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• Relieving tensions related to the lensing of the CMB temperature power-spectra  
[Couchot et al., A&A 597 A126 (2017), arXiv:1510.07600] 

• Cosmology with the CMB temperature-polarization correlation 
[Couchot et al., A&A 602 A41 (2017), arXiv:1609.09730] 

• Cosmological constraints on the neutrino mass including systematic uncertainties 
[Couchot et al., A&A forthcoming, arXiv:1703.10829]

Tensions related to the lensing of 
CMB power spectra 



• weak lensing enters the prediction of the  
CMB spectrum through a convolution of  
the unlensed spectrum with the lensing  
potential power spectrum    

➡smooth out the acoustic peaks  

• The AL parameter is a fudge factor defined as: 

–AL =0 : weak lensing ignored 

–AL =1 : standard ΛCDM 

• Measuring AL ≠ 1 indicates either a problem in the model (e.g. 
modification of the gravity) or remaining systematics in the data 
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The AL parameter

[Lewis&Challinor, Phys. Rept. 429 1 (2006)] 
[Calabrese et al, PRD 77 123531 (2008)]

M. Tristram



• From Planck gravitational lensing measurements, overall lensing 
amplitude estimate is consistent with our fiducial LCDM model

COSMO17, Paris, Sep. 2017

CMB lensing

[Planck 2015 results. XV. A&A, 594, A15 (2016)]
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

• The optical depth to reionization is fixed to ⌧ = 0.07, because
lensing deflections are independent of reionization (and scat-
tering and subsequent lensing from sources at reionization is
negligible).
• The baryon density is given a Gaussian 1� prior ⌦bh2 =

0.0223 ± 0.0009, as measured independently from big bang
nucleosynthesis models combined with quasar absorption
line observations (Pettini & Cooke 2012).
• The scalar spectral index is given a broad prior ns = 0.96 ±

0.02; results are only weakly sensitive to this choice, within
plausible bounds.
• A top-hat prior is used for the reduced Hubble constant,

0.4 < h < 1. This limits the extent of the parameter degener-
acy, but does not a↵ect the results over the region of interest
for joint constraints.
In addition to the priors above, we adopt the same sampling

priors and methodology as Planck Collaboration XIII (2016),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
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in the temperature (which ultimately limits the detection of the
lensing-ISW bispectrum to about 9�; Lewis et al. 2011).

To determine the overall detection significance for the cross-
correlation, we use the minimum-variance bispectrum estimator

ÂT� =
1

NT�

X

LM

CT�, fid
L

fsky

�̂LM

(C��, fid
L + N��L )

T ⇤LM

CTT, fid
L

, (8)

where NT� is a normalization determined from simulations.† For
the MV lens reconstruction, using 8  L  100 we measure an
amplitude

ÂT�
8!100 = 0.90 ± 0.28 (MV) , (9)

which is consistent with the theoretical expectation of unity and
non-zero at just over 3�. Using the TT -only lensing estimate
rather than the MV lensing estimate in the cross-correlation, we
obtain

ÂT�
8!100 = 0.68 ± 0.32 (TT ) . (10)

Using simulations, we measure an rms di↵erence between the
TT and MV bispectrum amplitudes of 0.18 (roughly equal
to the quadrature di↵erence of their error bars, which isp

0.322 � 0.282 = 0.15). Therefore the di↵erence of amplitudes,
�ÂT�

8!100 = 0.22, is compatible with the expected scatter.
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Fig. 5 Lensing-ISW bispectrum on large angular scales. The
cross-spectrum between the MV lensing potential estimate and
the temperature anisotropy is plotted for bins of width �L = 15,
covering the multipole range L = 8–98. The dashed line shows
the predicted cross-spectrum in the fiducial model. The lensing-
ISW bispectrum is detected at just over 3� significance.

In Planck Collaboration XVII (2014), using the TT lensing
estimator on the multipole range 10  L  100 we measured a
somewhat higher value for the lensing-ISW bispectrum ampli-
tude of ÂT�, 2013

10!100 = 0.85 ± 0.35.‡ We expect the di↵erence with

† We find NT� is within 4% of the analytical expectation
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‡ The amplitude quoted in Planck Collaboration XVII (2014) is ac-
tually ÂT�, 2013

10!100 = 0.78 ± 0.32, however this is measured with respect

respect to the 2015 TT measurement to have standard deviation
of approximately

p
0.352 � 0.322 = 0.14, and so the observed

di↵erence of 0.85 � 0.68 = 0.17 is reasonable.

3.4. Lensing potential power spectrum

In Fig. 6 we plot our estimate of the lensing potential power
spectrum obtained from the MV reconstruction, as well as sev-
eral earlier measurements. We see good agreement with the
shape in the fiducial model, as well as earlier measurements (de-
tailed comparisons with the 2013 spectrum are given later in this
section). In Sect. 4 we perform a suite of internal consistency
and null tests to check the robustness of our lensing spectrum to
di↵erent analysis and data choices.

We estimate the lensing potential power spectrum in band-
powers for two sets of bins: a ‘conservative’ set of eight
uniformly-spaced bins with �L = 45 in the range 40  L  400;
and an ‘aggressive’ set of 18 bins that are uniformly spaced in
L0.6 over the multipole range 8  L  2048. The conservative
bins cover a multipole range where the estimator signal-to-noise
is greatest. They were used for the Planck 2013 lensing likeli-
hood described in Planck Collaboration XVII (2014). The ag-
gressive bins provide good sensitivity to the shape of the lensing
power on both large and small scales, however they are more
easily biased by errors in the mean-field corrections (which are
large at L < 40) and the disconnected noise bias corrections (at
L > 400). Results for the bandpower amplitudes Â�i , defined in
Eq. (4), are given in Table 1 for both sets of multipole bins.

Nearly all of the internal consistency tests that we present
in Sect. 4 are passed at an acceptable level. There is, however,
mild evidence for a correlated feature in the curl-mode null-test,
centred around L ⇡ 500. The L range covered by this feature
includes 638  L  762, for which the (gradient) lensing re-
construction bandpower is 3.6� low compared to the predicted
power of the fiducial model. In tests of the sensitivity of pa-
rameter constraints to lensing multipole range, described later
in Sect. 3.5.4, we find shifts in some parameters of around 1�
in going from the conservative to aggressive range, with negli-
gible improvement in the parameter uncertainty. Around half of
these shifts come from the outlier noted above. For this reason,
we adopt the conservative multipole range as our baseline here,
and in other Planck 2015 papers, when quoting constraints on
cosmological parameters. However, where we quote constraints
on amplitude parameters in this paper, we generally give these
for both the aggressive and conservative binning. The aggres-
sive bins are also used for all of the C��L bandpower plots in this
paper.

Estimating an overall lensing amplitude (following Eq. 4)
relative to our fiducial theoretical model, for a single bin over
both the aggressive and conservative multipole ranges we find

Â�,MV
40!400 = 0.987 ± 0.025, (11a)

Â�,MV
8!2048 = 0.983 ± 0.025. (11b)

These measurements of the amplitude of the lensing power spec-
trum both have precision of 2.5 %, and are non-zero at 40�.
Given the measured amplitude, it is clear that our overall lens-
ing amplitude estimate is consistent with our fiducial ⇤CDM
model (which has A = 1). The shape of our measurement is also
in reasonable agreement with the fiducial model. Marginalizing

to a slightly di↵erent fiducial cosmology than the one used here. Those
measurements have been renormalized to the fiducial model used for
this paper with a factor of 1.09.
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AL from Planck

M. Tristram

[Planck 2015 results. XIII, A&A 594, A13 (2016)]

Where does this tension come from ? 
What can we do to relieve it ?

•But from Planck CMB anisotropies spectra, LCDM+AL gives
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Setting the stage

Planck constraints from CMB anisotropies are derived from 

• theoretical model (Boltzmann solver) 

– CAMB, Lewis&Challinor (camb.info) 

– CLASS, J. Lesgourgues (class-code.net) [arXiv:1104.2932] 

• CMB data (two-component likelihoods) 

– low-� (lowTEB)  
temperature and polarisation map based likelihood 

– high-� (Plik but also Hillipop, CamSpec, Mspec)  
gaussian likelihood (temperature & TE/EE polarisation) 

• Statistical analysis (parameter estimation) 

– Bayesian inference using Monte Carlo Markov Chains to explore 
the likelihood function (usual in cosmology) 

– Profile likelihoods (more common in particle physics)

camel.in2p3.fr

M. Tristram

http://camb.info
http://class-code.net
http://camel.in2p3.fr


•Results from Planck: 

•Theoretical impact from the Boltzmann solver: 

•Systematic impact from the statistical analysis: 

COSMO17, Paris, Sep. 2017

AL from Plik+lowTEB

[Planck 2015 results. XIII, A&A 594, A13 (2016)]

Where does this tension come from ? 
What can we do to relieve it ?

✓ theoretical uncertainties (but low level) 
✓ small volume effect  

(difference between best-fit and posterior maximum)

M. Tristram



One of the high-� Planck likelihood (�>50) in temperature and polarisation based 

on cross-spectra of the 100, 143 and 217GHz maps of the 2015 Planck release 

• regions with high level of foregrounds contamination are masked before 
computing spectra 

• foregrounds residuals are modeled  
in Hillipop as power spectra templates  
from Planck measurements 

– Galactic emission (dust) 

– Galaxy clustering (CIB) 

– SZ (thermal, kinetic and SZxCIB) 

– Point sources

COSMO17, Paris, Sep. 2017

The Hillipop high-� likelihood

[Planck 2015 results. XI, A&A 594, A11 (2016)] 
[Couchot et al., A&A 602 A41 (2017), arXiv:1609.09730]M. Tristram
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The high-� likelihoods

•The main differences with Plik* ? 

1.we use all 15 cross-spectra** from 6 maps 
v.s. only 7 selected cross-spectra in Plik 

2.intercalibration coefficients are defined at the map level  
v.s. spectra level in Plik 

3.Point sources are identified and separated from high latitude cirrus dust 
clouds before masking  
v.s. mixed in Plik masks 

4.residual foregrounds are modeled using Planck measurements for SED 
and spectral shape 
v.s. analytical models for Plik with additional constraint in the SZ sector 

derived from ACT data:

M. Tristram

(*) [Planck 2015 results. XI, A&A 594 A11 (2016)]  
(**) [Tristram et al., MNRAS 358 833 (2005)]



Parameters Plik + lowTEB Hillipop T + lowTEB Hillipop X + lowTEB
⌦bh

2 0.02225 ± 0.00023 0.02220 ± 0.00022 0.02223 ± 0.00024
⌦ch

2 0.1197 ± 0.0022 0.1196 ± 0.0022 0.1193 ± 0.0020
100✓s 1.04188 ± 0.00044 1.04178 ± 0.00044 1.04178 ± 0.00049
⌧ 0.078 ± 0.019 0.070 ± 0.018 0.066 ± 0.020
log(1010

As) 3.089 ± 0.036 3.071 ± 0.035 3.057 ± 0.042
ns 0.9655 ± 0.0062 0.9659 ± 0.0060 0.9632 ± 0.0101

Table 1. Central value and 68% confidence limit for the base ⇤CDM model with HiLLiPOP likelihoods with a prior on ⌧ (0.058 ±
0.012).
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ΛCDM results

•Comparison between Hillipop and Plik

M. Tristram
[Planck 2015 results. XI, A&A 594, A11 (2016)]
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AL profile likelihood

M. Tristram

AL = 1.16+0.10
�0.09 (Hillipop + lowTEB)

[Couchot et al., A&A 597 A126 (2017), arXiv:1510.07600]



Parameters Plik + lowTEB Hillipop T + lowTEB Hillipop X + lowTEB
⌦bh

2 0.02225 ± 0.00023 0.02220 ± 0.00022 0.02223 ± 0.00024
⌦ch

2 0.1197 ± 0.0022 0.1196 ± 0.0022 0.1193 ± 0.0020
100✓s 1.04188 ± 0.00044 1.04178 ± 0.00044 1.04178 ± 0.00049
⌧ 0.078 ± 0.019 0.070 ± 0.018 0.066 ± 0.020
log(1010

As) 3.089 ± 0.036 3.071 ± 0.035 3.057 ± 0.042
ns 0.9655 ± 0.0062 0.9659 ± 0.0060 0.9632 ± 0.0101

Table 1. Central value and 68% confidence limit for the base ⇤CDM model with HiLLiPOP likelihoods with a prior on ⌧ (0.058 ±
0.012).
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ΛCDM results

•Comparison between Hillipop and Plik

-    mainly driven by the low-� data 
-    and     are correlated through the amplitude of spectra

why different  ?

Parameters Plik + lowTEB Hillipop T + lowTEB Hillipop X + lowTEB
⌦bh

2 0.02225 ± 0.00023 0.02220 ± 0.00022 0.02223 ± 0.00024
⌦ch

2 0.1197 ± 0.0022 0.1196 ± 0.0022 0.1193 ± 0.0020
100✓s 1.04188 ± 0.00044 1.04178 ± 0.00044 1.04178 ± 0.00049
⌧ 0.078 ± 0.019 0.070 ± 0.018 0.066 ± 0.020
log(1010

As) 3.089 ± 0.036 3.071 ± 0.035 3.057 ± 0.042
ns 0.9655 ± 0.0062 0.9696 ± 0.0060 0.9716 ± 0.0101

Table 1. Central value and 68% confidence limit for the base ⇤CDM model with HiLLiPOP likelihoods with a prior on ⌧ (0.058 ±
0.012).

2

tension between low-� and high-� data ?

M. Tristram
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optical depth profile likelihoods

M. Tristram

⌧ = 0.122+0.034
�0.036 (Hillipop)⌧ = 0.058+0.012

�0.012 (lollipop)

low-� high-�

“Constraints on reionization history”  
[Planck intermediate results. XLVII. A&A, 596, A108 (2016)]



! prior =0.07
! prior =0.17
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optical depth and AL

M. Tristram

Planck 
+
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additional data

AL = 1.05± 0.06 (Plik+lowTEB+lensing)

AL = 1.06± 0.06 (Hillipop+lowTEB+lensing)

• combination with CMB lensing likelihood 

– with lower optical depth (! = 0.066 ± 0.016) 

• combination with Very-High-� CMB data (ACT+SPT) 

– foregrounds better constrained 

– optical depth closer to low-� likelihoods (! = 0.059 ± 0.017) 

M. Tristram
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neutrinos

• tension on AL shows up on the neutrino sector 

– high value for AL ⇾ artificially tighter constraints on ∑m"

M. Tristram

F. Couchot et al.: Cosmological constraints on the neutrino mass including systematic uncertainties

Figure 7. ⌃m⌫ profile likelihoods derived for the combina-
tion of lowTEB, various Planck high-` likelihoods, BAO
and SNIa: A comparison is made between hlpTT, hlpTTps,
and PlikTT.

PlanckTT+lowTEB ⌃m⌫ A

L

BAO+SNIa limit (eV)
hlpTT 0.18 1.16±0.09
hlpTTps 0.20 1.14±0.08
PlikTT 0.17 1.19±0.09

Table 2. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
(i.e. with A

L

= 1) and results on A

L

(68% CL) in the
⇤CDM(3⌫)+A

L

model (i.e. with ⌃m⌫ = 0.06 eV) obtained
when combining the Planck TT+lowTEB+BAO+SNIa.

that the model and the data are in very good agreement.
The information added by the A

SZ

constraint is of no use in
this particular combination of data within the ⌫⇤CDM(3⌫)
model. The systematic uncertainty on the ⌃m⌫ limit due
the foreground modelling, deduced from this comparison,
is therefore estimated to be of the order of 0.03 eV for this
particular data combination.

As expected, the main improvement with respect to the
Planck only case comes from the addition of the BAO
dataset: the contribution on the ⌃m⌫ limit of the addition
of SNIa is of the order of ' 0.01 eV.

4.2. Impact of low-` likelihoods

While in the previous Section we focused on the estima-
tion of the remaining systematic uncertainties linked to the
choice of the high-` likelihood, a comparison of the low-`
parts is now performed. We already discussed in Sect. 3.3
the impact of this choice on the results derived from CMB
data only; this comparison focuses on the combination of
BAO and SNIa data.

The results are summarised in Fig. 8. For the two
HiLLiPOP likelihoods, tightening the constraints on ⌧

reio

with the use of ⌧
reio

+Commander in place of lowTEBre-
sults in a limit of 0.15 eV (resp. 0.16 eV) for hlpTTps
(resp. hlpTT) and amounts to a few 10

�2 eV decrease
compared to the lowTEB case. This decrease is a di-
rect consequence of both the (⌃m⌫ ,⌧reio) correlation

Figure 8. ⌃m⌫ profile likelihoods derived for the combi-
nation of Planck high-` likelihoods (hlpTT and hlpTTps)
with BAO and SNIa, and either lowTEB or the ⌧ auxiliary
constraint at low-`.

PlanckTE+low-` ⌃m⌫

+BAO+SNIa limit (eV)
hlpTE+lowTEB 0.20
hlpTE+⌧

reio

+Commander 0.19
Table 3. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
obtained with hlpTE+BAO+SNIa in combination with
lowTEB, or an auxiliary constraint on ⌧

reio

and Commander.

(Allison et al. 2015), and the smaller value of the reion-
isation optical depth constraint from ⇠ 0.07 to 0.058
(Planck Collaboration Int. XLVII 2016).

4.3. Cross-check with TE

As pointed out in Galli et al. (2014) and Couchot et al.
(2017), CMB temperature-polarisation cross-correlations
(TE) give competitive constraints on ⇤CDM parameters.
The leading advantage of using only these data is that one
depends very weakly on foreground residuals and therefore
uncertainty linked to the model parametrisation is reduced.
In practice, only one foreground nuisance parameter is re-
quired: The amplitude of the polarized dust. Nevertheless,
the S/N being lower than in the TT case for Planck, a like-
lihood based on TE spectra is not competitive when con-
straining extensions to the six ⇤CDM parameters. Indeed
an estimation of the TE-only constraint on ⌃m⌫ would lead
to a limit higher than 1 eV. However, as soon as BAO data
are added, one obtains a constraint competitive with TT
as shown in Fig. 9. As in the TT case, all profile likelihoods
are nicely parabolic, and the corresponding limits are sum-
marised in Table 3.

As for temperature-only data, adding the SNIa data
improves only very marginally the results up to 0.01 eV.
Tests of the dependencies on the low-` likelihoods have also
been performed and an example is given in Table 3. As a
final result, we obtain ⌃m⌫<0.20 eV at 95% CL as strong as
in the TT case, showing that the loss in signal over noise of
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[Couchot et al., A&A forthcoming, arXiv:1703.10829]
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Figure 7. ⌃m⌫ profile likelihoods derived for the combina-
tion of lowTEB, various Planck high-` likelihoods, BAO
and SNIa: A comparison is made between hlpTT, hlpTTps,
and PlikTT.
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(i.e. with A
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(68% CL) in the
⇤CDM(3⌫)+A
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model (i.e. with ⌃m⌫ = 0.06 eV) obtained
when combining the Planck TT+lowTEB+BAO+SNIa.

that the model and the data are in very good agreement.
The information added by the A

SZ

constraint is of no use in
this particular combination of data within the ⌫⇤CDM(3⌫)
model. The systematic uncertainty on the ⌃m⌫ limit due
the foreground modelling, deduced from this comparison,
is therefore estimated to be of the order of 0.03 eV for this
particular data combination.

As expected, the main improvement with respect to the
Planck only case comes from the addition of the BAO
dataset: the contribution on the ⌃m⌫ limit of the addition
of SNIa is of the order of ' 0.01 eV.

4.2. Impact of low-` likelihoods

While in the previous Section we focused on the estima-
tion of the remaining systematic uncertainties linked to the
choice of the high-` likelihood, a comparison of the low-`
parts is now performed. We already discussed in Sect. 3.3
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compared to the lowTEB case. This decrease is a di-
rect consequence of both the (⌃m⌫ ,⌧reio) correlation

Figure 8. ⌃m⌫ profile likelihoods derived for the combi-
nation of Planck high-` likelihoods (hlpTT and hlpTTps)
with BAO and SNIa, and either lowTEB or the ⌧ auxiliary
constraint at low-`.

PlanckTE+low-` ⌃m⌫

+BAO+SNIa limit (eV)
hlpTE+lowTEB 0.20
hlpTE+⌧

reio

+Commander 0.19
Table 3. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
obtained with hlpTE+BAO+SNIa in combination with
lowTEB, or an auxiliary constraint on ⌧

reio

and Commander.

(Allison et al. 2015), and the smaller value of the reion-
isation optical depth constraint from ⇠ 0.07 to 0.058
(Planck Collaboration Int. XLVII 2016).

4.3. Cross-check with TE

As pointed out in Galli et al. (2014) and Couchot et al.
(2017), CMB temperature-polarisation cross-correlations
(TE) give competitive constraints on ⇤CDM parameters.
The leading advantage of using only these data is that one
depends very weakly on foreground residuals and therefore
uncertainty linked to the model parametrisation is reduced.
In practice, only one foreground nuisance parameter is re-
quired: The amplitude of the polarized dust. Nevertheless,
the S/N being lower than in the TT case for Planck, a like-
lihood based on TE spectra is not competitive when con-
straining extensions to the six ⇤CDM parameters. Indeed
an estimation of the TE-only constraint on ⌃m⌫ would lead
to a limit higher than 1 eV. However, as soon as BAO data
are added, one obtains a constraint competitive with TT
as shown in Fig. 9. As in the TT case, all profile likelihoods
are nicely parabolic, and the corresponding limits are sum-
marised in Table 3.

As for temperature-only data, adding the SNIa data
improves only very marginally the results up to 0.01 eV.
Tests of the dependencies on the low-` likelihoods have also
been performed and an example is given in Table 3. As a
final result, we obtain ⌃m⌫<0.20 eV at 95% CL as strong as
in the TT case, showing that the loss in signal over noise of
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AL = 1.16 ± 0.09

AL = 1.14 ± 0.08

AL = 1.19 ± 0.09

ΛCDM+ ΛCDM+
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neutrinos

• tension on AL shows up on the neutrino sector 

– high value for AL ⇾ artificially tighter constraints on ∑m" 

• only when adding to Planck data: 

– new version of BAO data (DR12) 

– optical depth from [Planck Collaboration Int. XLVII 2016] 

we can obtain

M. Tristram [Couchot et al., A&A forthcoming, arXiv:1703.10829]

Σmν < 0.17 [incl. 0.01 (foreground syst.)] eV at 95% CL 

F. Couchot et al.: Cosmological constraints on the neutrino mass including systematic uncertainties

Figure 7. ⌃m⌫ profile likelihoods derived for the combina-
tion of lowTEB, various Planck high-` likelihoods, BAO
and SNIa: A comparison is made between hlpTT, hlpTTps,
and PlikTT.

PlanckTT+lowTEB ⌃m⌫ A

L

BAO+SNIa limit (eV)
hlpTT 0.18 1.16±0.09
hlpTTps 0.20 1.14±0.08
PlikTT 0.17 1.19±0.09

Table 2. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
(i.e. with A

L

= 1) and results on A

L

(68% CL) in the
⇤CDM(3⌫)+A

L

model (i.e. with ⌃m⌫ = 0.06 eV) obtained
when combining the Planck TT+lowTEB+BAO+SNIa.

that the model and the data are in very good agreement.
The information added by the A

SZ

constraint is of no use in
this particular combination of data within the ⌫⇤CDM(3⌫)
model. The systematic uncertainty on the ⌃m⌫ limit due
the foreground modelling, deduced from this comparison,
is therefore estimated to be of the order of 0.03 eV for this
particular data combination.

As expected, the main improvement with respect to the
Planck only case comes from the addition of the BAO
dataset: the contribution on the ⌃m⌫ limit of the addition
of SNIa is of the order of ' 0.01 eV.

4.2. Impact of low-` likelihoods

While in the previous Section we focused on the estima-
tion of the remaining systematic uncertainties linked to the
choice of the high-` likelihood, a comparison of the low-`
parts is now performed. We already discussed in Sect. 3.3
the impact of this choice on the results derived from CMB
data only; this comparison focuses on the combination of
BAO and SNIa data.

The results are summarised in Fig. 8. For the two
HiLLiPOP likelihoods, tightening the constraints on ⌧

reio

with the use of ⌧
reio

+Commander in place of lowTEBre-
sults in a limit of 0.15 eV (resp. 0.16 eV) for hlpTTps
(resp. hlpTT) and amounts to a few 10

�2 eV decrease
compared to the lowTEB case. This decrease is a di-
rect consequence of both the (⌃m⌫ ,⌧reio) correlation

Figure 8. ⌃m⌫ profile likelihoods derived for the combi-
nation of Planck high-` likelihoods (hlpTT and hlpTTps)
with BAO and SNIa, and either lowTEB or the ⌧ auxiliary
constraint at low-`.

PlanckTE+low-` ⌃m⌫

+BAO+SNIa limit (eV)
hlpTE+lowTEB 0.20
hlpTE+⌧

reio

+Commander 0.19
Table 3. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
obtained with hlpTE+BAO+SNIa in combination with
lowTEB, or an auxiliary constraint on ⌧

reio

and Commander.

(Allison et al. 2015), and the smaller value of the reion-
isation optical depth constraint from ⇠ 0.07 to 0.058
(Planck Collaboration Int. XLVII 2016).

4.3. Cross-check with TE

As pointed out in Galli et al. (2014) and Couchot et al.
(2017), CMB temperature-polarisation cross-correlations
(TE) give competitive constraints on ⇤CDM parameters.
The leading advantage of using only these data is that one
depends very weakly on foreground residuals and therefore
uncertainty linked to the model parametrisation is reduced.
In practice, only one foreground nuisance parameter is re-
quired: The amplitude of the polarized dust. Nevertheless,
the S/N being lower than in the TT case for Planck, a like-
lihood based on TE spectra is not competitive when con-
straining extensions to the six ⇤CDM parameters. Indeed
an estimation of the TE-only constraint on ⌃m⌫ would lead
to a limit higher than 1 eV. However, as soon as BAO data
are added, one obtains a constraint competitive with TT
as shown in Fig. 9. As in the TT case, all profile likelihoods
are nicely parabolic, and the corresponding limits are sum-
marised in Table 3.

As for temperature-only data, adding the SNIa data
improves only very marginally the results up to 0.01 eV.
Tests of the dependencies on the low-` likelihoods have also
been performed and an example is given in Table 3. As a
final result, we obtain ⌃m⌫<0.20 eV at 95% CL as strong as
in the TT case, showing that the loss in signal over noise of
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Figure 9. ⌃m⌫ profile likelihoods obtained when combin-
ing hlpTE with either lowTEB (red), or an auxiliary con-
straint on ⌧

reio

+Commander (blue) and with BAO and SNIa.

TE (statistical uncertainty) is balanced by improved control
of foreground modelling (systematic uncertainty).

4.4. A
L

and ⌃m⌫

4.4.1. ⌫⇤CDM(3⌫) model

As previously stated, CMB data tend to favour a value of
A

L

greater than one. In the combination of Planck high-
` likelihood with lowTEB, BAO and SNIa, the A

L

values
estimated in the ⇤CDM(3⌫)+A

L

model, are summarised in
the third column of Table 2. As expected they are almost
identical to the ones obtained with CMB data only.

The fact that A
L

is not fully compatible with the ⇤CDM

model, has to be taken into account when stating final state-
ments on ⌃m⌫ since, otherwise, the results are not obtained
within a coherent model: On one side we fix A

L

to one by
working within a ⌫⇤CDM model while the data are, at
least, ' 2� away from this value, and on the other side,
fixing A

L

= 1 results, artificially, in a tighter constraint on
⌃m⌫ . This last effect can be seen, for example, in Table 2,
for which the higher the A

L

value, the tighter the constraint
on ⌃m⌫ .

There are two ways to propagate this effect on the ⌃m⌫

limit determination. The first is to open up the parameter
space to ⌫⇤CDM(3⌫)+A

L

(as it is done in the Sect. 4.4.2).
The second is to better constrain the lensing sector by con-
sidering the Planck lensing likelihood and then to fit only
for the ⌃m⌫ extension using the ⌫⇤CDM(3⌫) model, fixing
A

L

= 1 (cf. Sect. 4.4.3).

4.4.2. The ⌫⇤CDM(3⌫)+A

L

model

In this Section, we open the ⌫⇤CDM(3⌫) parameter space
to A

L

for the combination of Planck high-` likelihoods
with lowTEB+BAO+SNIa.

The limits derived from the corresponding profile likeli-
hoods are summarised in Table 4. The increase of the limits
with respect to those of Table 2 results from two effects.
First of all we open up the parameter space, propagating

the uncertainty on A

L

on the ⌃m⌫ determination. The sec-
ond effect is linked to the fact that, as already stated, the
CMB data tend to favour a higher A

L

value than expected
within a ⇤CDM model. We have observed that this effect
propagates as an increase of the baryon energy density, a
slight decrease of the cold dark matter energy density, and
this shows up, with a fixed geometry, as a higher neutrino
energy density. Those two combined effects drive the limit
to high values of ⌃m⌫ when fitting for both ⌃m⌫ and A

L

.

PlanckTT+lowTEB (⌃m⌫ [eV],A
L

)
BAO+SNIa
hlpTT (0.39, 1.22± 0.12)
hlpTTps (0.34, 1.18± 0.10)
PlikTT (0.40, 1.28± 0.12)

Table 4. Results on ⌃m⌫ (95% CL upper lim-
its) and A

L

(68% CL) obtained from a combined
fit in the ⌫⇤CDM(3⌫)+A

L

model with Planck
TT+lowTEB+BAO+SNIa.

4.4.3. Combining with CMB lensing

Another way of tackling the A

L

problem is to add the lens-
ing Planck likelihood to the combination (see Sect. 2.4).
This allows us to obtain a lower A

L

value, as shown in
the third column of Table 5 in the ⇤CDM(3⌫)+A

L

model.
With this combination, the A

L

value extracted from the
data is fully compatible with the ⇤CDM model, allowing
us to derive a limit on ⌃m⌫ together with a coherent A

L

value.
As expected, in the ⇤CDM(3⌫) model, the ⌃m⌫ limits

are therefore pushed toward higher values than what has
been presented in Table 2: This is exemplified by the second
column of Table 5.

PlanckTT+lowTEB ⌃m⌫ A

L

BAO+SNIa+lensing limits (eV)
hlpTT 0.21 1.06 ± 0.05
hlpTTps 0.21 1.06 ± 0.06
PlikTT 0.23 1.05 ± 0.06

Table 5. 95% CL upper limits on ⌃m⌫ in
⌫⇤CDM(3⌫) (i.e. with A

L

= 1) and results on A

L

(68% CL) in the ⇤CDM(3⌫)+A

L

model (i.e. with
⌃m⌫ = 0.06 eV) obtained when combining Planck
TT+lowTEB+BAO+SNIa+lensing.

4.5. Constraint on the neutrino mass hierarchy

As explained in Sect. 1.4, the neutrino mass repartition
leaves a very small signature on the CMB and matter power
spectra. In this section, we test whether or not the combi-
nation of modern cosmological data is sensitive to it.

We compare the results obtained with four configu-
rations of neutrino mass settings. The first one corre-
sponds to one massive and two massless neutrinos as in
⌫⇤CDM(1⌫) and is labelled [1⌫]. The second one is built
under the assumption of three mass-degenerate neutrinos
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Acronym Description
hlpTT high-` HiLLiPOP temperature Planck likelihood (cf. Sect 2.1)
hlpTTps high-` HiLLiPOP temperature Planck likelihood with an astrophysical model of point sources
PlikTT public high-` temperature Planck likelihood
TT refers to the temperature CMB data
TE refers to the TE CMB correlations
ALL refers to the combination of temperature and polarisation CMB data (incl. TT and TE)
Comm Commander low-` temperature Planck public likelihood (cf. Sect 2.2)
lowTEB pixel-based temperature and polarisation low-` Planck public likelihood (cf. Sect 2.2)
⌧
reio

auxiliary constraint on ⌧
reio

from Planck reionisation measurement with Lollipop (cf. Sect 2.2)
VHL very high-` data (cf. Sect 3.4)
BAO latest DR12 BAO data (cf. Sect 2.5)
SNIa JLA supernovae compilation (cf. Sect 2.6)

Table 1. Summary of data and likelihoods with their corresponding acronyms. All are ready to use in the CAMEL
software. Plik, Commander, lowTEB are available through the Planck PLA.

tra. Unless otherwise explicitly stated, only the tempera-
ture (TT) part is considered in the following.

Together with auxiliary constraints on nuisance param-
eters (such as the relative and absolute calibration) as-
sociated to each likelihood, we can also add a Gaussian
constraint to the SZ template amplitudes as suggested in
Planck Collaboration XI (2016). This constraint is based
on a joint analysis of the Planck-2013 data with those
from ACT and SPT (see Sect. 2.3) and reads:

A
SZ = A

kSZ + 1.6A
tSZ = 9.5± 3 µK2, (4)

when normalized at ` = 3000. The role of this additional
constraint is also discussed in the following.

2.2. Low-`

At low-`, two options are investigated to study the impact
of one choice or another on the ⌃m⌫ limit determination:

– lowTEBA pixel-based likelihood that relies on the
Planck low-frequency instrument 70 GHz maps for po-
larisation and on a component-separated map using all
Planck frequencies for temperature (Commander).

– A combination of a temperature-only likelihood,
Commander (Planck Collaboration XI 2016), based on a
component-separated map using all Planck frequen-
cies, and a Gaussian auxiliary constraint on the reioni-
sation optical depth,

⌧
reio

= 0.058± 0.012 ,

derived from the last Planck results of the reionisation
optical depth (Planck Collaboration Int. XLVII 2016)
Lollipop likelihood (Mangilli et al. 2015).

2.3. High-resolution CMB data

High resolution CMB data, namely the ACT, SPT_high, and
SPT_low datasets are also used in this work. They are later
quoted “VHL” (Very high-`) when combined altogether.
The ACT data are those presented in Das et al. (2014).
They correspond to cross power spectra between the 148
and 220 GHz channels built from observations performed
on two different sky areas (an equatorial strip of about
300 deg

2 and a southern strip of 292 deg

2 for the 2008
season, and about 100 deg

2 otherwise) and during several
seasons (between 2007 and 2010), for multipoles between

1000 and 10000 (for 148⇥148) and 1500 to 10000 other-
wise. For SPT, two distinct datasets are examined. The
higher ` part, dubbed SPT_high, implements the results,
described in Reichardt et al. (2012), from the observations
of 800 deg

2 at 95, 150, and 220 GHz of the SPT-SZ sur-
vey. The cross-spectra cover the ` range between 2000 and
10000. As in Couchot et al. (2017), we prefer not to consider
the more recent data from George et al. (2015) because the
calibration, based on the Planck 2013 release, leads to a
1% offset with respect to the last Planck data. We also
add the Story et al. (2012) dataset, dubbed SPT_low, con-
sisting of a 150 GHz power spectrum, which ranges from
` = 650 to 3000, resulting from the analysis of observations
of a field of 2540 deg

2. Both SPT datasets have an overlap
in terms of sky coverage and frequency. We have however
checked that this did not bias the results by, for example,
removing the 150x150 GHz part from the SPT_high likeli-
hood, as was done in Couchot et al. (2017).

2.4. Planck CMB Lensing

The full sky CMB temperature and polarisation distribu-
tions are inhomogeneously affected by gravitational lensing
due to large-scale structures. This is reflected in additional
correlations between large and small scales, and, in partic-
ular, in a smoothing of the power spectra in TT, TE, and
EE. From the reconstruction of the four-point correlation
functions (Hu & Okamoto 2002), one can reconstruct the
power spectrum of the lensing potential C��

` of the lens-
ing potential �. In the following we make use of the corre-
sponding 2015 temperature lensing likelihood estimated by
Planck (Planck Collaboration XV 2016).

2.5. Baryon acoustic oscillations

In Sect. 4, information from the late-time evolution of
the Universe geometry are also included. The more accu-
rate and robust constraints on this epoch come from the
BAO scale evolution. They bring cosmological parameter
constraints that are highly complementary with those ex-
tracted from CMB, as their degeneracy directions are dif-
ferent.

BAO generated by acoustic waves in the primordial
fluid can be accurately estimated from the two-point cor-
relation function of galaxy surveys. In this work, we use
the acoustic-scale distance ratio DV(z)/rdrag measurements
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Conclusions

• We investigated the tension on AL using Planck CMB anisotropie data 

• This can be explained neither by theoretical uncertainties nor by volume 
effects in the likelihood sampling (difference between bestfit and 
posterior maximum) 

• Comparing with the alternative Planck high-� likelihood Hillipop 
(including different foreground models and slight changes in the data 
treatment), we found a lower AL indicating an effect from systematic 
residuals (2.6# with Plik+lowTEB, 1.6# with Hillipop+lowTEB) 

• We showed that this tension is directly related to a tension on $ 

between low-� and high-� likelihoods (2.2# with Plik, 1.3# with Hillipop) 

• Impact on cosmological parameters 

–ΛCDM: a significant effect on the reionization optical depth 

– extensions: upper limit on neutrino masses is affected (artificially tighter)

M. Tristram
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