASS galaxies 5
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Figure 3. Left panel: Two-dimensional correlation function of CMASS galaxies (color) compared with the best fit model described in Section 6.1 (black lines).
Contours of equal ξ are shown at [0.6, 0.2, 0.1, 0.05, 0.02, 0]. Right panel: Smaller-scale two-dimensional clustering. We show model contours at [0.14, 0.05,
0.01, 0]. The value of ξ0 at the minimum separation bin in our analysis is shown as the innermost contour. The µ ≈ 1 “finger-of-god” effects are small on the
scales we use in this analysis.

in Figure 4. The effective redshift of weighted pairs of galaxies in
our sample is z = 0.57, with negligible scale dependence for the
range of interest in this paper. For the purposes of constraining cos-
mological models, we will interpret our measurements as being at
z = 0.57.

3.2 Covariance Matrices

The matrix describing the expected covariance of our measure-
ments of ξ"(s) in bins of redshift space separation depends in linear
theory only on the underlying linear matter power spectrum, the
bias of the galaxies, the shot-noise (often assumed Poisson) and the
geometry of the survey. We use 600 mock galaxy catalogs, based
on Lagrangian perturbation theory (LPT) and described in detail in
Manera et al. (2012), to estimate the covariance matrix of our mea-
surements. We compute ξ"(si) for each mock in exactly the same
way as from the data (Sec. 3.1) and estimate the covariance matrix
as

C"1"2i j =
1

599

600∑

k=1

(
ξk"1 (si) −  ξ"1 (si)

) (
ξk"2 (s j) −  ξ"2 (s j)

)
, (7)

where ξk" (si) is the monopole (" = 0) or quadrupole (" = 2) correla-
tion function for pairs in the ith separation bin in the kth mock.  ξ"(s)
is the mean value over all 600 mocks. The shape and amplitude of
the average two-dimensional correlation function computed from
the mocks is a good match to the measured correlation function
of the CMASS galaxies; see Manera et al. (2012) and Ross et al.
(2012) for more detailed comparisons. The square roots of the di-
agonal elements of our covariance matrix are shown as the error-
bars accompanying our measurements in Fig. 4. We will examine
the off-diagonal terms in the covariance matrix via the correlation

matrix, or “reduced covariance matrix”, defined as

C"1"2,red
i j = C"1"2i j /

√
C"1"1ii C"2"2j j , (8)

where the division sign denotes a term by term division.
In Figure 5 we compare selected slices of our mock covari-

ance matrix (points) to a simplified prediction from linear theory
(solid lines) that assumes a constant number density  n = 3 × 10−4

(h−1 Mpc)−3 and neglects the effects of survey geometry (see, e.g.,
Tegmark 1997). Xu et al. (2012) performed a detailed compari-
son of linear theory predictions with measurements from the Las
Damas SDSS-II LRG mock catalogs (McBride et al. prep), and
showed that a modified version of the linear theory covariance with
a few extra parameters provides a good description of the N-body
based covariances for ξ0(s). The same seems to be true here as
well. The mock catalogs show a deviation from the naive linear
theory prediction for ξ2(s) on small scales; a direct consequence is
that our errors on quantities dependent on the quadrupole are larger
than a simple Fisher analysis would indicate. We verify that the
same qualitative behavior is seen for the diagonal elements of the
quadrupole covariance matrix in our smaller set of N-body simu-
lations used to calibrate the model correlation function. This com-
parison suggests that the LPT-based mocks are not underestimating
the errors on ξ2, though more N-body simulations (and an account-
ing of survey geometry) would be required for a detailed check of
the LPT-based mocks.

The lower panels of Figure 5 compare the reduced covari-
ance matrix to linear theory, where we have scaled the Cred

i j pre-
diction from linear theory down by a constant, ci. This compar-
ison demonstrates that the scale dependences of the off-diagonal
terms in the covariance matrix are described well by linear the-
ory, but that the nonlinear evolution captured by the LPT mocks
can be parametrized simply as an additional diagonal term. Finally,

c© 0000 RAS, MNRAS 000, 1–1
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BAO & RSD

(From Planck arXiv:1807.06209)
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The transversal power spectrum

Contributions to the transverse power spectrum at redshift z = 3,∆z = 0.3
(from Bonvin & RD ’11)
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Measuring the lensing potential
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Fisher matrix analyis of an Euclid-like
photometric survey.

ψL → βψL

(Montanari & RD)
[1506.01369]

see also Alonso & Ferreira [1507.03550] , V. Iršič, E. Di Dio & M. Viel, [1510.03436]
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DES constraints (arXiv.1811.02375)

6

FIG. 1. Constraints on the present-day dark energy density ⌦⇤ and
matter density ⌦m, relative to the critical density, in an oCDM model
with marginalized curvature and neutrino mass density. We compare
the constraint from DES data alone (black contours), including infor-
mation from weak gravitational lensing, large-scale structure, SNe
Ia, and photometric BAO, to the best available external data (green
contours), combining information from the CMB, SNe Ia, and spec-
troscopic BAO. We identify the flat model (⌦k = 0) with a dotted
line and distinguish accelerating and decelerating universes with a
dashed line. Contours represent the 68% and 95% confidence limits
(CL).

component in the Universe (⌦⇤ > 0) at ⇠4� significance.
This is the first time a photometric survey has independently
made a significant constraint on the energy density of both
dark energy and dark matter without assuming a flat model
based on early Universe constraints. It represents an impor-
tant milestone for future analyses from DES and surveys like
Euclid, LSST, and WFIRST.

In Fig. 2, we show the constraint on w and ⌦m, assuming
the wCDM model. We show the same comparison with exter-
nal data as in Fig. 1, but also include a case where we supple-
ment DES-discovered SNe Ia with the Low-z SNe sample to
anchor the SNe redshift-distance relation at low redshift fol-
lowing Ref. [19]. This low-redshift SNe anchor contributes
significantly to both the DES+Low-z and external constraints
on w. In all cases, the existing data are consistent with a cos-
mological constant (w = �1). The DES best-fit �2 is 577
with 498 dof. This subset of the final DES data constrains w
to within a factor of three of the combined external constraint.
This result illustrates the prospects for multiple independent,
precise low-redshift constraints on dark energy from upcom-
ing large-scale photometric experiments.

The constraints on all cosmological model parameters are

FIG. 2. Constraints on the dark energy equation of state w and ⌦m

in a wCDM model with fixed curvature (⌦k = 0) and marginal-
ized neutrino mass density. We compare constraints from the DES
data alone (black contours) to the best available external data (green
contours), as in Fig. 1, but also show the impact of including a low-
redshift SNe Ia data set (Low-z) to anchor the DES SNe Ia as done
in Ref. [19] (blue contours). Each component of the DES analysis
was fully blinded.

summarized in Table I. Nuisance parameter constraints are not
qualitatively changed from individual probe fits. The DES-
only ‘3⇥2pt’ and SNe data are consistent and individually
contribute similar constraining power for w and ⌦⇤. In the
oCDM model, DES constrains the total matter density to 7%
(68% CL), the baryon density to 15%, and the correlation
amplitude to 3%, described by S8 ⌘ �8

p
⌦m/0.3, where

�8 measures the current-day clustering amplitude. The con-
straints are comparable in wCDM. Fixing ⌦k = 0, we find the
S8 constraint is improved by a factor of 1.2, but there is oth-
erwise no significant improvement in other parameters. The
parameter constraints beyond dark energy are driven by the
‘3⇥2pt’ measurement. In particular, the baryon density con-
straint is due to sensitivity to the shape of the matter power
spectrum from baryon damping [80]. The constraint on ⌦b

from the CMB, by contrast, is also sensitive to the impact of
baryons on the acoustic oscillations. Thus future low-redshift
survey data will provide another avenue to test the predictions
of our models from early Universe observations like the CMB
with measurements of ⌦b from surveys like DES.
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Conclusion

Present day ’precision cosmology’ is mainly due to CMB experiments

We can still improve significantly CMB data to measure better the lensing potential
and polarisation.

This may yield to a measurement of the energy scale of inflation and will lead to
much better constraints on Neff.

CMB lensing correlated with LSS data can provide stringent tests of ΛCDM.

Future LSS data is a most important independent cosmological probe. In addition
to the sum of neutrino masses and other cosmological parameters, LSS data can
be used to test GR.

Apart from the neutrino masses, cosmology provides the only experimental
evidence for physics beyond the standard model.

What is dark matter?
What is dark energy ?
What is the inflaton?
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