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Terminology 

~0σ Too good to be true 
~1σ Consistency 
>2σ  Curiosity 
>3σ Tension/Discrepancy 
>4σ  Problem 
>5σ  Crisis? 

Terminology with contributions from Chen, Nabila, Hendrik and Kimmy 



Outline 

1.  Short recap on Planck results and tensions 
 

2.  Curiosities (Alens and low vs high l difference) in the Planck data and 
their relation. 
 

3.  Can curiosities explain the tensions? 

4.  If curiosities are systematics, what could they be (in temperature)? 

5.  Polarization 



The Planck satellite 

l  1st  release 2013: Nominal mission,
15.5 months, Temperature only (large 
scale polarization from WMAP). 
 

l  2nd release 2015: Full mission, 29 
months for HFI, 48 months for LFI, 
Temperature + Polarization, large scale 
pol. from LFI. 
Intermediate results 2016: low-l 
polarization from HFI 
 

l  3nd release 2018: Full mission, 
improved polarization, low/high-l 
from HFI. Better control of systematics 
specially in pol., still systematics limited. 

3rd generation full sky satellites (COBE, WMAP) 
Launched in 2009, operated till 2013. 
2 Instruments, 9 frequencies. 
LFI: 
•  22 radiometers at 

30, 44, 70 Ghz. 
HFI:  
•  50 bolometers (32 polarized) at 

100, 143, 217, 353, 545, 857 Ghz. 
•  30-353 Ghz polarized. 
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Improvement of polarization systematics in 
2018 
•  Correction of systematics in polarization (large scales: map-making 

and sims. Small scales: beam leakage (improved TE by Δχ2=37) and 
polarization efficiency corrections (improved TE by Δχ2=50). Changes of 
< 1σ on parameters. 
 

 
 
 

•  Cleaning for these systematics  
    dramatically improved the  
    interfrequency agreement and χ2. 
 
 
•  Limitations small remaining uncertainties of systematics in polarization 

(~0.5s on cosmo. parameters) (quantified with alternative 
likelihood(CAMspec) at high-l which uses different choices than baseline 
(Plik) ). 

Intensity Polarization 

Polar efficiency Beams, calibration 

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

Take away message stable across releases 

Differences well 
understood, mainly due 

to change in τ
 

ΛCDM is a good fit to the 
data 

No evidence of 
preference for classical 

extensions of ΛCDM 
 

Planck Collaboration: Planck likelihoods

Fig. 59: Planck 2018 EE power spectrum. Figure conventions are similar to those of Fig. 57. In the multipole range 2  `  29, we
plot the power spectra estimates from the SimAll likelihood. The bottom panels display the di↵erence between the 2015 and 2018
coadded high-multipole spectra (green points). The red and orange lines correspond to the e↵ect of the beam-leakage correction and
the addition of the beam-leakage and the polarization-e�ciency corrections, respectively. Both corrections were absent in the 2015
data. The light green points show the di↵erence between the 2015 and 2018 coadded spectra, after correction of the 2015 data by
the two e↵ects. The di↵erence in EE is dominated by the polarization-e�ciency correction.

Table 20: Goodness-of-fit tests for the 2018 Planck temperature and polarization spectra. The reference model is our best-fit base-
⇤CDM cosmology from the PlanckTT,TE,EE+lowE+lensing likelihood combination. The first set of rows show the results for the
full binned Plik high-` likelihood, while the second set of rows show the results from the coadded, unbinned CMB high-` spectra.
The last two rows show the results for the low-` TT and low-` EE likelihoods. The e↵ective �2 is defined as �e↵ = �2 log(L). The
number of degrees of freedom (Ndof) is set equal to the number of multipoles. The last column lists the probability to exceed (PTE).
Note that the log(L) value for the low-` EE likelihood is normalized up to an arbitrary additive constant and so further entries are
not shown in this case. Similarly, the non-Gaussian nature of the low-` TT likelihood precludes us from displaying a PTE in this
case.

Likelihood Multipoles log(L) �2
e↵ Ndof PTE

TT, full, binned . . . . . . . . . . . . 30–2508 �380.34 760.68 765 0.54
TE, full, binned . . . . . . . . . . . . 30–1996 �428.68 857.36 762 0.0090
EE, full, binned . . . . . . . . . . . . 30–1996 �371.48 742.96 762 0.68
TTTEEE, full, binned . . . . . . . . 30–2508 �1172.47 2344.94 2289 0.20
TT, coadded, unbinned . . . . . . . 30–2508 �1274.57 2549.14 2479 0.16
TE, coadded, unbinned . . . . . . . 30–1996 �1035.77 2071.54 1967 0.050
EE, coadded, unbinned . . . . . . . 30–1996 �1028.55 2057.10 1967 0.077
TTTEEE, coadded, unbinned . . 30–2508 �3328.51 6657.02 6413 0.016
Low-` TT (Commander) . . . . . . 2–29 �11.63 23.25 27 . . .
Low-` EE (SimAll) . . . . . . . . . 2–29 �198.02 . . . 27 . . .
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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

23

Distance modulus 
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Problem with local measurements H0(and 
maybe a discrepancy with weak lensing?) 

Planck 2018 TTTEEE+lowE+CMB lensing  
H0 =  67.36 ± 0.54  
 
Riess+ 2019  
H0 = 74.0 ± 1.42 km s−1 Mpc−1 [4.4σ] 
 
Wong+ 2019  
H0 = 73.8 ± 1.1 km s−1   Mpc−1 [5.2σ] 
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ABSTRACT

We present a combined tomographic weak gravitational lensing analysis of the Kilo Degree Survey (KV450) and the Dark Energy
Survey (DES-Y1). We homogenize the analysis of these two public cosmic shear datasets by adopting consistent priors and modeling
of nonlinear scales, and determine new redshift distributions for DES-Y1 based on deep public spectroscopic surveys. Adopting
these revised redshifts results in a 0.8� reduction in the DES-inferred value for S 8. The combined KV450 + DES-Y1 constraint on
S 8 = 0.762+0.025

�0.024 is in tension with the Planck 2018 constraint from the cosmic microwave background at the level of 2.5�. This result
highlights the importance of developing methods to provide accurate redshift calibration for current and future weak lensing surveys.

Key words. surveys – cosmology: observations – gravitational lensing: weak – galaxies: photometry

1. Introduction

Weak gravitational lensing tomography has entered the phase
of precision cosmology, with observational constraints on the
best-measured parameter, S 8 = �8

p
⌦m/0.3, at a level of pre-

cision . 5% for all current surveys (Hildebrandt et al. 2018,
hereafter H18; Troxel et al. 2018, hereafter T18; Hikage et al.
2019; Joudaki et al. 2017; Jee et al. 2016). Here, �8 refers to
the root-mean-square of the linear matter overdensity field on
8 h

�1 Mpc scales, and ⌦m is the present mean density of non-
relativistic matter relative to the critical density. This phase has
been reached as a result of the success in accounting for the
systematic uncertainties that a↵ect the measurements. However,
as the statistical precision of weak lensing surveys increases
with depth and area, the requirements on their ability to control
systematic uncertainties increase as well. In Hildebrandt et al.
(2017), it was shown that the contribution of systematic un-
certainties to the total error budget for the Kilo Degree Survey
(KiDS; Kuijken et al. 2015) is comparable to that of the statis-
tical uncertainties. Given the similar constraining power of con-
current weak lensing surveys, such as the Dark Energy Survey
(DES; Abbott et al. 2018b) and the Subaru Hyper Suprime-Cam
survey (HSC; Aihara et al. 2018), a continued reduction in the
systematic uncertainties is crucial to obtain unbiased cosmolog-
ical constraints and to exploit the full statistical power of current
and future weak lensing datasets.

The most notable systematic uncertainties pertain to the in-
trinsic alignment (IA) of galaxies, additive and multiplicative
shear calibration, baryonic feedback a↵ecting the nonlinear mat-
ter power spectrum, and photometric redshift errors (see Man-
delbaum 2018 and references therein). All current weak lens-

ing surveys have reached a statistical precision where notable
changes to the cosmological parameter constraints are found
when accounting for these systematic uncertainties in the anal-
ysis (e.g. Hikage et al. 2019; T18; H18). The expectation is
that the final parameter constraints are robust when marginalized
over all known systematics. This is generally well-motivated
through the vast range of checks and extensions of the system-
atic models beyond the standard approach considered by these
surveys. The uncertainty in the redshift distributions, n(z), of
weakly lensed galaxies is, however, more di�cult to account for,
and has been shown to be the only systematic uncertainty to im-
pact the posterior mean of S 8 by ⇠ 1� (H18).

The redshift uncertainty is arguably the most challeng-
ing systematic to control in both current and future lensing
surveys. In KiDS, the estimation of the redshift distributions
has benefited from the fully overlapping near-infrared imag-
ing data from the VISTA Kilo-Degree Infrared Galaxy Survey
(VIKING; Edge et al. 2013). The combined KiDS and VIKING
dataset (‘KiDS+VIKING-450’ or ‘KV450’; Wright et al. 2018)
has allowed for an increased precision in the estimation of pho-
tometric redshifts that are used to assign sources to tomographic
bins. In addition, KiDS targets deep pencil-beam spectroscopic
surveys permitting the redshift distributions to be determined
via the weighted direct estimation, or ‘DIR’, approach (Lima
et al. 2008; Hildebrandt et al. 2017; H18), which is fully decou-
pled from the photo-z. This DIR method assigns KiDS sources
to spectroscopic galaxies via a k-nearest-neighbour matching
in order to estimate weights for the spectroscopic objects. The
weighted distribution of spectroscopic redshifts can then be used
to estimate the n(z) of the sources. The uncertainty �z

i

in the
mean redshift of each tomographic bin i is obtained from a spa-

Article number, page 1 of 6

ar
X

iv
:1

90
6.

09
26

2v
1 

 [a
str

o-
ph

.C
O

]  
21

 Ju
n 

20
19

Planck 2018 TTTEEE+lowE
+CMB lensing  
S8 =  0.832 ± 0.013   
 
Joudaki+ 2019 (DES+KiDS) 
S8 = 0.762+0.025 [2.6σ] 

 
Numbers change for different experiments 
and data combinations 
 

H0LiCOW XIII: A 2.4% measurement of H0 from lensed quasars 17

Figure 12. Comparison of H
0

constraints for early-Universe and late-Universe probes in a flat ⇤CDM cosmology. The early-Universe
probes shown here are from Planck (orange; Planck Collaboration et al. 2018b) and a combination of clustering and weak lensing data,
BAO, and big bang nucleosynthesis (grey; Abbott et al. 2018b). The late-Universe probes shown are the latest results from SH0ES (blue;
Riess et al. 2019) and H0LiCOW (red; this work). When combining the late-Universe probes (purple), we find a 5.3� tension with Planck.

would be a major paradigm shift in modern cosmology, re-
quiring new physics to consistently explain all of the obser-
vational data. We have explored some possible extensions to
flat ⇤CDM in Section 5, including spatial curvature, time-
varying dark energy (e.g., Di Valentino et al. 2018), and
modified neutrino physics such as sterile neutrinos (e.g.,
Wyman et al. 2014; Gelmini et al. 2019) or self-interacting
neutrinos at early times (e.g., Kreisch et al. 2019). Other
possible new physics to resolve the discrepancy include an
early dark energy component to the Universe that later de-
cays (e.g., Agrawal et al. 2019; Aylor et al. 2019; Lin et al.
2019; Poulin et al. 2019), primordial non-Gaussianity (e.g.,
Adhikari & Huterer 2019), and decaying dark matter (e.g.,
Pandey et al. 2019; Vattis et al. 2019).

7 SUMMARY

We have combined time-delay distances and angular diame-
ter distances from six lensed quasars in the H0LiCOW sam-
ple to achieve the highest-precision probe of H

0

to date from
strong lensing time delays. Five of the six lenses are analyzed
blindly with respect to the cosmological parameters of inter-
est. Our main results are:

• We find H
0

= 73.3+1.7
�1.8 km s�1 Mpc�1 for a flat ⇤CDM

cosmology, which is a measurement to a precision of 2.4%.
This result is in agreement with the latest results from mea-
surements of type Ia SNe calibrated by the distance ladder
(Riess et al. 2019) and in 3.1� tension with Planck CMB
measurements (Planck Collaboration et al. 2018b).

• Our constraint on H
0

in flat ⇤CDM is completely in-
dependent of and complementary to the latest results from
the SH0ES collaboration, so these two measurements can be
combined into a late-Universe constraint on H

0

. Together,
these are in tension with the best early-Universe (i.e., CMB)
determination of H

0

from Planck at a significance of 5.3�.

• We check that the lenses in our sample are statistically
consistent with one another by computing Bayes factors be-
tween their H

0

PDFs. We find that all six lenses are pairwise
consistent (i.e., F > 1), indicating that we are not underesti-
mating our uncertainties and are able to control systematic
e↵ects in our analysis.

• We compute parameter constraints for cosmologies be-
yond flat ⇤CDM. In an open ⇤CDM cosmology, we find
⌦

k

= 0.26+0.17
�0.25 and H

0

= 74.4+2.1
�2.3 km s�1 Mpc�1, which

is still in tension with Planck, suggesting that allowing for
spatial curvature cannot resolve the discrepancy. In a flat
wCDM cosmology, we find H

0

= 81.6+4.9
�5.3 km s�1 Mpc�1

and w = �1.90+0.56
�0.41. In a flat w

0

waCDM cosmology, we
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CMB lensing and ALens    
•  Lensed CMB power spectrum is a 

convolution of unlensed CMB with 
lensing potential power 
spectrum=>smoothing of the 
peaks and throughs. 

 
 
•  AL is a consistency parameter, 

which rescales the amplitude of the 
lensing potential which smooths 
the power spectrum. 

•  Lensing is better measured taking the 4-
point correlation function of the CMB 
maps, since lensing breaks isotropy of 
the CMB, giving a non-gaussian signal. 
 

See e.g. Lewis & Challinor 2006 
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power spectrum significantly. Higher signal-to-noise can
be achieved by correlating power in different directions
on the sky, effectively using the four-point function signa-
ture imprinted by lensing to reconstruct the line-of-sight
integrated matter distribution1.

The strength of the weak lensing smoothing is related
to the growth rate and amplitude of the dark matter
fluctuations. Since both dark energy or modified gravity
significantly affects these perturbations, a measurement
of the CMB lensing, through its high-ℓ smoothing, can
in principle be a useful cosmological test (see e.g. [10]).

The recent claim made by the ACBAR collaboration
([11]) for a detection of weak lensing, based solely on
smoothing of the angular power spectrum, opens the
opportunity for this kind of analysis. To first order,
lensing causes the primordial peak structure to be less
pronounced, as gravitational potential fluctuations on
large scales mix the various scales in the primordial
CMB power. Based on the effect on the power spec-
trum, the ACBAR collaboration has reported a ∆χ2 =
9.46 between the lensed and unlensed best fits to the
WMAP+ACBAR data, which translates into a ≥ 3σ de-
tection of CMB lensing.

In this paper we further analyze this result and we
study the possible cosmological implications. In the next
section we phenomenologically uncouple weak lensing
from primary anisotropies by introducing a new param-
eter AL that scales the gravitational potential in a way
such that AL = 1 corresponds to the expected weak lens-
ing scenario. We then constrain this parameter with cur-
rent CMB data, we evaluate the consistency with AL = 1,
the correlation with other parameters and with other sys-
tematics such as SZ. We will report a ∼ 2σ preference
for values of AL > 1. We will then discuss some possi-
ble cosmological mechanisms that can increase the CMB
smoothing, namely an extra background of cosmic strings
and modified gravity.

II. ANALYSIS METHOD

Weak lensing of the CMB anisotropies enters as a con-
volution of the unlensed temperature spectrum Cℓ with
the lensing potential power spectrum CΨ

ℓ
(see [8]). This

convolution serves to smooth out the main peaks in the
unlensed spectrum, which is the main qualitative effect
on the power spectrum on scales larger than the ACBAR
beam, or 6′.

The weak lensing parameter is defined as a fudge scal-
ing parameter affecting the lensing potential power spec-
trum:

CΨ
ℓ → ALCΨ

ℓ . (1)

1 This type of estimator has recently been used to find evidence of
order 3− σ in the WMAP data [42, 43] in cross-correlation with
galaxy surveys.

FIG. 1: This figure shows the effect of varying AL parame-
ter. The curves with increasingly smoothed peak structure
correspond to values of AL of 0,1,3,6,9.

In other words, parameter AL effectively multiplies
the matter power lensing the CMB by a known factor.
AL = 0 is therefore equivalent to a theory that ignores
lensing of the CMB, while AL = 1 gives the standard
lensed theory. Since at the scales of interest the main
effect of lensing is purely to smooth peaks in the data,
AL can also be seen as a fudge parameter controlling the
amount of smoothing of the peaks. The Figure 1 illus-
trates this effect of varying AL on a concordance cosmo-
logical model.

In what follows we provide constraints on AL by an-
alyzing a large set of recent cosmological data. The
method we adopt is based on the publicly available
Markov Chain Monte Carlo package cosmomc [17] with
a convergence diagnostics done through the Gelman
and Rubin statistics. We sample the following eight-
dimensional set of cosmological parameters, adopting flat
priors on them: the baryon and cold dark matter den-
sities ωb and ωc, the ratio of the sound horizon to the
angular diameter distance at decoupling, θs, the scalar
spectral index nS , the overall normalization of the spec-
trum A at k = 0.002 Mpc−1, the optical depth to reion-
ization, τ . Furthermore, we consider purely adiabatic
initial conditions and we impose spatial flatness. We also
consider the possibility of a massive neutrino component
with fraction fν > 0 and, finally, we add the weak lensing
parameter AL.

Our basis data set is the three–year WMAP data [3]
(temperature and polarization) with the routine for com-
puting the likelihood supplied by the WMAP team. As
we were approaching completition of this paper, the five
year WMAP result data became available ([4], [5]). We
have therefore checked that our results are stable with
respect to the new data.

We add the high quality and the fine-scale measure-
ments from the ACBAR experiment ([11]) by using the

Credit: P. Serra 
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Fig. 24. Base-⇤CDM model (AL = 1) TT power spectrum resid-
uals smoothed with a Gaussian kernel of width �` = 40. The
black line shows the smoothed di↵erence between the coadded
data points and the theoretical model for the Planck TT+lowE
best-fit model, while coloured lines show the residuals for sam-
ples over the allowed parameter space coloured by the value
of ⌦mh2. Grey bands show the 1, 2, and 3 � diagonal range
expected for the smoothed residuals in the best-fit model. The
red dashed line shows 10 % of the lensing-smoothing di↵erence
predicted in the best-fit model, displaying the oscillatory sig-
nal expected if there were more lensing of the acoustic peaks.
The data residuals are not particularly anomalous, but the resid-
uals have a similar pattern to the lensing smoothing di↵erence
over the approximate range ` = 1100–2000, giving a preference
for around 10 % more lensing at fixed cosmological parameters.
Allowed models with lower ⌦mh2 (and hence higher H0) pre-
dict less lensing and give a larger oscillatory residual, preferring
relatively more lensing smoothing than models with high matter
density. The black dashed line shows the smoothed residual for
the Planck TT+lowE best fit to ⇤CDM+AL (with AL = 1.19).

increasing the significance of AL > 1 to 2.8� (99.8 % of pa-
rameter samples have AL > 0, so the one-tailed limit is almost
exactly 3�). Moreover, combining with the lensing likelihood
further pulls the constraint towards AL = 1, which is then con-
sistent with the data to within 2�; we see that the preference for
AL > 1 is driven by the CMB power spectra alone.

The preference for high AL is not just a volume e↵ect in
the full parameter space (see PCP13 for discussion of such ef-
fects in multi-parameter fitting), with the best fit improved by
��2

e↵ = �8.7 when adding AL for TT+lowE and ��2
e↵ = �9.7 for

TT,TE,EE+lowE. The bulk of the ��2
e↵ comes from the high-`

likelihood (mostly in the range 600 < ` < 1500); however, the
low-` temperature commander likelihood fit is also improved if
AL is free, with ��2

e↵ = �2.3 and ��2
e↵ = �1.3 for the TT+lowE

and TT,TE,EE+lowE, respectively, due to the lower amplitude
of the AL fit on large scales. The change in fit to the low-` polar-
ization is not very significant (��2

e↵ = �0.2 and ��2
e↵ = �0.4).

The determination of AL from the high-` polarization data
and the TT,TE,EE+lowE joint combination depends on the cali-
bration of the polarization channels, and is a↵ected by di↵erent
ways of modelling the polarization e�ciencies, as discussed in
Sect. 2.2. The results from the CamSpec likelihood (which uses

spectrum-based rather than map-based calibrations for T E and
EE) are somewhat shifted with respect to the Plik likelihood,
as shown by the dotted lines in Fig. 23, and have larger errors,
giving

AL = 1.246+0.092
�0.100 (68 %, TT+lowE [CamSpec]), (37a)

AL = 1.149 ± 0.072 (68 %, TT,TE,EE+lowE [CamSpec]). (37b)

Using CamSpec there is still a clear preference for AL > 1, but
the joint result with polarization is now only just over 2� above
AL = 1. This di↵erences between these results from Plik and
CamSpec is a consequence of di↵erences in the methodologies
used to create the likelihoods and we have not been able to deter-
mine definitively which approach is the more reliable. Although
both likelihoods clearly show a preference for AL > 1, this can-
not be claimed to be a robust detection at much over 2�.

The preference for AL > 1 within the ⇤CDM model is a
curious feature of the Planck CMB power spectrum data, and
has already been discussed extensively in PCP13, PCP15, and
Planck Collaboration Int. LI (2017), although it is now slightly
more significant. In temperature, over half of the small (approx-
imately 0.02) upward shift in AL compared to 2015 is explained
by the lower optical depth from the 2018 low-` likelihood: lower
⌧ implies lower As to match the high-` CMB fluctuation ampli-
tude, and hence larger AL to yield a lensing amplitude and hence
amount of smoothing at the same level as 2015. In polarization
about 40 % of the shift in AL is explained by changes in ⌧, with
changes in the maps, modelling for beam leakage, and polariza-
tion e�ciencies explaining the rest.

The high-` temperature likelihood preference for more lens-
ing smoothing than allowed by ⇤CDM can be seen by eye in the
smoothed data residuals plotted in Fig. 24; over almost all the
allowed ⇤CDM parameter space there is an oscillatory residual
in the range 1100 <⇠ ` <⇠ 2000 that matches the shape of the lens-
ing smoothing25 (although in other multipole ranges it does not
match at all). The residual is not obviously anomalous, with the
TT ⇤CDM best fit improving by ��2 ⇡ 4 if a best-fit oscillatory
residual (with AL ⇡ 1.1) is added to the best-fit ⇤CDM theory
model. The stronger preference for AL > 1 when AL varies arises
because degeneracies between AL, cosmological parameters, and
foregrounds improves the fit at both high and lower multipoles,
as shown by the black dashed line in Fig. 24. In ⇤CDM the lens-
ing amplitude can be increased by increasing⌦mh2; however, the
model then becomes a bad fit because of the poorer agreement
at ` < 1000). Varying AL allows a high AL to remove the os-
cillatory residual at high multipoles that appears in ⇤CDM with
lower ⌦mh2, giving best fits with lower ⌦mh2 and higher H0 (by
1.5–2.0�, depending on the exact combination of data used) that
are not favoured in the physical ⇤CDM model. Lower values of
⌦mh2 give higher values of ns, lowering the theory prediction
on large scales, so high AL models are also slightly preferred by
the dip in the ` < 30 Planck temperature data. The parameter
degeneracies are illustrated in Fig. 25.

The AL results appear to be robust to changes in foreground
modelling in the baseline likelihood, with the CamSpec 545 GHz
cleaned likelihood (see Appendix A) giving very similar results.

25Although the oscillatory pattern looks most similar to lensing at
high multipoles, an increase in the foreground model amplitude can
decrease the oscillation amplitude in the theory contribution to the
spectrum, and hence appear as an oscillatory di↵erence. For example
�ns ⇡ �0.02, combined with an implausibly large change in the fore-
ground model, gives a di↵erence in the predicted spectrum with an os-
cillatory component that has similar amplitude to �AL ⇡ 0.1; see the
related discussion in Planck Collaboration Int. LI (2017).
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could indicate that the low-multipole results have been pulled
unusually far from the truth by the large-scale power spectrum
dip; if so, the WMAP temperature results would also have been
pulled at a similar (but not identical) level. The region of overlap
of the high- and low-multipole parameter constraints is consis-
tent with constraints from the nearly-independent combination
of EE polarization and lensing with a conservative ⌦bh2 prior
(green contours). This is consistent with a statistical fluctuation
pulling the low and high multipoles in opposite directions, so
that their intersection is closer to the truth if ⇤CDM is correct.

Figure 22 shows marginalized individual parameter con-
straints, and also a comparison with the results from the polariza-
tion likelihoods at high and low multipoles. The ` � 802 temper-
ature results pull parameters to a region of higher matter density
and fluctuation amplitude (and to lower ns and H0) than the lower
multipole range, and predict a CMB lensing amplitude parame-
ter �8⌦

0.25
m = 0.649 ± 0.018. This is in tension with the CMB

lensing-reconstruction measurement of �8⌦
0.25
m = 0.589± 0.020

at 2.2� (as pointed out by Addison et al. 2016 with 2015 data;
also see the closely-related discussion in the next subsection).
As shown in Fig. 22, combining the ` � 802 CMB likelihood
with the lensing reconstruction, all parameter results move back
towards the same region of parameter space as combining with
`  801, consistent with the high-` temperature result having
fluctuated high along the main degeneracy direction. As dis-
cussed in Sects. 2.3 and 3.3, the combined CMB power spec-
trum results over the full multipole range are consistent with the
lensing likelihood.

It is also interesting to compare to parameters constraints
from the CMB power spectrum multipoles `  801 combined
with the lensing and BAO, which gives

H0 = (67.85 ± 0.52) km s�1Mpc�1,

�8 = 0.8058 ± 0.0063,
⌦m = 0.3081 ± 0.0065.
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These results are entirely independent of the cosmological pa-
rameter fit to the ` � 801 power spectra, but agree well at the
1� level with the full joint results in Table 1 (which have sim-
ilar errors on these parameters). An equivalent result could be
obtained using WMAP data after replacing their low-` polariza-
tion with the Planck HFI measurement (i.e., lowE).

For the temperature likelihoods, the di↵erence between the
low- and high-multipole constraints remains evident, with ⌦mh2

di↵ering at the 2.8� level. Adding polarization, the results from
the multipole ranges are more consistent, as shown in Fig. 22,
though the di↵erence in ⌦mh2 is still unusual at the roughly
2� level. However, the shifts in the di↵erent parameters are all
highly correlated, due to partial parameter degeneracies, and the
significance of any individual large shift is lower after account-
ing for the number of parameters (Planck Collaboration Int. LI
2017). The internal tensions between multipole ranges appear to
be consistent with moderate statistical fluctuations, related to the
low-` dip at large scales and correlated with the lensing ampli-
tude on small scales. The large-scale feature is well determined
by both WMAP and Planck and very robustly measured. The
internal consistency of the Planck power spectra between dif-
ferent frequencies and detectors (PPL15, PPL18) argues against
systematics driving large parameter shifts at high multipoles.
Equation (35) also demonstrates that any e↵ect from the high-
multipole spectra alone cannot be pulling our baseline parame-
ters by more than about 1�. In the next subsection we describe
in more detail the apparent preference for higher lensing ampli-

Fig. 23. Constraints on the value of the consistency parameter
AL, as a single-parameter extension to the base-⇤CDM model,
using various combinations of Planck data. When only power
spectrum data are used, AL > 1 is favoured at about 3�, but
including the lensing reconstruction the result is consistent at
2� with AL = 1. The dotted lines show equivalent results for
the CamSpec likelihood, which peak slightly nearer to AL = 1,
indicating some sensitivity of the AL results to choices made in
constructing the high-multipole likelihoods.

tude, and the features in the observed spectrum that could be
responsible for it.

6.2. Lensing smoothing and AL

In addition to the direct measurement of CMB lensing described
in Sect. 2.3 and PL2018, lensing can be seen in the Planck CMB
power spectra via the lensing-induced smoothing of the acous-
tic peaks and transfer of power to the damping tail. This e↵ect
is modelled in our main parameter analysis, and can be calcu-
lated accurately from the unlensed CMB power spectra and the
CMB lensing potential power spectrum in each model (Seljak
1996; Lewis & Challinor 2006). Interesting consistency checks
include testing if the amplitude of the smoothing e↵ect in the
CMB power matches expectation and whether the amplitude of
the smoothing is consistent with that measured by the lensing
reconstruction. To do this, the theoretical prediction for the lens-
ing spectrum in each model is often scaled by an “AL” consis-
tency parameter, where the theoretical expectation is that AL = 1
(Calabrese et al. 2008).

As shown in Fig. 3, the Planck lensing-reconstruction power
spectrum is consistent with the amplitude expected for ⇤CDM
models that fit the CMB spectra, so the Planck lensing measure-
ment is compatible with AL = 1. However, the distributions of
AL inferred from the CMB power spectra alone are shown in
Fig. 23 for various di↵erent data combinations, and these indi-
cate a preference for AL > 1, with

AL = 1.243 ± 0.096 (68 %, Planck TT+lowE), (36a)
AL = 1.180 ± 0.065 (68 %, Planck TT,TE,EE+lowE), (36b)

assuming a ⇤CDM+AL model. The TE polarization data alone
slightly prefer AL < 1, with the EE data slightly preferring
AL > 1; however, both are consistent with AL = 1 within 2�.
The joint combined likelihood shifts the value preferred by the
TT data downwards towards AL = 1, but the error also shrinks,
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could indicate that the low-multipole results have been pulled
unusually far from the truth by the large-scale power spectrum
dip; if so, the WMAP temperature results would also have been
pulled at a similar (but not identical) level. The region of overlap
of the high- and low-multipole parameter constraints is consis-
tent with constraints from the nearly-independent combination
of EE polarization and lensing with a conservative ⌦bh2 prior
(green contours). This is consistent with a statistical fluctuation
pulling the low and high multipoles in opposite directions, so
that their intersection is closer to the truth if ⇤CDM is correct.

Figure 22 shows marginalized individual parameter con-
straints, and also a comparison with the results from the polariza-
tion likelihoods at high and low multipoles. The ` � 802 temper-
ature results pull parameters to a region of higher matter density
and fluctuation amplitude (and to lower ns and H0) than the lower
multipole range, and predict a CMB lensing amplitude parame-
ter �8⌦
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m = 0.649 ± 0.018. This is in tension with the CMB

lensing-reconstruction measurement of �8⌦
0.25
m = 0.589± 0.020

at 2.2� (as pointed out by Addison et al. 2016 with 2015 data;
also see the closely-related discussion in the next subsection).
As shown in Fig. 22, combining the ` � 802 CMB likelihood
with the lensing reconstruction, all parameter results move back
towards the same region of parameter space as combining with
`  801, consistent with the high-` temperature result having
fluctuated high along the main degeneracy direction. As dis-
cussed in Sects. 2.3 and 3.3, the combined CMB power spec-
trum results over the full multipole range are consistent with the
lensing likelihood.

It is also interesting to compare to parameters constraints
from the CMB power spectrum multipoles `  801 combined
with the lensing and BAO, which gives

H0 = (67.85 ± 0.52) km s�1Mpc�1,

�8 = 0.8058 ± 0.0063,
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These results are entirely independent of the cosmological pa-
rameter fit to the ` � 801 power spectra, but agree well at the
1� level with the full joint results in Table 1 (which have sim-
ilar errors on these parameters). An equivalent result could be
obtained using WMAP data after replacing their low-` polariza-
tion with the Planck HFI measurement (i.e., lowE).

For the temperature likelihoods, the di↵erence between the
low- and high-multipole constraints remains evident, with ⌦mh2

di↵ering at the 2.8� level. Adding polarization, the results from
the multipole ranges are more consistent, as shown in Fig. 22,
though the di↵erence in ⌦mh2 is still unusual at the roughly
2� level. However, the shifts in the di↵erent parameters are all
highly correlated, due to partial parameter degeneracies, and the
significance of any individual large shift is lower after account-
ing for the number of parameters (Planck Collaboration Int. LI
2017). The internal tensions between multipole ranges appear to
be consistent with moderate statistical fluctuations, related to the
low-` dip at large scales and correlated with the lensing ampli-
tude on small scales. The large-scale feature is well determined
by both WMAP and Planck and very robustly measured. The
internal consistency of the Planck power spectra between dif-
ferent frequencies and detectors (PPL15, PPL18) argues against
systematics driving large parameter shifts at high multipoles.
Equation (35) also demonstrates that any e↵ect from the high-
multipole spectra alone cannot be pulling our baseline parame-
ters by more than about 1�. In the next subsection we describe
in more detail the apparent preference for higher lensing ampli-

Fig. 23. Constraints on the value of the consistency parameter
AL, as a single-parameter extension to the base-⇤CDM model,
using various combinations of Planck data. When only power
spectrum data are used, AL > 1 is favoured at about 3�, but
including the lensing reconstruction the result is consistent at
2� with AL = 1. The dotted lines show equivalent results for
the CamSpec likelihood, which peak slightly nearer to AL = 1,
indicating some sensitivity of the AL results to choices made in
constructing the high-multipole likelihoods.

tude, and the features in the observed spectrum that could be
responsible for it.

6.2. Lensing smoothing and AL

In addition to the direct measurement of CMB lensing described
in Sect. 2.3 and PL2018, lensing can be seen in the Planck CMB
power spectra via the lensing-induced smoothing of the acous-
tic peaks and transfer of power to the damping tail. This e↵ect
is modelled in our main parameter analysis, and can be calcu-
lated accurately from the unlensed CMB power spectra and the
CMB lensing potential power spectrum in each model (Seljak
1996; Lewis & Challinor 2006). Interesting consistency checks
include testing if the amplitude of the smoothing e↵ect in the
CMB power matches expectation and whether the amplitude of
the smoothing is consistent with that measured by the lensing
reconstruction. To do this, the theoretical prediction for the lens-
ing spectrum in each model is often scaled by an “AL” consis-
tency parameter, where the theoretical expectation is that AL = 1
(Calabrese et al. 2008).

As shown in Fig. 3, the Planck lensing-reconstruction power
spectrum is consistent with the amplitude expected for ⇤CDM
models that fit the CMB spectra, so the Planck lensing measure-
ment is compatible with AL = 1. However, the distributions of
AL inferred from the CMB power spectra alone are shown in
Fig. 23 for various di↵erent data combinations, and these indi-
cate a preference for AL > 1, with

AL = 1.243 ± 0.096 (68 %, Planck TT+lowE), (36a)
AL = 1.180 ± 0.065 (68 %, Planck TT,TE,EE+lowE), (36b)

assuming a ⇤CDM+AL model. The TE polarization data alone
slightly prefer AL < 1, with the EE data slightly preferring
AL > 1; however, both are consistent with AL = 1 within 2�.
The joint combined likelihood shifts the value preferred by the
TT data downwards towards AL = 1, but the error also shrinks,
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High-l versus low-l curiosity 
•  Parameters evaluated 

from l<800 and l<2500, 
or l<800 vs l>800 are 
different at the 2-3 σ 
level (Planck	
  2015	
  results.	
  XI.	
  
CMB	
  power	
  spectra,	
  
likelihoods,	
  and	
  robustness	
  of	
  
parameters) 

 
•  Overall, shifts are 

significant at <~2σ level 
from simulations (Planck 
collaboration LI 2017, 
see also Addison+ 
2016 ). 

•  The low-highl and the 
Alens deviations are 
connected. 

•  We see differences in 
polarization as well, but 
error-bars are too large 
at high-l to be 
determinant. 
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TT(lmax=800)+lowlTT*+lowE 
(*not shown in this plot) 

TT(lmin=800)+lowE 
(*not shown in this plot) 

  lmin=800 best fit lmax=800 best fit 

Δχ2=3.31(dof=1708)  Δχ2=3.15 (dof=770) 
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TT(lmax=800)+lowlTT*+lowE 
(*not shown in this plot) 

TT(lmin=800)+lowE 
(*not shown in this plot) 

Smoother peaks= 
lower peaks,  
higher throughs 
 
 

Larger first 
peak=>low
er Ωmh2 for 
larger ISW 

Lower low-l=>larger ns for less 
power  
at large scales, extra  Δχ2=1.2 over 
dof=28 
 

Peaks positions=>Θ
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•  Alens can be used as a tracer of the l<800 vs>800 difference. 

•  The features which lead the the high Alens could just be due to statistical 
fluctuations! In other words, Alens might just be fitting noise/cosmic variance. 

AL is a phenomenological parameter which allows to better fit both 
the high and low-ell by Δχ2=5.3 (AL=1.24 ±0.1) (plus Δχ2=2.3 from 

lowl TT) 
 

 
 
  



Can AL solve the tensions? 

Planck TT+lowlEE 
2018 

H0  S8 AL 

ΛCDM  66.88 ± 0.92 [4.2σ] 0.840 ± 0.024 [2.3σ]  1. 

ΛCDM+Alens 68.9 ± 1.2     [2.7σ] 0.788 ± 0.029 [0.6σ] 1.24±0.096 

Planck TTTEEE
+lowlEE 2018 

ΛCDM  
 

67.27 ± 0.60 [4.2σ] 0.834 ± 0.016 [2.4σ]  1 

ΛCDM+Alens 
 

68.28 ± 0.72 [3.6σ] 0.804 ± 0.019 [1.3σ] 1.180 ± 
0.065  

Riess+ 2019 H0 = 74.03 ± 1.42 km s−1 Mpc−1 Joudaki+ 2019 S8 = 0.762+0.025 

For H0, not that much. Tension remains at the 3.6σ 
level. 
For S8, it could help, but it does not help in 
disantangling whether this is a statistical fluctuation 
in Planck and WL exp., a systematic or new physics. 



Outline 

1.  Short recap on Planck results and tensions 
 

2.  Curiosities (Alens and low vs high l difference) in the Planck data and 
their relation. 
 

3.  Can curiosities explain the tensions? 

4.   If curiosities are systematics, what could they be? 
a.   Galactic foregrounds 
b.   Extra-galactic foregrounds 
c.   Pointing errors 
d.   Aberration 
e.   Beam errors 

5.  Polarization 



Is Alens due to a problem with galactic 
dust? 

residuals compared to lmax=800 LCDM best fit 

100, 143 and 217 have different level of galactic foregrounds and use different 
masks. 
 

Planck collaboration: CMB power spectra, likelihoods, and parameters

Figure 33. Marginal mean and 68 % CL error bars on cosmological parameters estimated with di↵erent data choices for the Plik
likelihood, in comparison with results from alternate approaches or model. We assume a ⇤CDM model and use variations of the
PlikTT likelihood in most of the cases, in combination with a prior ⌧ = 0.07±0.02 (using neither low-` temperature nor polarization
data). The “PlikTT+tauprior” case (black dot and thin horizontal black line) indicates the baseline (HM, `min = 30, `max = 2508),
while the other cases are described in Sect. 4.1 (and 4.2, 5.5, E.4). The grey bands show the standard deviation of the expected
parameter shift, for those cases where the data used is a subsample of the baseline likelihood (see Eq. 53).

Figure 34. Marginal mean and 68 % CL error bars on the parameters AL (left) and Ne↵ (right) in ⇤CDM extensions, estimated with
di↵erent data choices for the PlikTT likelihood in comparison with results from alternate approaches or model, combined with a
Gaussian prior on ⌧ = 0.07± 0.02 (i.e., neither low-` temperature nor polarization data). The “PlikTT+tauprior” case indicates the
baseline (HM, `min = 30, `max = 2508), while the other cases are described in subsections of Sect. 4.1. The thin horizontal black line
shows the baseline result and the thick dashed grey line displays the ⇤CDM value (AL = 1 and Ne↵ = 3.04). The grey bands show
the standard deviation of the expected parameter shift, for those cases where the data used is a sub-sample of the baseline likelihood
(see Eq. 53).

0.23� and in ns of 0.20�. The values of the dust amplitude para-
meters, however, do change, and their best-fit values increase
by about 15 µK2 for all pairs of frequencies, while at the same
time the error bars of the dust amplitude parameters increase
very significantly. All of the amplitude levels obtained from the
545 GHz cross-correlation are within 1� of this result. The dust

levels from this experiment are clearly unphysically high, requir-
ing 22 µK2 (D`, ` = 200) for the 100 ⇥ 100 pair. This level
of dust contamination is clearly not allowed by the 545 ⇥ 100
cross-correlation, demonstrating that the prior deduced from it
is informative. Nevertheless, the fact that cosmological paramet-
ers are barely modified in this test indicates that the values of the

39

In 2015, we also estimated Alens 
using different galactic masks 
with fsky 47%, 37%, 37% at 
100,143,217. Also  gave high Alens. 

Changes in Alens estimated 
eliminating 1 frequency at the time 
are compatible with statistical 
fluctuations. 
 

•  Planck	
  2018	
  results.	
  V.	
  Legacy	
  Power	
  Spectra	
  and	
  Likelihoods	
  	
  
Planck	
  2015	
  results.	
  XI.	
  CMB	
  power	
  spectra,	
  likelihoods,	
  and	
  
robustness	
  of	
  parameters	
  



Is Alens due to a problem with galactic 
dust? 

residuals compared to lmax=800 LCDM best fit 

 
 
•  The residuals at high-l look very similar at 143 and 217 (100 have too 

poor resolutions).  
•  Only the deep at l~1450 is larger in 217Ghz than 143Ghz, and could be 

due just in part to (chance correlations with) galactic dust. 

Planck	
  intermediate	
  results	
  2017.	
  LI.	
  Features	
  in	
  the	
  cosmic	
  
microwave	
  background	
  temperature	
  power	
  spectrum	
  and	
  shiAs	
  in	
  
cosmological	
  parameters	
  



The	
  low-­‐l	
  vs	
  high-­‐l	
  curiosity	
  and	
  
polarizaKon	
  

Planck Collaboration: Cosmological parameters

most parameters. Results splitting at ` ⇡ 1000 are similar, but
with larger errors in the high multipole range.

Figure 21 shows a comparison of the high and low multipole
ranges, both for temperature (lower triangle, as previously dis-
cussed by Addison et al. 2016 and Planck Collaboration Int. LI
2017), and new results for the combined temperature-
polarization likelihood (upper triangle). Part of the di↵erence be-
tween the low- and high-multipole ranges is caused by the large-
scale temperature dip discussed above; if we exclude multipoles
` < 30, the contours from `  801 shift towards the area of con-
sistency with the high multipoles (unfilled grey contours). This
could indicate that the low-multipole results have been pulled
unusually far from the truth by the large-scale power spectrum
dip; if so, the WMAP temperature results would also have been
pulled at a similar (but not identical) level. The region of overlap
of the high- and low-multipole parameter constraints is consis-
tent with constraints from the nearly-independent combination
of EE polarization and lensing with a conservative ⌦bh2 prior
(green contours). This is consistent with a statistical fluctuation
pulling the low and high multipoles in opposite directions, so
that their intersection is closer to the truth if ⇤CDM is correct.

Figure 22 shows marginalized individual parameter con-
straints, and also a comparison with the results from the polariza-
tion likelihoods at high and low multipoles. The ` � 802 temper-
ature results pull parameters to a region of higher matter density
and fluctuation amplitude (and to lower ns and H0) than the lower
multipole range, and predict a CMB lensing-amplitude parame-
ter �8⌦

0.25
m = 0.649 ± 0.018. This is in tension with the CMB

lensing-reconstruction measurement of �8⌦
0.25
m = 0.589± 0.020

at 2.2� (as pointed out by Addison et al. 2016 with 2015 data;
also see the closely-related discussion in the next subsection).
As shown in Fig. 22, combining the ` � 802 CMB likelihood
with the lensing reconstruction, all parameter results move back
towards the same region of parameter space as combining with
`  801, consistent with the high-` temperature result having
fluctuated high along the main degeneracy direction. As dis-
cussed in Sects. 2.3 and 3.3, the combined CMB power spec-
trum results over the full multipole range are consistent with the
lensing likelihood.

It is also interesting to compare to parameters constraints
from the CMB power spectrum multipoles `  801 combined
with the lensing and BAO, which gives

H0 = (67.85 ± 0.52) km s�1Mpc�1,

�8 = 0.8058 ± 0.0063,
⌦m = 0.3081 ± 0.0065.

9

>

>

>

>

=

>

>

>

>

;

68 %, TT,TE,EE
[`  801]+lowE
+lensing+BAO.

(35)

These results are entirely independent of the cosmological pa-
rameter fit to the ` � 801 power spectra, but agree well at the
1� level with the full joint results in Table 1 (which have sim-
ilar errors on these parameters). An equivalent result could be
obtained using WMAP data after replacing their low-` polariza-
tion with the Planck HFI measurement (i.e., lowE).

For the temperature likelihoods, the di↵erence between the
low- and high-multipole constraints remains evident, with ⌦mh2

di↵ering at the 2.8� level. Adding polarization, the results from
the multipole ranges are more consistent, as shown in Fig. 22,
though the di↵erence in ⌦mh2 is still unusual at the roughly
2� level. However, the shifts in the di↵erent parameters are all
highly correlated, due to partial parameter degeneracies, and the
significance of any individual large shift is lower after account-
ing for the number of parameters (Planck Collaboration Int. LI
2017). The internal tensions between multipole ranges appear to

Fig. 23. Constraints on the value of the consistency parameter
AL, as a single-parameter extension to the base-⇤CDM model,
using various combinations of Planck data. When only power
spectrum data are used, AL > 1 is favoured at about 3�, but
including the lensing reconstruction the result is consistent at
2� with AL = 1. The dotted lines show equivalent results for
the CamSpec likelihood, which peak slightly nearer to AL = 1,
indicating some sensitivity of the AL results to choices made in
constructing the high-multipole likelihoods.

be consistent with moderate statistical fluctuations, related to the
low-` dip at large scales and correlated with the lensing ampli-
tude on small scales. The large-scale feature is well determined
by both WMAP and Planck and very robustly measured. The
internal consistency of the Planck power spectra between dif-
ferent frequencies and detectors (PPL15, PPL18) argues against
systematics driving large parameter shifts at high multipoles.
Equation (35) also demonstrates that any e↵ect from the high-
multipole spectra alone cannot be pulling our baseline parame-
ters by more than about 1�. In the next subsection we describe
in more detail the apparent preference for higher lensing ampli-
tude, and the features in the observed spectrum that could be
responsible for it.

6.2. Lensing smoothing and AL

In addition to the direct measurement of CMB lensing described
in Sect. 2.3 and PL2018, lensing can be seen in the Planck CMB
power spectra via the lensing-induced smoothing of the acous-
tic peaks and transfer of power to the damping tail. This e↵ect
is modelled in our main parameter analysis, and can be calcu-
lated accurately from the unlensed CMB power spectra and the
CMB lensing potential power spectrum in each model (Seljak
1996; Lewis & Challinor 2006). Interesting consistency checks
include testing if the amplitude of the smoothing e↵ect in the
CMB power matches expectation and whether the amplitude of
the smoothing is consistent with that measured by the lensing
reconstruction. To do this, the theoretical prediction for the lens-
ing spectrum in each model is often scaled by an “AL” consis-
tency parameter, where the theoretical expectation is that AL = 1
(Calabrese et al. 2008).

As shown in Fig. 4, the Planck lensing-reconstruction power
spectrum is consistent with the amplitude expected for ⇤CDM
models that fit the CMB spectra, so the Planck lensing measure-
ment is compatible with AL = 1. However, the distributions of
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Even	
  the	
  TT	
  l<800	
  gives	
  low	
  H0when	
  combined	
  with	
  BAO.	
  	
  



Conclusions	
  

•  CorrecKon	
  in	
  systemaKcs	
  in	
  the	
  legacy	
  release	
  
have	
  improved	
  spectacularly	
  the	
  robustness	
  
of	
  the	
  Planck	
  results.	
  

•  The	
  ΛCDM	
  model	
  is	
  an	
  excellent	
  fit	
  to	
  the	
  
data.	
  

•  CuriosiKes	
  in	
  the	
  Planck	
  data	
  remain	
  at	
  the	
  
2-­‐3s	
  level,	
  and	
  cannot	
  explain	
  the	
  H0	
  tension	
  
(partly	
  related	
  to	
  the	
  S8	
  one.)	
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