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3 important points 
1.  Improvements in the understanding and correction of systematics in 

polarization.  
       2018 Planck baseline results  
       TT,TE,EE+low EE (l<30)+CMB lensing(L=8-400) 
        (2015 was TT+lowP [+CMB lensing]) 

 
2.  Stability of our scientific conclusions across the releases, confirmed by 

the 2018 legacy release. 
 

3.  Limitations and issues to be understood: 
a.  Small remaining uncertainties of systematics in polarization 

(quantified with alternative likelihood at high-l which uses 
different choices). 

b.  Some 2σ “curiosities” (AL) in the internal consistency tests. 
c.  Comparison with a few external datasets have mild/strong 

tension. 
X, COSPAR 2018, July 2018 

Puget’s, Benabed’s 
talks today, 
Carron’s talk 
tomorrow 



1. Results on ΛCDM 
2. Comparison with external datasets 
3. « Curiosities » 
4. Results on extensions of ΛCDM  
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ΛCDM results: 2018 (DR3) vs 2015 (DR2) 
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•  Due to change in large scale polarization (optical depth to reionization). 
•  Due to beam leakage correction (in high-l TE).  
•  Due to opposite effect of beam leakage correction and change in optical depth, 

which almost cancel out. 

Amplitude primordial scalar power spectrum 

TT,TE,EE+lowE 2018    TT,TE,EE+lowP 2015    

ΛCDM results: 2018 (DR3) vs 2015 (DR2) 
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Baseline ΛCDM results 2018 
(Temperature+polarization+CMB lensing) 

    
Mean σ [%] 

Ωbh2 Baryon density 0.02237 0.00015 0.7 

Ωch2   DM density 0.1200 0.0012 1 

100θ Acoustic scale 1.04092 0.00031 0.03 
τ  Reion. Optical depth 0.0544 0.0073 13 
ln(As 1010) Power 
Spectrum amplitude 3.044 0.014 0.7 
ns         Scalar spectral 
index 0.9649 0.0042 0.4 
H0        Hubble 67.36 0.54 0.8 
Ωm      Matter density 0.3153 0.0073 2.3 
σ8 Matter perturbation 
amplitude 0.8111 0.0060 0.7 

•  Most of parameters 
determined at (sub-) 
percent level! 
 

•  Best determined 
parameter is the 
angular scale of sound 
horizon θ to 0.03%. 
 

•  ns is 8σ away from 
scale invariance (even 
in extended models, 
always >3σ) 
 

•  Best (indirect) 0.8% 
determination of the 
Hubble constant to 
date. 

Robust against changes of likelihood, <0.5σ (and 𝜎 is small!) 
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•  Value of optical depth low-l alone (fixing 
Asexp-2τ to high-l best fit, TANH model): 
 
 

•  τ measurement robust against model-
independent reconstruction of reionization 
history. No evidence of deviation from baseline 
smooth transition TANH reionization model. 
 

•  No evidence for reionization a z>15: 
 
 
 
 

Planck Collaboration: Cosmological parameters

Fig. 44. Top: Marginalized constraints on the optical depth to
reionization from lowE alone, assuming di↵erent models of
reionization and di↵erent priors over the model parameters. Only
reionization parameters are varied here, with Ase�2⌧ and other
cosmological and instrumental parameters held fixed at their
best-fit values from Planck TT,TE,EE. The solid lines use a flat
prior on ⌧, while the dashed line uses a flat prior on the knot
amplitudes; the di↵erence between the green lines is an example
of the level to which these constraints depend on the choice of
prior. Bottom: Constraints from di↵erent data sets on the optical
depth assuming the TANH model and a flat ⌧ prior (the cases
that include high-` data are indicated by dot-dashed lines and
also marginalize over ⇤CDM parameters, as opposed to fixing
them). The Planck TT,TE,EE+lowE line is shown without the
lower bound due to measurements of the Gunn-Peterson trough,
as a reminder that this bound is applied only in this section, re-
sulting in some small extra shifts in the central values of quoted
constraints between this section and the remainder of the paper.

ical negative ionization fractions. The FlexKnot result repre-
sents our best model-independent estimate of the optical depth.
Nevertheless, the di↵erences between this and the TANH result,
or between the FlexKnot result using either a flat prior on ⌧ or
on the knot positions and amplitudes (the dashed line in Fig. 44),
are small. For example, these di↵erences correspond to shifts in
�8 of < 0.1� when used in conjunction with Planck TT,TE,EE
+lowE data. Thus, although future cosmological inferences will

Fig. 45. Constraints on the free electron fraction, xe(z), from
lowE alone, with Ase�2⌧ and other cosmological and instrumen-
tal parameters held fixed to their best-fit values from Planck
TT,TE,EE, and with a flat prior on ⌧. The shaded bands are mid-
dle 68th and 95th percentiles (note that this does not correspond
exactly to confidence intervals). The FlexKnot constraints show
that any non-zero component of reionization above a redshift of
about 15 is highly disfavoured.

depend somewhat on the details of reionization (Allison et al.
2015; Millea & Bouchet 2018), current Planck data are quite ro-
bust to how reionization is modelled.

The FlexKnot approach provides a model-independent re-
construction of the entire reionization history, with physicality
enforced exactly. This reconstruction is presented in Fig. 45. A
comparison against the TANH model is also shown; although
this imposes a fixed shape on the evolution, it nevertheless
matches the FlexKnot constraint fairly well. We find no prefer-
ence for any significant high-redshift contribution to the optical
depth. Using a prior that is uniform on ⌧(15, 30) (the contribu-
tion to ⌧ between redshifts 15 and 30), as opposed to uniform on
⌧, we find,

⌧(15, 30) < 0.006 (lowE; flat ⌧(15, 30); FlexKnot). (86)

This result can be compared with the result of Heinrich et al.
(2017), who found a roughly 2� preference for non-
zero ⌧(15, 30) using Planck 2015 data (which included a
large-scale polarization likelihood from the LFI instrument).
Millea & Bouchet (2018) showed that the majority of this pref-
erence disappeared when using the lower-noise Planck HFI
SimLow likelihood (Planck Collaboration Int. XLVI 2016), with
an additional sub-dominant e↵ect due to the choice of prior. Here
we have used the yet more precise SimAll likelihood, which
yields an upper bound in Eq. (86) that improves on the result
given in Millea & Bouchet (2018) by roughly a factor of 3. This
is due entirely to changes in the SimAll likelihood compared to
SimLow, largely originating from better control of systematics in
the HFI polarization data.

The upper bound on the contribution from z> 15 to the
total optical depth limits some candidate explanations of the
anomalously large 21-cm signal from the EDGES experiment
(Bowman et al. 2018). Some otherwise plausible explanations
also lead, as a side-e↵ect, to a significant number of ionizing
photons being generated at high redshift, enough to contribute
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low-l HFI EE 

low-l LFI EE  
high-l+CMB lensing  

Optical depth to reionization 

2015:
2016:

2018:

2015:
2016:

2018:
(HFI,EE)  

(HFI, EE)  

(LFI, TT,TE,TE)  



1. Results on ΛCDM 
2. Comparison with external datasets 
3. « Curiosities » 
4. Results on extensions of ΛCDM  



0.24

0.25

0.26

Y
B
B
N

P

Aver et al. (2015)

Standard BBN

0.018 0.020 0.022 0.024 0.026
!b

2.2

2.6

3.0

3.4

y D
P

Cooke et al. (2018)

Planck TT,TE,EE
+lowE

Standard BBN:

(Adelberger et al. 2011)
(Marcucci et al. 2016)

Good consistency with BAO, RSD, SnIa, 
BBN 

X, COSPAR 2018, July 2018 

Planck Collaboration: Cosmological parameters

Table 4. Minimum �2 values fitting the SPTpol spectra to the best-fit Planck and SPTpol ⇤CDM cosmologies (as described in the
text). Nb gives the number of bandpowers in each spectrum. The deviation of �2

min from the expectation h�2
mini = Ndof is given by the

columns labelled N�, where N� = (�2
min �Ndof)/

p
2Ndof , and Ndof = Nb � 8. The last two columns give �2

p for parameter di↵erences
(Eq. 26) and the associated PTEs.

Planck cosmology SPT cosmology

SPTpol spectrum Nb �2
min N� �2

min N� �2
p PTE

T E + EE . . . . . . . . . . . . . . . . . . . . 112 146.1 2.91 137.4 2.31 9.85 0.08
T E . . . . . . . . . . . . . . . . . . . . . . . . . 56 71.4 2.38 70.3 2.27 3.38 0.64
EE . . . . . . . . . . . . . . . . . . . . . . . . . 56 67.3 1.96 61.4 1.37 8.21 0.15

ratio DV(z)/rdrag measured from surveys with e↵ective redshift
z, divided by the mean acoustic-scale ratio in the base-⇤CDM
cosmology using Planck TT,TE,EE+lowE+lensing. Here rdrag is
the comoving sound horizon at the end of the baryon drag epoch
and DV is a combination of the comoving angular diameter dis-
tance DM(z) and Hubble parameter H(z):

DV(z) =
"

D2
M(z)

cz
H(z)

#1/3

. (27)

The grey bands in the figure show the ±1� and ±2� ranges
allowed by Planck in the base-⇤CDM cosmology.

Compared to figure 14 of PCP15, we have replaced the
Baryon Oscillation Spectroscopic Survey (BOSS) LOWZ and
CMASS results of Anderson et al. (2014) with the latest BOSS
DR12 results summarized by Alam et al. (2017). That paper re-
ports “consensus” results on BAOs (weighting together di↵erent
BAO analyses of BOSS DR12) reported by Ross et al. (2017),
Vargas-Magaña et al. (2016), and Beutler et al. (2017) in three
redshift slices with e↵ective redshifts ze↵ = 0.38, 0.51, and 0.61.
These new measurements, shown by the red triangles in Fig. 11,
are in good agreement with the Planck base-⇤CDM cosmology.

By using quasars, it has become possible to extend BAO
measurements to redshifts greater than unity. Ata et al. (2017)
have measured the BAO scale DV at an e↵ective redshift of
ze↵ = 1.52 using a sample of quasars from the extended Baryon
Oscillation Survey (eBOSS). This measurement is shown by the
red circle in Fig. 11 and is is also in very good agreement with
Planck. The Ata et al. (2017) analysis is also in excellent agree-
ment with other analyses of the eBOSS quasar sample (e.g.,
Gil-Marı́n et al. 2018).

At even higher redshift, Bautista et al. (2017a) have mea-
sured BAO features in flux-transmission correlations computed
from 157 783 quasar spectra selected from the Sloan Digital
Sky Survey (SDSS) data release 12. du Mas des Bourboux et al.
(2017) report on measurements of the BAO scale from the cross-
correlation of 168 889 Lyman-↵ forest sources and 234 367
quasars from DR12. du Mas des Bourboux et al. (2017) com-
bine these measurements with those of Bautista et al. (2017a)
to give a joint constraint on DM/rdrag and (rdragH)�1 at a mean
redshift of z = 2.4. The constraint on DM/rdrag from this com-
bined analysis is plotted as the orange hexagon in Fig. 11 and
sits about 2.3� lower than expected from the best-fit Planck
base-⇤CDM cosmology (the constraints on the radial measure-
ments are plotted in Fig. 16). These results are similar to those of
earlier analyses of Ly↵ BAO features reported by Delubac et al.
(2014) and Font-Ribera et al. (2014), which showed evidence of
tension with the PCP15 base-⇤CDM cosmology. Unlike galaxy
BAO measurements, however, quasar Ly↵ measurements re-
quire a number of additional assumptions, including universality

of quasar continuum spectra, modelling of metal-line and high
column density neutral hydrogen absorbers and spatial fluctua-
tions in the UV ionizing flux. While Bautista et al. (2017a) and
du Mas des Bourboux et al. (2017) present detailed analyses of
the robustness of the their results to these assumptions, Ly↵BAO
measurements are more complicated than galaxy BAO measure-
ments. We therefore do not include Ly↵ BAO measurements in
our grid of parameter constraints, although we comment below
on their (minor) impact on base-⇤CDM parameters. The full
non-Gaussian likelihood for the quasar BAO measurement at
z = 1.5 (Ata et al. 2017) is not yet available and so we do not
include this measurement in our default BAO compilation, al-
though the error on this measurement is so large that it has very
little impact on cosmological parameters.

The more recent BAO analyses solve for the positions of the
BAO feature in both the line-of-sight and transverse directions
(the distortion in the transverse direction caused by the back-
ground cosmology is sometimes called the Alcock-Paczynski
e↵ect, Alcock & Paczynski 1979), leading to joint constraints
on the angular diameter distance DM(ze↵) and the Hubble pa-
rameter H(ze↵). These constraints for the BOSS DR12 analysis
are plotted in Fig. 12. Samples from the Planck TT+lowE and
Planck TT,TE,EE+lowE+lensing are shown in green and red,
respectively, demonstrating that BAO and Planck polarization
data with lensing consistently pull parameters in the same direc-
tion (towards slightly lower ⌦ch2). We find the same behaviour
for Planck adding polarization and lensing to the TT likelihood
separately. This demonstrates the remarkable consistency of the
Planck data, including polarization and CMB lensing with the
galaxy BAO measurements. Evidently, the Planck base-⇤CDM
parameters are in good agreement with both the isotropized DV
BAO measurements plotted in Fig. 11, and with the anisotropic
constraints plotted in Fig. 12.

In this paper, we use the 6dFGS and SDSS-MGS measure-
ments of DV/rdrag (Beutler et al. 2011; Ross et al. 2015) and
the final DR12 anisotropic BAO measurements of Alam et al.
(2017). Since the WiggleZ volume partially overlaps that of the
BOSS-CMASS sample, and the correlations have not been quan-
tified, we do not use the WiggleZ results in this paper. It is clear
from Fig. 11 that the combined BAO likelihood for the lower
redshift points is dominated by the BOSS measurements.

In the base-⇤CDM model, the Planck data constrain the
Hubble constant H0 and matter density ⌦m to high precision:

H0 = (67.2 ± 0.5) km s�1Mpc�1,

⌦m = 0.317 ± 0.008,

)

68 %, TT,TE,EE+lowE
+lensing. (28)
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Planck Collaboration: Cosmological parameters

Fig. 12. Constraints on the comoving angular diameter distance DM(z) and Hubble parameter H(z) at the three central redshifts of
the Alam et al. (2017) analysis of BOSS DR12. The dark blue and light blue regions show 68 % and 95 % CL, respetively. The
fiducial sound horizon adopted by Alam et al. (2017) is rfid

drag = 147.78 Mpc. Green points show samples from Planck TT+lowE
chains, and red points corresponding samples from Planck TT,TE,EE+lowE+lensing, indicating good consistency with BAOs; one
can also see the shift towards slightly lower DM and higher H as more CMB data are added.

z = 2.4 lower by 0.25 and 0.3 of Planck’s �, leaving the over-
all ⇠ 2.3� tension with these results almost unchanged. As
shown by Aubourg et al. (2015), it is di�cult to construct well-
motivated extensions to the base-⇤CDM model that can resolve
the tension with the Ly↵ BAOs. Further work is needed to as-
sess whether the discrepancy between Planck and the Ly↵ BAO
results is a statistical fluctuation, caused by small systematic er-
rors, or a signature of new physics.

5.2. Type Ia supernovae

The use of type Ia supernovae (SNe) as standard candles has
been of critical importance to cosmology, leading to the discov-
ery of cosmic acceleration (Riess et al. 1998; Perlmutter et al.
1999). For ⇤CDM models, however, SNe data have little statis-
tical power compared to Planck and BAO and in this paper they
are used mainly to test models involving evolving dark energy
and modified gravity. For these extensions of the base cosmol-
ogy, SNe data are useful in fixing the background cosmology at
low redshifts where there is not enough volume to allow high
precision constraints from BAO.

In PCP15 we used the “Joint Light-curve Analysis” (JLA)
sample constructed from the SNLS and SDSS SNe plus sev-
eral samples of low redshift SNe described in Betoule et al.
(2013, 2014) and Mosher et al. (2014). In this paper, we use
the new ‘Pantheon’ sample of Scolnic et al. (2018), which adds
276 supernovae from the Pan-STARRS1 Medium Deep Survey
at 0.03 < z < 0.65 and various low-redshift and HST sam-
ples to give a total of 1048 supernovae spanning the redshift
range 0.01 < z < 2.3. The Pantheon compilation applies cross-
calibrations of the photometric systems of all of the sub-samples
used to construct the final catalogue (Scolnic et al. 2015), re-
ducing the impact of calibration systematics on cosmology. The
Pantheon data are compared to the predictions of the Planck
TT,TE,EE+lowE+lensing base ⇤CDM model best fit in Fig. 13.
The agreement is excellent. The JLA and Pantheon samples are
consistent with each other (with Pantheon providing tighter con-
straints on cosmological parameters) and there would be no sig-
nificant change to our science conclusions had we chosen to use

Fig. 13. Distance modulus µ = 5 log10(DL)+constant (where DL
is the luminosity distance) for supernovae in the Pantheon sam-
ple (Scolnic et al. 2018) with 1� errors, compared to the Planck
TT,TE,EE+lowE+lensing ⇤CDM best fit. Supernovae that were
also in the older Joint Lightcurve Analysis (Betoule et al. 2014,
JLA) sample are shown in blue. The peak absolute magnitudes of
the SNe, corrected for light curve shape, colour and host-galaxy
mass correlations (see Eq. 3 of Scolnic et al. 2018), are fixed to
an absolute distance scale using the H0 value from the Planck
best fit. The lower panel shows the binned errors, with equal
numbers of supernovae per redshift bin (except for the two high-
est redshift bins). The grey bands show the ±1 and 2� bounds
from the Planck TT,TE,EE+lowE+lensing chains, where each
model is calibrated to the best fit as for the data.

the JLA sample in this paper. To illustrate this point we give
results for a selection of models using both samples in the pa-
rameter tables available in the PLA; Fig. 17, illustrating inverse
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Mild tension with joint DES yr1 results 
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P

m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,

9

>

>

=

>

>

;

68 %, DES. (32)

Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,

9

>

>

>

>

=

>

>

>

>

;

68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P

m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,
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Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,
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+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P

m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,
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Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,
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68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P

m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,
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Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,
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68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P

m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,
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Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,
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68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with
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m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,
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Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,
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68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 20. Base-⇤CDM model constraints from the Dark Energy
Survey (DES), using the shear-galaxy correlation and the galaxy
autocorrelation data (green) and the joint result with DES lens-
ing (grey), compared with Planck results using TT+lowE and
TT,TE,EE+lowE. The black solid contours show the joint con-
straint from Planck TT,TE,EE+lowE+lensing+DES, assuming
the di↵erence between the data sets is purely statistical. The
dotted line shows the Planck TT,TE,EE+lowE result using the
CamSpec likelihood, which is slightly more consistent with the
DES contours than using the default Plik likelihood. Contours
contain 68 % and 95 % of the probability.

the best-fit ⇤CDM model has �2 ⇡ 500 or 510 with the Planck
best-fit cosmology. Parameter constraints from the galaxy auto-
and cross-correlation are shown in Fig. 20, together with the
joint constraint with DES lensing (the comparison with DES
galaxy lensing and CMB lensing alone is shown in Fig. 19).

Using the joint DES likelihood in combination with DES
cosmological parameter priors gives (for our base-⇤CDM model
with

P

m⌫ = 0.06 eV)

S 8 ⌘ �8(⌦m/0.3)0.5 = 0.792 ± 0.024,

⌦m = 0.257+0.023
�0.031,
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>

=

>

>

;

68 %, DES. (32)

Planck TT,TE,EE+lowE+lensing gives a higher value of S 8 =
0.832 ± 0.013, as well as larger ⌦m = 0.315 ± 0.007. As shown
in the previous section, the DES lensing results are quite compat-
ible with Planck, although peaking at lower ⌦m and �8 values.
The full joint DES likelihood, however, shrinks the error bars in
the �8–⌦m plane so that only 95 % confidence contours overlap
with Planck CMB data, giving a moderate (roughly 2 % PTE)
tension, as shown in Fig. 20. The dotted contour in Fig. 20 shows
the result using the CamSpec Planck likelihood, which gives re-
sults slightly more consistent with DES than the default Plik
likelihood. The Planck result is therefore sensitive to the details
of the polarization modelling at the 0.5� level, and the tension
cannot be quantified robustly beyond this level.

Combining DES with the baseline Planck likelihood pulls
the Planck result to lower ⌦m and slightly lower �8, giving

S 8 = 0.811 ± 0.011,
⌦m = 0.3041 ± 0.0062,
�8 = 0.8060 ± 0.0057,
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>
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>

>

>

;

68 %, Planck TT,TE,EE
+lowE+lensing+DES. (33)

A similar shift is seen without including Planck lensing, and is
disfavoured by Planck CMB with a total ��2

e↵ ⇡ 13 for the CMB
likelihoods (comparing the Planck-only best fit to the fit when
combined with DES). The shift in parameters is also larger than
would be expected for Gaussian distributions, given the small
change in parameter covariance. The corresponding change in
�2

e↵ for the DES likelihood is ��2
e↵ ⇡ 10, which is high, but less

surprising given the 4–5 contribution expected from the number
of parameters that are much better constrained by Planck. The
summary consistency statistic �2

e↵,joint ��2
e↵,DES ��2

e↵,Planck ⇡ 14,
which is high at the roughly 1 % PTE level, given the expected
value of 4, assuming roughly Gaussian statistics (Raveri & Hu
2018).

In summary, the DES combined probes of ⇤CDM parame-
ters are in moderate percent-level tension with Planck. Whether
this is a statistical fluctuation, evidence for systematics, or new
physics is currently unclear. In this paper, we follow the philos-
ophy of PCP13 and PCP15 of making minimal use of other as-
trophysical data in combination with Planck, using BAO as our
primary complementary data set. We therefore do not include
DES results in most of the parameter constraints discussed in
this paper. We do, however, consider the impact of the DES weak
lensing results on dark-energy and modified-gravity constraints
in Sect. 7.4 and on neutrino masses in Sect. 7.5.1. We also in-
clude DES for a wider rangle of models in the Planck parameter
tables available on the PLA.

5.7. Cluster counts

Counts of clusters of galaxies provide an additional way of
constraining the amplitude of the power spectrum at low red-
shifts (e.g., Pierpaoli et al. 2001; Komatsu & Seljak 2002, and
references therein). Planck clusters, selected via the thermal
Sunyaev-Zeldovich (tSZ) signature, were used to explore cos-
mological parameters in Planck Collaboration XX (2014). This
analysis was revisited using a deeper sample of Planck clusters
in Planck Collaboration XXIV (2016). We have not produced a
new tSZ cluster catalogue in the 2018 Planck data release and
so the results presented in this section are based on the 439
clusters in the MMF3 cluster cosmology sample, as analysed in
Planck Collaboration XXIV (2016). Comparison with the 2018
CMB Planck power spectrum results show di↵erences primarily
from changes to the base-⇤CDM model parameters caused by
the tighter constraints on ⌧. The impact of the lower value of ⌧
reported in Planck Collaboration Int. XLVI (2016) on the inter-
pretation of cluster counts has been discussed by Salvati et al.
(2018).

We first review the main results from
Planck Collaboration XXIV (2016). There has been increasing
recognition that the calibration of cluster masses is the dominant
uncertainty in using cluster counts to estimate cosmological
parameters. In the analysis of Planck clusters, the cluster tSZ
observable was related to the cluster mass M500

23 using X-ray
scaling relations (Arnaud et al. 2010), calibrated against a sub-
sample of the Planck clusters. The X-ray masses are, however,
derived assuming hydrostatic equilibrium and are expected to
be biased low (e.g., Nagai et al. 2007). This was accounted for
by multiplying the true masses by a so-called “hydrostatic mass
bias” factor of (1 � b). The strongest constraints on this bias
factor come from weak gravitational lensing estimates of cluster

23The mass contained within a sphere of radius R500, centred on the
cluster, where R500 is the radius at which the mean density is 500 times
the critical density at the redshift of the cluster.
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Fig. 29. Constraints on a non-flat universe as a minimal ex-
tension to the base-⇤CDM model. Points show samples from
the Planck TT,TE,EE+lowE chains coloured by the value of
the Hubble parameter and with transparency proportional to the
sample weight. Dashed lines show the corresponding 68 % and
95 % confidence contours that close away from the flat model
(vertical line), while dotted lines are the equivalent contours
from the alternative CamSpec likelihood. The solid dashed line
shows the constraint from adding Planck lensing, which pulls the
result back towards consistency with flat (within 2�). The filled
contour shows the result of also adding BAO data, which makes
the full joint constraint very consistent with a flat universe.

eracy by constraining the tensor amplitude more directly, giving

r0.002 < 0.16,

dns/d ln k = �0.008+0.014
�0.015,

9

>

=

>

;

95 %, TT,TE,EE+lowE
+lensing, (45a)

r0.002 < 0.072,

dns/d ln k = �0.007+0.013
�0.014,

9

>

=

>

;

95 %, TT,TE,EE+lowE
+lensing+BK14+BAO. (45b)

The combination of Planck and BK14 robustly constrain the
tensor ratio to be small, with r0.002 <⇠ 0.07. The implications
for inflation are slightly more model dependent as a result of
degeneracies between ns and additional parameters in extended
⇤CDM models. However, as shown in Table 5, the extensions
of ⇤CDM that we consider in this paper cannot substantially
shift the value of the spectral index when the tensor amplitude is
small, so the overall conclusions are unlikely to change substan-
tially in extended models.

7.3. Spatial curvature

The base-⇤CDM model assumes that the spatial hypersurfaces
are flat, such as would be predicted (to within measurable pre-
cision) by the simplest inflationary models. This is a prediction
that can be tested to high accuracy by the combination of CMB
and BAO data (the CMB alone su↵ers from a geometric degener-
acy, which is weakly broken with the addition of CMB lensing).
This is illustrated in Fig. 29.

The combination of the Planck temperature and polarization
power spectra give

⌦K = �0.056+0.028
�0.018 (68 %, Planck TT+lowE), (46a)

⌦K = �0.044+0.018
�0.015 (68 %, Planck TT,TE,EE+lowE), (46b)

an apparent detection of curvature at well over 2�. The 99 %
probability region for the TT,TE,EE+lowE result is �0.095 <
⌦K < �0.007, with only about 1/10000 samples at ⌦K � 0. This
is not entirely a volume e↵ect, since the best-fit �2 changes by
��2

e↵ = �11 compared to base ⇤CDM when adding the one ad-
ditional curvature parameter. The reasons for the pull towards
negative values of ⌦K are discussed at length in PCP15 and
Sect. 6.2. They are essentially the same as those that lead to the
preference for AL > 1, although slightly exacerbated in the case
of curvature, since the low multipoles also fit the low-` temper-
ature likelihood slightly better if ⌦K < 0. As with the AL > 1
preference, the joint Planck polarization result is not robust at
the approximately 0.5� level to modelling of the polarization
likelihoods, with the CamSpec TT,TE,EE+lowE likelihood giv-
ing ⌦K = �0.037+0.019

�0.014.
Closed models predict substantially higher lensing ampli-

tudes than in ⇤CDM, so combining with the lensing reconstruc-
tion (which is consistent with a flat model) pulls parameters back
into consistency with a spatially flat universe to well within 2�:

⌦K = �0.0106 ± 0.0065 (68 %, TT,TE,EE+lowE
+lensing). (47a)

The constraint can be further sharpened by combining the Planck
data with BAO data; this convincingly breaks the geometric de-
generacy to give

⌦K = 0.0007 ± 0.0019 (68 %, TT,TE,EE+lowE
+lensing+BAO). (47b)

The joint results suggests our Universe is spatially flat to a 1�
accuracy of 0.2 %.

7.4. Dark energy and modified gravity

The late-time accelerated expansion of the Universe (Riess et al.
1998; Perlmutter et al. 1999) is still considered one of the most
mysterious aspects of the standard cosmology. In the base
⇤CDM model the acceleration is driven by a cosmological con-
stant, added into the Einstein equations of General Relativity
(GR, Einstein 1917). Although ⇤CDM fits the data well, ⇤ is
a phenomenological parameter without an underlying theoret-
ical basis to explain its value (though see Weinberg 1987). In
addition, the empirically required value of ⇤ marks our epoch
as a special time in the evolution of the Universe. Attempts have
therefore been made to find a dynamical mechanism that leads
to cosmic acceleration, with evolving background energy densi-
ties close to ⇤CDM. Such dynamics is usually associated with a
fluid (a scalar field) which we refer to as “dark energy” (DE), or
with modifications of GR, which we refer to as “modified grav-
ity” (MG).
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Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k2 = �µ(a, k) 4⇡Ga2 ⇥⇢� + 3(⇢ + P)�
⇤

, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k2 ⇥� � ⌘(a, k) 
⇤

= µ(a, k) 12⇡Ga2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k2 = �µ(a, k) 4⇡Ga2 ⇥⇢� + 3(⇢ + P)�
⇤

, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k2 ⇥� � ⌘(a, k) 
⇤

= µ(a, k) 12⇡Ga2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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A detailed analysis of the impact of Planck data on
dark energy and modified gravity was presented in a ded-
icated paper that accompanied the 2015 Planck release,
(Planck Collaboration XIV 2016, hereafter PDE15). We refer
the reader to this paper for a review of di↵erent cosmological
models, and for constraints from Planck on its own and in com-
bination with galaxy weak lensing (WL) and redshift space dis-
tortions (RSDs). In PDE15 it was shown that although the base-
⇤CDM model fits Planck data, there were some tensions (at lev-
els as high as 3�) when Planck was combined with RSD and
WL data, even when conservative cuts were applied to exclude
nonlinear scales. However, the addition of Planck lensing data
was found to reduce these tensions. Updated constraints on a
few specific models, using more recent WL data, are presented
in DES Collaboration (2017a).

In this paper, we follow a similar methodology to PDE15,
distinguishing between models that directly a↵ect only the
background (and impact perturbations predominantly through
changes in the expansion rate) and those that directly a↵ect per-
turbations. However, we restrict the analysis to a smaller range
of models here. As in the rest of this paper, we show results
for the baseline Planck TT,TE,EE+lowE+lensing data set and
for combinations with other relevant data sets. Such external
data are particularly useful for constraining DE and MG mod-
els because the largest deviations from ⇤CDM are usually at
late times, which are not well constrained by the CMB power-
spectra and CMB lensing. However, CMB lensing provides im-
portant information that mitigates the preference for AL > 1 seen
in the Planck temperature power spectra (Sect. 6.2), so we ex-
plicitly comment on the impact of CMB lensing wherever rele-
vant. We recall here that the lensing likelihood assumes a fidu-
cial ⇤CDM model, but linear corrections to the fiducial mode
are accounted for self-consistently. PL2018 explicitly tested that
this procedure is unbiased, even when the lensing spectrum dif-
fers from the fiducial spectrum by as much as 20 % (which is
much larger than di↵erences allowed by the CMB lensing data).

We consider the following external data sets:

– SNe + BAO (see Sects. 5.1, 5.2, and 5.4 for discussions
of the data sets and comments on why we do not combine
Planck data with direct measurements of H0);

– RSDs (as described in Sect. 5.3), where we specifically
use BOSS-DR12 data from Alam et al. (2017), adopting the
f�8–H–DM parameterization;

– WL data from DES (as described in Sect. 5.5), except that
here we use the Weyl potential to obtain theoretical predic-
tions for the lensing correlation functions, rather than assum-
ing the matter-sourced Poisson equation to relate the lensing
potential power spectrum to the matter power spectrum.

We calculate all results both fixing and varying the neutrino
mass. Neutrino masses are known to be degenerate with DE and
MG and should be varied consistently when testing such mod-
els (as discussed in Dirian 2017); fixing the neutrino mass to
the minimal value of 0.06 eV (as for our baseline ⇤CDM re-
sults) gives tighter constraints than allowing the neutrino mass
to vary and partly shifts results towards ⇤CDM. These shifts
are usually small, often negligible, and always less than 1� for
marginalized results. We model the small-scale nonlinear power
spectrum using HMcode (Mead et al. 2015, 2016) as in the main
parameter grid of extensions to base-⇤CDM, neglecting any dif-
ferences arising from modified gravity. In using the DES weak-
lensing correlation functions, we exclude scales where nonlin-
ear modelling uncertainties are important, but since the modi-
fied gravity models introduce an additional level of uncertainty,

we also marginalize over the feedback amplitude B with a flat
prior 2  B  4. This parameter was originally introduced to
model baryonic e↵ects on the matter power spectrum and mod-
ifies the halo mass-concentration relation and the shape of the
halo density profile in the HMcode; marginalizing over this pa-
rameter reduces residual sensitivity to nonlinear modelling.

Throughout this section we will adopt the metric given by
the line element

ds2 = a2
h

�(1 + 2 )d⌧2 + (1 � 2�)dx2
i

, (48)

with the speed of light c set to 1. The functions �(⌧, x) and
 (⌧, x) are the gauge-invariant gravitational potentials, which
are very nearly equal at late times in ⇤CDM. For the back-
ground parameterization we use the standard CAMB code, while
for the perturbation parameterization we use the publicly avail-
able code MGCAMB28 (Zhao et al. 2009; Hojjati et al. 2011) inte-
grated into the latest version of CosmoMC. For the e↵ective field
theory (EFT) models of Sect. 7.4.3 we use EFTCAMB29 (Hu et al.
2014; Raveri et al. 2014).

7.4.1. Background parameterization: w0, wa

If the DE is a generic dynamical fluid, its equation of state pa-
rameter w ⌘ p/⇢ will in general be a function of time. Here p
and ⇢ are the spatially-averaged (background) DE pressure and
density.

To test a time-varying equation of state we adopt the func-
tional form

w(a) = w0 + (1 � a)wa , (49)

where w0 and wa are assumed to be constants. In ⇤CDM,
w0 = �1 and wa = 0. We use the parameterized post-Friedmann
(PPF) model of Hu & Sawicki (2007) to explore expansion his-
tories where w crosses �1. The PPF equations are modelled on
the perturbations of quintessence dark energy, i.e., they corre-
spond to a fluid with vanishing anisotropic stress and a rest-
frame speed of sound approximately equal to the speed of light.
Because of the high sound speed, dark-energy density perturba-
tions are suppressed inside the horizon and are irrelevant com-
pared to the matter perturbations, except on the very largest
scales. While this is the standard procedure adopted in the lit-
erature, we should emphasize that a single minimally-coupled
canonical scalar field (quintessence) cannot cross w = �1. Such
a crossing could happen in models with two scalar fields (one of
which would have to be a phantom field with the opposite sign
of the kinetic term); in such models the perturbations remain
close to the quintessence case (see e.g., Kunz & Sapone 2006).
Alternatively, the phantom “barrier” can be crossed with a sound
speed that vanishes in the phantom domain (Creminelli et al.
2009) or in models with additional terms in the action, such as
in kinetic-gravity-braiding (De↵ayet et al. 2010), or with non-
minimal couplings (Amendola 2000; Pettorino & Baccigalupi
2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide

28Available at http://www.sfu.ca/˜aha25/MGCAMB.html
(February 2014 version, but updated to correctly output the power
spectrum of the Weyl potential).

29Available at http://eftcamb.org/ (version 2.0).
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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 to
P

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

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in the
P

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
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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
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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,
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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
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Parameter Best fit 68% limits Parameter Best fit 68% limits Parameter Best fit 68% limits

⌦

b

h2 0.022341 0.02237± 0.00018 (+1.0�) �8 0.8047 0.8076± 0.0099 (�0.2�) DM(0.15) 648.2 644± 10 (�0.3�)

⌦

c

h2 0.11726 0.1183± 0.0029 (�0.4�) S8 0.8229 0.824± 0.011 (�0.7�) H(0.38) 82.19 82.7± 1.2 (+0.2�)

100✓
MC

1.041259 1.04112± 0.00043 (+0.5�) �8⌦0.5
m 0.4507 0.4512± 0.0061 (�0.7�) DM(0.38) 1545.4 1537± 24 (�0.3�)

⌧ 0.0558 0.0563± 0.0074 (+0.6�) �8⌦0.25
m 0.6022 0.6036± 0.0071 (�0.6�) H(0.51) 88.88 89.4± 1.2 (+0.2�)

N
e↵

2.914 2.99± 0.17 (�0.0�) �8/h
0.5 0.9841 0.9844± 0.0086 (�0.5�) DM(0.51) 2001.6 1990± 30 (�0.3�)

ln(10

10A
s

) 3.0412 3.044± 0.016 (+0.4�) rdragh 99.31 99.49± 0.82 (+0.6�) H(0.61) 94.46 95.0± 1.2 (+0.1�)

n
s

0.9635 0.9647± 0.0069 (+0.3�) hd2i1/2 2.4400 2.440± 0.021 (�0.4�) DM(0.61) 2328.9 2316± 34 (�0.3�)

y
cal

1.00056 1.0008± 0.0025 (+0.1�) zre 7.78 7.83± 0.73 (+0.5�) H(2.33) 234.31 235.3± 2.5 (�0.2�)

ACIB

217

44.0 46± 7 (�0.2�) 109As 2.0929 2.100± 0.034 (+0.4�) DM(2.33) 5814 5785± 73 (�0.1�)

⇠tSZ⇥CIB 0.92 — 109Ase
�2⌧ 1.8719 1.876± 0.017 (�0.2�) f�8(0.15) 0.4551 0.4557± 0.0058 (�0.7�)

AtSZ

143

6.98 5.6+2.2
�1.8 (+0.2�) D40 1230.9 1231± 13 (�0.3�) �8(0.15) 0.7434 0.7462± 0.0094 (�0.1�)

APS

100

243.4 256± 28 (�0.2�) D220 5736.4 5739± 38 (+0.6�) f�8(0.38) 0.4728 0.4738± 0.0056 (�0.6�)

APS

143

51.9 45± 8 (�0.5�) D810 2540.1 2539± 14 (+0.2�) �8(0.38) 0.6587 0.6613± 0.0086 (+0.0�)

APS

143⇥217

58.2 42± 9 (�0.2�) D1420 820.08 818.4± 4.9 (+0.7�) f�8(0.51) 0.4712 0.4724± 0.0055 (�0.5�)

APS

217

123.9 115± 10 (�0.0�) D2000 232.41 231.5± 1.9 (+0.7�) �8(0.51) 0.6163 0.6189± 0.0082 (+0.1�)

AkSZ 0.01 < 3.94 (�0.2�) ns,0.002 0.9635 0.9647± 0.0069 (+0.3�) f�8(0.61) 0.4660 0.4673± 0.0054 (�0.4�)

AdustTT
100

8.73 8.9± 1.8 (�0.0�) YP 0.24360 0.2445± 0.0024 (�0.0�) �8(0.61) 0.5864 0.5889± 0.0079 (+0.1�)

AdustTT
143

10.94 10.9± 1.8 (+0.1�) Y BBN
P 0.24492 0.2459± 0.0024 (�0.0�) f�8(2.33) 0.29559 0.2969± 0.0041 (+0.2�)

AdustTT
143⇥217

20.27 18.6± 3.3 (+0.1�) 105D/H 2.5452 2.564± 0.044 (�0.9�) �8(2.33) 0.30464 0.3061± 0.0044 (+0.2�)

AdustTT
217

95.8 93.7± 7.4 (+0.1�) Age/Gyr 13.918 13.85± 0.17 (�0.1�) f143
2000 27.26 28.8± 3.0 (�0.6�)

AdustTE
100

0.1141 0.114± 0.038 z⇤ 1089.587 1089.71± 0.33 (�1.1�) f143⇥217
2000 31.03 31.6± 2.1 (�0.7�)

AdustTE
100⇥143

0.1351 0.135± 0.030 r⇤ 145.84 145.2± 1.7 (+0.1�) f217
2000 105.56 106.6± 2.0 (�0.6�)

AdustTE
100⇥217

0.482 0.482± 0.085 100✓⇤ 1.04153 1.04135± 0.00053 (+0.3�) �2
lensing 8.540 9.05± 0.65

AdustTE
143

0.225 0.224± 0.054 DM(z⇤)/Gpc 14.002 13.94± 0.16 (+0.1�) �2
simall 396 229± 200 (�108.0�)

AdustTE
143⇥217

0.666 0.664± 0.080 zdrag 1059.55 1059.78± 0.69 (+0.5�) �2
lowl 23 192± 200 (+75.3�)

AdustTE
217

2.076 2.07± 0.27 rdrag 148.53 147.9± 1.8 (+0.1�) �2
plik 2344.3 2359.7± 6.0 (+271.6�)

c
100

0.99977 0.99968± 0.00061 (+0.1�) kD 0.13985 0.1403± 0.0013 (+0.1�) �2
6DF 0.057 0.57± 0.63

c
217

0.99816 0.99817± 0.00062 (�0.1�) 100✓D 0.160431 0.16060± 0.00039 (�0.6�) �2
MGS 1.04 0.69± 0.65

H0 66.86 67.3± 1.1 (+0.3�) zeq 3396.3 3391± 24 (�0.5�) �2
DR12BAO 5.00 5.1± 1.6

⌦⇤ 0.6863 0.6878± 0.0067 (+0.6�) keq 0.010274 0.01031± 0.00011 (�0.6�) �2
prior 1.42 11.6± 4.5 (+1.2�)

⌦m 0.3137 0.3122± 0.0067 (�0.6�) 100✓eq 0.81444 0.8155± 0.0045 (+0.5�) �2
CMB 2772.7 2789.5± 6.0 (+286.1�)

⌦mh
2 0.14025 0.1414± 0.0030 (�0.3�) 100✓s,eq 0.45000 0.4505± 0.0023 (+0.5�) �2

BAO 6.09 6.4± 1.3

⌦mh
3 0.09378 0.0952+0.0032

�0.0036 (+0.0�) H(0.15) 72.12 72.6± 1.1 (+0.3�)

Best-fit �2
e↵ = 2780.19; ��2

e↵ = �0.51; �̄2
e↵ = 2807.45; ��̄2

e↵ = 0.60; R� 1 = 0.01513
�2
e↵ : BAO - 6DF: 0.06 (� 0.03) MGS: 1.04 (� -0.18) DR12BAO: 5.00 (� 0.58) CMB - smicadx12 Dec5 ftl mv2 ndclpp p teb consext8: 8.54 (� -0.19) simall 100x143 o✏ike5 EE Aplanck B:

396.33 (� -0.19) commander dx12 v3 2 29: 23.47 (� 0.57) plik rd12 HM v22b TTTEEE: 2344.34 (� -0.98)
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•  Non-relativistic at late times.  
At large scales: changes early and late 
ISW. 
At small scales: larger Σmν suppresses 
lensing. High lensing preference of 
high-l forces constraint on Σmν to  be 
tighter. 
 

•  Constraint from 2015 improved by 
about 30% (TT)-50%(TTTEEE) due to 
lower and tighter τ and change in 
polarization systematics. 
 

•  TTTEEE constraint differ in CAMspec by 
15%. Reduced when adding BAO. 

Planck Collaboration: Cosmological parameters

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 to
P

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

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in the
P

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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RR model of Dirian et al. (2016); these models are not discussed
here.

Overall, the EFT sub-class of non-minimally coupled k-
essence models considered here is not preferred by current data.
Without using CMB and galaxy WL lensing, Planck gives a
moderate preference for models that predict more lensing com-
pared to ⇤CDM (as found in our investigation of the (µ, ⌘)
parameterization). However, combining Planck with CMB and
DES WL lensing measurements disfavours high lensing ampli-
tudes and pulls the parameters towards ⇤CDM.

7.4.4. General remarks

Planck alone provides relatively weak constraints on dark energy
and modified gravity, but Planck does constrain other cosmolog-
ical parameters extremely well. By combining Planck with ex-
ternal data we then obtain tight constraints on these models. We
find no strong evidence for deviations from ⇤CDM, either at the
background level or when allowing for changes to the perturba-
tions. At the background level, ⇤CDM is close to the best fit.
In the simple µ–⌘ and EFT parameterizations of perturbation-
level deviations from GR, we do find better fits to the Planck
TT,TE,EE+lowE data compared to ⇤CDM, but this is largely
associated with the preference in the CMB power spectra for
higher lensing amplitudes (as discussed in Sect. 6.2), rather than
a distinctive preference for modified gravity. Adding weak lens-
ing data disfavours the large lensing amplitudes and our results
are consistent with ⇤CDM to within 1�. Since neutrino masses
are in general degenerate with DE and MG parameters, it is also
worth testing the impact of varying neutrino masses versus fix-
ing them to our base-⇤CDM value of m⌫ = 0.06 eV. We find
similar trends, with slightly larger posteriors when varying the
neutrino mass.

7.5. Neutrinos and extra relativistic species

7.5.1. Neutrino masses

The Planck base-⇤CDM model assumes a normal mass hierar-
chy with the minimal mass

P

m⌫ = 0.06 eV allowed by neutrino
flavour oscillation experiments. However, current observations
are consistent with many neutrino mass models, and there are
no compelling theoretical reasons to strongly prefer any one of
them. Since the masses are already known to be non-zero, allow-
ing for larger

P

m⌫ is one of the most well-motivated extensions
of the base model. The normal hierarchy, in which the lowest two
mass eigenstates have the smallest mass splitting, can give any
P

m⌫ >⇠ 0.06 eV; an inverted hierarchy, in which the two most
massive eigenstates have the smallest mass separation, requires
P

m⌫ >⇠ 0.1 eV. A constraint that
P

m⌫ < 0.1 eV would therefore
rule out the inverted hierarchy. For a review of neutrino physics
and the impact on cosmology see e.g., Lesgourgues et al. (2013).

As in PCP13 and PCP15, we quote constraints assuming
three species of neutrino with degenerate mass, a Fermi-Dirac
distribution, and zero chemical potential. At Planck sensitivity
the small mass splittings can be neglected to good accuracy (see
e.g., Lesgourgues & Pastor 2006). Neutrinos that become non-
relativistic around recombination produce distinctive signals in
the CMB power spectra, which Planck and other experiments
have already ruled out. If the neutrino mass is low enough that
they became non-relativistic after recombination (m⌫ ⌧ 1 eV),
the main e↵ect on the CMB power spectra is a change in the
angular diameter distance that is degenerate with decreasing H0.
The Planck data then mainly constrain lower masses via the lens-

ing power spectrum and the impact of lensing on the CMB power
spectra. Since the CMB power spectra prefer slightly more lens-
ing than in the base-⇤CDM model, and neutrino mass can only
suppress the power, we obtain somewhat stronger constraints
than might be expected in typical realizations of a minimal-mass
neutrino model.

In PCP15 no preference for higher neutrino masses was
found, but a tail to high neutrino masses was still allowed, with
relatively high primordial amplitudes As combining with high
neutrino mass to give acceptable lensing power. The tighter
2018 constraint on the optical depth from polarization at low
multipoles restricts the primordial As to be smaller, to match
the same observed high-` power (C` / Ase�2⌧); this reduces
the parameter space with larger neutrino masses, giving tighter
constraints on the mass. With only temperature information at
high `, the 95 % CL upper bound moved from 0.72 eV (PCP15
TT+lowP) to 0.59 eV (using the SimLow polarization likelihood
of Planck Collaboration Int. XLVI 2016, at low `). This now fur-
ther tightens to

X

m⌫ < 0.54 eV (95 %, Planck TT+lowE). (58a)

Adding high-` polarization further restricts residual parameter
degeneracies, and the limit improves to

X

m⌫ < 0.26 eV (95 %, Planck TT,TE,EE+lowE). (58b)

Although the high-` TT spectrum prefers more lensing than in
base ⇤CDM, the lensing reconstruction is very consistent with
expected amplitudes. In PCP15, the 2015 lensing likelihood
weakened joint neutrino mass constraints because it preferred
substantially less lensing than the temperature power spectrum.
The 2018 lensing construction gives a slightly (1–2 %) higher
lensing power spectrum amplitude than in 2015, which, com-
bined with the decrease in the range of higher lensing ampli-
tudes allowed by the new TT+lowE likelihood, means that the
constraints are more consistent. Adding lensing therefore now
slightly tightens the constraints to

X

m⌫ < 0.44 eV (95 %, TT+lowE+lensing), (59a)
X

m⌫ < 0.24 eV (95 %, TT,TE,EE+lowE+lensing). (59b)

The joint constraints using polarization are however sensi-
tive to the details of the high-` polarization likelihoods, with the
CamSpec likelihood giving significantly weaker constraints with
polarization:

X

m⌫ < 0.38 eV (95 %, TT,TE,EE+lowE [CamSpec]) (60a)

X

m⌫ < 0.27 eV (95 %, TT,TE,EE+lowE
+lensing [CamSpec]). (60b)

As discussed in Sect. 6.2, the CamSpec TT,TE,EE+lowE like-
lihood shows a weaker preference for higher lensing amplitude
AL than the default Plik likelihood, and this propagates directly
into a weaker constraint on the neutrino mass, since for small
masses the constraint is largely determined by the lensing e↵ect.
The di↵erences between Plik and CamSpec are much smaller
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Close to disantangle inverted/
normal hierarchy 

[<0.492 (2015 TTTEEE+lowP)] 



Conclusions 
1.  Planck results stable across releases 
2.  Polarization now better understood (but not perfect; ~0.5σ 

systematic uncertainty)  
3.  Consistency with BAO, SN, RSD, DES lensing (in ΛCDM) 
4.  Moderate tension with DES joint probes  
5.  Strong 3.6𝜎 tension with 𝐻0 from SH0ES 

Planck value in agreement with inverse distance ladder 
independent of CMB (BAO+D/H+CMB lensing).  

6.  Some curiosities (AL ,low-high features), but not more than 
2σ − 3σ , no evidence for extensions of ΛCDM 

 

X, COSPAR 2018, July 2018 

« What we have learned, and the legacy from Planck, is 
that any signatures of new physics in the CMB must be 
small. »  
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