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CMB Polarization 
•  Polarization generated 

by local quadrupole in 
temperature. 

•  Sources of quadrupole: 
•  Scalar:  E-mode 
•  Tensor: E-mode and 

B-mode 

EE 

BB 

BB 
lensing 

Credit: W. Hu 



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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Scalar Amplitude primordial spectrum 

ns 

Scalar spectral index 

τt 
Optical depth to reionization 

Ωch2 

Physical density of dark matter 

θ

Angular scale of sound horizon 

Ωbh2 

Physical density of baryons 

6 ΛCDM parameters 
l  Initial conditions As, ns: 

 
 
 
 
 
 
 

l  Acoustic scale of sound 
horizon θ

l  Reionization τ 
 
 

l  Dark Matter density 
Ωch2 

l  Baryon density Ωbh2

  

 
Assumptions: 

l  Adiabatic initial conditions 
l  Neff=3.046 
 

 
 
l  1 massive neutrino 0.06eV. 
l  Tanh reionization (Δz=0.5) 
 



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%. 
 

•  τ lower and tighter 
due to HFI data at 
large scales.  
 

•  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. 



Take away message stable across releases 

Changes across releases 
compatible with 

statistical fluctuations 
and systematics 

corrections.

ΛCDM is a good fit to the 
data 

No evidence of 
preference for classical 

extensions of ΛCDM 
 

Just a few (2-3σ ) 
outliers. 

Planck	
  2018	
  results.	
  VI.	
  Cosmological	
  parameters	
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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 

We use 6DFGS+MGS+DR12 



Strong tension between early and 
late universe probes of H0.  

Late universe Early universe 

Modified from Wang+ 2019 

CMB 

BAO+lensing+BBN 

SnIA+Cepheids 

Time delays multiply imaged quasars 

SnIA+Tip of the red giants  

(Freedman et al. 2020)  
69.6±1.9 

Water Megamaser 

(Pesce et al. 2020)  
73.9±3.0 



So what’s wrong? 
 

•  Statistical fluctuation unlikely 
•  Systematics in distance ladder and time delays?  
•  Systematics in CMB and BAO? 

•  New physics 
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Systematics in direct measurements? 

•  H0 reanalysis of the Riess (2011/2016) data: 
•  Zhang et al. 2017 (arXiv:1706.07573v1): Riess 2011 data,global fit, impact of 

systematics from cepheids (outliers, anchors, period) and SNIA. 
 Applied on R11, finds H0 = 72.5 ± 3.1(stat) ± 0.77(sys) km/s/Mpc 

•  Follin & Knox 2017  (arXiv:1707.01175) (modelling of cepheid photometry. 
H0=73.3 ± 1.7 (stat) km/s/Mpc) 

•  Cardona et al. 2017 (arxiv:1611.06088): Bayesian hyper-parameters for 
outlier rejection. H0 = 73.75 ± 2.11 km/s/Mpc  

•  Feeney et al. 2017 (arXiv:1707.00007): Bayesian hierarchical model, impact of 
non-gaussian likelihoods. H0 = 72.72 ± 1.67 km/s/Mpc  

•  Dhawan et al 1707.00715.pdf. Use of NIR observations of a subsample of 
the Riess 2016 supernovae (9/19 for the intermediate calibration rung, 
27/300 SN in the Hubble flow). H0=72.8 ± 1.6 (stat.) ± 2.7 (syst.) km/s/
Mpc.   
 
H0 consistently high! But there are still remaining issues… 



A few examples of open debates in 
late time measurements 
1.  Direct distance ladder measurements: 

a.  For tip of the red giants branch: extinction of TRGB in large 
magellan cloud overestimated (Yuan+ 2019) which 
underestimated H0. Reply from Freedman+ 2020: that 
analysis is wrong. Still open debate. 

b.  For cepheids: differences in photometry of cepheids 
(observed in crowded environments) between first and 
second ladder might bias results. 

c.  For SNIA in general: SN brighness might be different in 
galaxies with different ages=> bias between 2 and 3rd step 
of the ladder (Rigault 2018, 2015). Reply from Jones+ 
2015: nope that effect is too small. Still open debate. 

2.  Time delays measurements: uncertainties in lens modeling might be 
underestimated (see eg. Kochanek 2019, Blum+ 2020). 
 

  

Time-delay Cosmography

• Time-delay distance

Courtesy: Martin Millon
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Systematics in the CMB ? 
Consistency between different experiments 
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  et	
  al.	
  2017	
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  et	
  al.	
  2017	
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Figure 5. Top: observed binned power spectrum di↵erence between WMAP9 and Planck 2015, normalized by error bars estimated from
simulations, which account for the correlated CMB cosmic variance between the two experiments. Most data points are within 2� from
zero. The first 13 bins are anti-correlated at ⇠ 13% with their immediate neighbors, while the rest are at ⇠ 5%. Bottom: the vector of
di↵erences is rotated so that its covariance is diagonalized and the bins are uncorrelated. The rotated di↵erence shows no statistically
significant deviation from zero, except for the 72nd bin. We do not consider it as a sign of inconsistency, because the probability of at
least 1 out of 136 bins deviating more than 3� from zero is 25%, for 136 independent Gaussian-distributed random variables. We note that
similar “clumping” of adjacent points also appears in randomly generated sets of 136 Gaussian numbers.

its associated covariance �⌃. The latter is given by

�⌃ = ⌃WW +⌃PP �⌃WP �⌃PW (5)

and �Cb = COBS
W,b � COBS

P,b is the observed di↵erence of
binned power spectra in the common range of `, provided
by the two experiments. Then we calculate the �2 of the
di↵erence defined by

�2
di↵ =

136X

b,b0=1

�CT
b �⌃�1

bb0�Cb (6)

and its probability to exceed (PTE) for a �2 distribution
with 136 degrees of freedom (the number of bins). Finally
we convert the PTE values to an equivalent number of
Gaussian standard deviations.

For ⌃PP , we bin and co-add the covariance matrices
for the 4 frequency combinations provided by the Planck
2015 likelihood code while ⌃WW is from inverting the
Fisher matrix calculated from the WMAP9 likelihood
code. For ⌃WP and ⌃PW we use the corrected analytic
W ⇥P and P ⇥W covariance matrices described in Sec-
tion 2.3.
The �2

di↵ and PTE of the observed power spectrum dif-
ference are shown in Table 2. Using di↵erent input fidu-
cial spectra or di↵erent pixel weighting schemes on sim-
ulated WMAP9 temperature maps does not change the
values of �2

di↵ or PTE significantly. The cases closest to
the actual experiments are the ones using hybrid weight-
ing for simulated WMAP9 maps. Using the WMAP9
best-fit TT spectrum as the fiducial gives PTE 0.35,

Huang	
  et	
  al.	
  2018	
  	
  



•  WMAP	
  and	
  SPT	
  give	
  somewhat	
  larger	
  but	
  sQll	
  consistent	
  	
  
with	
  Planck	
  values	
  of	
  H0	
  
	
  
•  WMAP9*	
  H0=70±2.2	
  [Km/s/Mpc]	
  (Hinshaw	
  et	
  al.	
  2013)	
  
•  SPT-­‐SZ 	
  H0=73.3	
  ±	
  3.5	
  (Aylor	
  et	
  al.	
  2017)	
  

	
  
	
  

•  Are	
  these	
  consistent	
  with	
  the	
  low	
  H0	
  Planck	
  measurement?	
  When	
  adding	
  BAO,	
  yes!	
  

•  Combining	
  WMAP	
  ACT	
  and	
  SPT	
  with	
  BAO	
  to	
  decrease	
  errors	
  low	
  H0	
  
•  WMAP9+BAO	
  (BOSSDR11+6dFGS+Lyman	
  α)+high-­‐z	
  Sne	
  	
  

	
   	
   	
   	
  H0=	
  68.1	
  ±	
  0.7	
  (Aubourg+	
  2015)	
  
•  WMAP9+ACT+SPT	
  +	
  BAO	
  (BOSS	
  DR11+6dFGS)	
  	
  	
  

	
   	
   	
   	
  H0	
  =	
  69.3	
  ±	
  0.7	
  (Bennet+	
  2014)	
  
	
  

•  Planck,	
  WMAP	
  and	
  SPT	
  are	
  consistent	
  with	
  each	
  other.	
  

Planck	
  2018	
  	
  	
  	
  	
  	
  	
  	
  	
  H0=67.4±0.5	
  
	
  
Riess+	
  2019	
   	
  	
  	
  	
  	
  	
  	
  	
  H0=74.0±1.4	
  	
  

Systematics in the CMB ? 
Consistency between different experiments 

See	
  also	
  
SPTPol	
  (TE,EE)	
  
H0	
  =71.2	
  ±	
  2.12	
  (Henning+17)	
  
	
  
	
  
ACTPol	
  (TT,TE,EE)	
  	
  
H0	
  =67.3	
  ±	
  3.6	
  (Louis+17)	
  

*NB:	
  these	
  were	
  obtained	
  using	
  
slightly	
  different	
  assumpQons	
  for	
  
neutrino	
  mass	
  and	
  opQcal	
  depth	
  
w.r.t.	
  Planck,	
  see	
  also	
  Calabrese+16	
  



A giant void in ΛCDM cannot explain it 
Peculiar velocities. If we live in a large void and peculiar velocities are 
not properly taken into account when measuring redshifts, the local 
measurements of H0 might be biased (e.g. Keenan 2013, Romano+ 2016). 
However, simulations show it would need to be a very atypical void (e.g. 

Marra+ 2013, Wojtak+ 2013, Odderskov+ 2016, Wu+ 2017 ), sample variance at the 
level of ~0.3km/s/Mpc. Supernovae at different redshifts do not show any 
deviation. 

Odderskov+ 2016 

The Local Perspective on the Hubble Tension 13

Figure 6. Di↵erence between values of H0 measured above and below zsplit using SNe in redshift range 0.01 < z < 0.5. zsplit
is allowed to vary over the R16 redshift range. Red crosses show expected change in H0 for KBC and WS14 voids.

cosmic variance from Wu & Huterer (2017), since we see no significant variation and our empirical errors are larger
than this e↵ect.

5. DISCUSSION AND CONCLUSIONS

Our work looks for evidence of outflows in the SNe Ia Hubble diagram that would impact the determination of H
0

.
We create a sample of distance and redshift measurements of cosmological SNe by combining data from the Pantheon
sample with the Foundation survey and the most recent release of lightcurves from the Carnegie Supernova Project.
We conclude that the distance-redshift relation of this sample is inconsistent with the large local void proposed by
Keenan et al. (2013) at 5.3�, that of Shanks et al. (2018) at 4.5�, and find no evidence of a change in the Hubble
constant corresponding to a void with a sharp edge at any redshift used in Riess et al. (2016). From our analysis we
derive a 5� constraint on local density contrasts on scales larger than 69Mpc h�1(z < 0.023) of |�| < 27%.
In comparison with the work of Hoscheit & Barger (2018) and Shanks et al. (2018), which found marginal evidence

for the e↵ect of local voids upon the Hubble diagram, our study uses a larger sample of low-redshift SNe than either.
Further, neither of these studies accounted for systematic uncertainties in the SNe data, uncertainties which we have
estimated based on the analysis of Scolnic et al. (2018). Neglecting these systematics leads to the artificially low errors
in ⌦M seen in Shanks et al. (2018) of �

⌦M = 0.01 (compared to �
⌦M = 0.022 from Scolnic et al. (2018) ) as well

as overestimation of the significance of the results of both analyses. The e↵ects of systematics on our analysis are
significant, as seen in Table 4.2, contributing ⇡ 70% of the variance in our primary results.
A reconciliation of the results of Keenan et al. (2013) or Whitbourn & Shanks (2014) with this study would require

that there be unquantified systematic uncertainties. Scolnic et al. (2018) specifically budgets for 85 known systematics
in the SN data. While we have not repeated this analysis for the new SNe included in our sample, we have set the size
of these systematics to be equal to past surveys. Furthermore our analysis uses the same scatter model and nuisance
parameters as Riess et al. (2016). Bias corrections used in the full Pantheon analysis averaged over the G10 scatter

Kenworthy+ 2019 
0.01 < z < 2.26 



Calculate the physical dimension of sound 
horizon assumes model for sound speed and  
expansion of the universe before recombination 
(after measuring ωm and ωb) 

Measure this

rs

DA(z = 1100)

✓s

Calculate this

Infer this

DA(z) =

Z z

0
dz0/H(z0)

To get the right DA, only thing left in the model to adjust is 
the cosmological constant. With that done, we have H(z).  

Determining H0 from CMB Data  
Step 2:  Use the Ruler to Infer Distance

Step 3:

Infer the distance to 
the last scattering 
surface, which 
depends on H0 
Friedmann equation, 
infer H0. 

Measure the angular 
scale of sound horizon 
from the position of the 
peaks 

Indirect measurement of the Hubble 
constant from the CMB 
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Baryon Acoustic Oscillations

We measure H(z) and DA(z) ! 

Sound horizon at drag epoch (from Planck) : 
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VI. COSMOLOGY
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⇡ DC(z)

"
1 +

1

6

⌦k

✓
DC(z)

c/H0

◆2
#
, (41)

where the comoving distance is

DC(z) =
c

H0

Z z

0
dz0

H0

H(z0)
(42)

or

DC(z) =

Z z

0
dz0
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H(z0)
(43)

and the dimensional curvature is K = �⌦k(c/H0)
�2

Luminosity distance

DL(z) = DM (z) (1 + z) (44)

Angular diameter distance

DA(z) = DM (z)/(1 + z) (45)

For flat universe

DA(z) =
DC(z)

(1 + z)
(46)

DH(z) =
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H(z)
(47)

VII. BAO
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rd = 147.49 Mpc
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H(z) (49)

�zBAO =
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c
H(z) (50)
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We measure BAO peak along the line of sight in BOSS : 

4

Cross power specrum

X(k) = hf(k) q(k)i = PFQ(k)

Quasar variance

CQQ = 2Q2
= 2 (PQQ +NQ)

2

Forest variance

CFF = 2F 2
= 2 (PFF +NF )

2

Cross variance

CXX = X2
+ F Q = P 2

FQ + (PFF +NF ) (PQQ +NQ)

Are they independent?

CXF = 2FX = 2 (PFF +NF )PFQ

Approximations :

PQQ(k) << NQ(k)

PFF (k) << NF (k)

CQQ ⇠ 2N2
Q

CFF ⇠ 2N2
F

CXX ⇠ NQ NF

CXF ⇠ 2NF X

X2
= P 2

FQ  PFFPQQ << NQNF

Correlation coe�cient

r =

CXFp
CFFCXX

⇠ 2NFXp
2N2

F NQNF

⇠

s
2X2

NQNF
<< 1

V. BAO

�vBAO =

rs
1 + z

H(z) (35)

�✓BAO =

rs
1 + z

1

DA(z)
(36)
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We measure BAO peak in the transverse direction in BOSS : 
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H2(z)=H0
2(Ωm (z+1)3+ΩDE+..) 

Model dependent=> New physics can change the inferred 
value of H0! 

Expansion rate after recombination 



Early and late time solutions 
1.   Change in late time universe  

•  (late-time dynamics of dark matter and/or dark energy, e.g. 
dynamical dark energy, decaying DM (Poulin+ 2018, Vattis+ 
2019) interacting dark matter-dark energy etc..) => highly 
constrained by BAO, Supernovae and other probes. 

•  Modified gravity changes to Cepheid period-luminosity 
relation (Desmond et al. 1907.03778)=> but might be 
constrained by time delays. 

 
 
1.   Change in the early time physics. BAO and CMB measure angles, 

assuming calculation of  sound horizon rs.one can infer the distances 
and thus H0=> changing rs can change inferred H0, but hard because 
usually these models impact other observables as well. 

See also e.g. Bernal
+2016, Lemos+ 
2018, Aylor 2018 



•  Number of relativistic species 
CMB is sensitive to radiation density. 
Neff is radiation density other than 
photon. Neff=3.046 (standard). 
 

•  Non-standard could be radiation 
(sterile neutrino, light relics) or non-
standard thermal history. 

•  Planck 2018 constraint consistent to 
standard value. 

•  Proposed as possible solution to H0 
tension (Neff-H0degeneracy) 
 

•  Tension remains still at ~3σ

•  Early Dark Energy model (Poulin et 
al 1811.04083), but also Smith
+2019, Agrawal+ 2019 but many 
others. 

•  Neutrino strong interaction model 
(Kreisch et al. 1902.00534) (but 
bimodal and interactions order of 
magnitude stronger than standard 
weak ones). 
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Planck Collaboration: Cosmological parameters

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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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↵
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ometry. Although the physical acoustic scale measured by BAO
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Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
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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
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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.
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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
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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:
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The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or
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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
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y
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6.98 5.6+2.2
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APS
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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)

611



Problems with the early dark energy 
solution. 
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Constraints on EDE (n = 3) for varying data sets

Parameter Planck 2018

TT+TE+EE

Planck 2018

TT+TE+EE,

CMB lensing, BAO,

RSD, SNIa,

and SH0ES

Planck 2018

TT+TE+EE,

CMB lensing, BAO,

RSD, SNIa,

SH0ES,

and DES-Y1

Planck 2018

TT+TE+EE,

CMB lensing, BAO,

RSD, SNIa,

SH0ES,

DES-Y1,

and HSC, KiDS (S8)

Planck 2018

TT+TE+EE,

CMB lensing, BAO,

RSD, SNIa,

DES-Y1,

and HSC, KiDS (S8)

(no SH0ES)

f
EDE

< 0.087 0.091± 0.034 0.067+0.033
�0.035 0.052+0.031

�0.032 < 0.053

log

10

(zc) 3.66+0.28
�0.24 3.63+0.17

�0.11 3.70+0.20
�0.17 3.75+0.27

�0.23 > 3.17

✓i > 0.36 2.53+0.35
�0.20 2.47+0.42

�0.44 2.34+0.53
�0.74 > 0.34

H0 [km/s/Mpc] 68.29+1.02
�1.00 70.73 ± 1.07 70.33+1.05

�1.08 70.00+0.99
�0.97 68.75 ± 0.50

�8 0.8198+0.0109
�0.0107 0.8320 ± 0.0107 0.8200 ± 0.0103 0.8126 ± 0.0095 0.8050 ± 0.0064

Table 1. The mean ±1� constraints on cosmological parameters in the EDE scenario (with index n = 3, c.f. Eq. (11)) from
Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data; BAO data from 6dF, SDSS DR7, and SDSS
DR12 (BOSS); Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD data; and the DES-Y1 3x2pt data.
Parameters in bold are sampled parameters. The two furthest-right columns add priors on S8 derived from KiDS and HSC
data (as an approximation to the use of full likelihoods from these data sets). In the furthest right column we include all data
sets except the SH0ES measurement. Upper and lower limits are quoted at 95% CL; the one-sided fEDE upper bounds for
the +DES-Y1 (fourth column) and +DES-Y1+HSC+KiDS (fifth column) are fEDE < 0.120 and fEDE < 0.103 at 95% CL,
respectively. The best-fit parameter values for most of these analyses can be found in Sec. 6. The only data set combination
that yields evidence for EDE is shown in the third column (analogous to that used in Smith et al. (2019)); the preferred EDE
model in that analysis is in tension with the constraints on EDE imposed in the final column by the combination of all data sets
without SH0ES, indicating discordance between SH0ES and the other data sets, even in the broadened EDE parameter space.

H0 = 68.75 ± 0.50 km/s/Mpc, in strong tension with
SH0ES.

Finally, we examine the choice of priors and the role of
the axion decay constant. For computational e�ciency,
we limit ourselves to Planck 2018 primary CMB data
(TT+TE+EE) alone. We find that uniform priors im-
posed directly on the particle physics parameters f and
log10(m) (see Eq. (11)) strongly downweight large fEDE

values, in comparison to uniform priors placed on the
e↵ective EDE parameters fEDE and log10(zc). This is
reflected in the posterior distributions, and in particu-
lar, that for H0, which is a near identical match to that
in ⇤CDM (see Fig. 9).

The outline of this paper is as follows: in Sec. 2 we
review the physics of the EDE proposal and its variants.
In Sec. 3 we describe our numerical implementation of
the EDE model in a publicly available code, CLASS EDE

(Hill et al. (2020)). In Sec. 4 we study in detail the im-
pact on LSS, particularly the matter power spectrum,
and in Sec. 5, we discuss the data sets used in our anal-
ysis. We present our main results in Sec. 6, followed by
an examination of physical priors in Sec. 7, and we con-
clude in Sec. 8. Additional figures can be found in the
Appendices.

2. THE EARLY DARK ENERGY PROPOSAL

The goal of the EDE proposal is to allow for larger val-
ues of H0 than obtained in ⇤CDM when analyzing CMB

power spectrum data, while not degrading the overall
quality of the fit. This goal is achieved by demanding
that the angular acoustic scale, namely the ratio of the
sound horizon at last scattering to the comoving an-
gular diameter distance to last scattering (at redshift
z⇤ ⇡ 1100),

✓s =
rs(z⇤)

DA(z⇤)
, (1)

be unchanged by the new physics introduced to solve the
tension. The acoustic scale is the best-measured quan-
tity in CMB data: it is constrained to 0.03% precision
in the Planck 2018 analysis, 100✓s = 1.0411 ± 0.0003
(Aghanim et al. (2018)). Upcoming CMB polariza-
tion data from Simons Observatory (Ade et al. (2019))
and CMB-S4 (Abazajian et al. (2019)) will indepen-
dently constrain ✓s to this level (or better), providing
a useful cross-check on the current CMB-temperature-
dominated constraints.

The evolution of the Hubble parameter is encoded in
✓s via the integral expressions for rs and DA (here c =
1),

rs =

Z 1

z⇤

dz

H(z)
cs(z) , DA =

Z z⇤

0

dz

H(z)
. (2)

The former depends sensitively on H(z) in the two
decades of scale factor evolution prior to recombination,
while the latter depends directly on H0 (and low-redshift

1.  Planck alone does not prefer early dark energy solution. 
Planck+LSS excludes early dark energy since it increases 
σ8 through increase in Ωch2. 

2.  Requires early dark energy to kick in at a very fine tuned 
redshift around matter-radiation equality, and to then 
dilute faster than radiation. 

Hill 2020+ 

Planck alone 
+LSS+SH0ES +LSS 
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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-
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+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 
 



Outline 

1. Short recap on Planck results  
2. Post-Planck Issue 1: Comparison with other 

probes. The H0 problem and the σ8 
discrepancies 

3. Post-Planck Issue 2: Internal “curiosities” in 
the Planck data (AL, curvature etc..) 

4. Are Issue 1 and Issue 2 related? 
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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 

Detected at ~10σ level 

Detected at ~40σ level 

Calabrese+ 2008 
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•  Al  is an unphysical parameter 
used for consistency check. 

•  Since 2013 preference for high 
value, TT spectrum prefers 2.4σ 
deviation from 1.  
 
 

•  Not really lensing, not preferred 
by CMB lensing reconstruction. 
 

•  Preference for higher lensing 
projects into small deviations in 
extensions which have analogous 
effect on lensing (Ωk, w, Σmν).  
 

•  Adding polarization, AL 
degenerate with systematics 
corrections and thus likelihood 
used. 
 

Amplitude of the lensing potential power spectrum. 

Different treatments of 
systematics in polarization (as 
done in our two likelihoods) 

can impact extensions of 
ΛCDM at ~0.5σ level. 

Planck Collaboration: Cosmological parameters

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,
⌦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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•  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 
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•  Curvature Ωk<1, phantom dark energy 
w<-1, modified gravity etc.. can allow 
larger lensing amplitude, thus preferred 
by Planck spectra at the 2-3σ level. 
 

•  In the baseline likelihood configuration, 
the delta-chi2 between ΛCDM and ΛCDM
+Ωk is 11. With a different correction for 
systematic effects, it reduces to 5. 

•  Thus, deviation from ΛCDM depends 
somewhat  on systematic effects. 

•  Furthermore, when adding CMB 
lensing reconstruction,  less 
preference for deviations, further 
tightened by BAO. 
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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,
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;

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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Outline 

1. Short recap on Planck results  
2. Post-Planck Issue 1: Comparison with other 

probes. The H0 problem and the σ8 
discrepancies 

3. Post-Planck Issue 2: Internal “curiosities” in 
the Planck data (AL, curvature etc..) 

4. Are Issue 1 and Issue 2 related? 



Can the AL deviation solve the 
tensions with other probes? 

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. 



The future is bright and full of new 
data! 



Conclusions 

1. Correction in systematics in the legacy 
release have improved spectacularly 
the robustness of the Planck results. 

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

3. Curiosities 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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