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Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orange-
yellow) and their joint analysis (pink). Red contours show the Planck legacy results for TT,TE,EE+lowE. Constraints on�8 and⌦m are shown in the
left panel, while the right panel shows results for S 8 = �8(⌦m/0.3)0.5 and⌦m. KV450 constraints for S 8 = 0.737+0.036

�0.038, DES-Y1 S 8 = 0.755±0.023
and their joint constraint is S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with the Planck constraints S 8 = 0.834 ± 0.016.

ical information. Using HMCode to marginalise over the e↵ect
of baryon feedback, however, results in e↵ectively excluding all
small physical scale information (large `-scales in Fig. 1) that
would have otherwise provided additional information from ⇠±.

5. Conclusions

In this paper we presented cosmic shear constraints on S 8 =
�8(⌦m/0.3)0.5, using COSEBIs measurements on KV450 and
DES-Y1 data. We analysed each dataset separately and found
good agreement with their primary analyses that employed
shear two-point correlation functions. We homogenised the pri-
ors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no cross-
correlations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale ef-
fects, such as baryon feedback. T18 included conservative cuts,
removing the necessity to model and marginalise over baryon
feedback. Here we showed that COSEBIs are considerably less
sensitive to small physical scales and are therefore less a↵ected
by the impact of baryon feedback on the matter power spectrum,
in contrast to ⇠±. In addition, COSEBIs, much like ⇠�, are in-
sensitive to a constant shear bias. Consequently, we were able to
use COSEBIs measurements on the angular range of [0.50, 2500]
and [0.50, 3000] for DES and KiDS, respectively. This extended
range of scales tightened the confidence region for S 8 derived
from DES-Y1 data by 17% compared to the analysis of T18. For
KV450 we use the same angular range as H19 when considering
the combination of both 2PCFs, [0.50, 3000], and therefore find
very similar results with a reduction of 3% for S 8 confidence
regions with our COSEBIs analysis.

For the DES-Y1 analysis we explored three setups: 1) T18
setup with DES bpz redshift distributions, 2) H19 setup with

DES bpz redshift distributions and 3) H19 setup with DIR spec-
troscopically calibrated redshift distributions. The first case cor-
responds to the setup used in Troxel et al. (2018b) and the H19
setup matches Hildebrandt et al. (2019). H19 demonstrated that
if the redshift distributions of galaxies are not calibrated with
su�ciently deep spectroscopic surveys, the resulting cosmolog-
ical analysis can be shifted towards larger values of S 8. This can
be true even if we allow for uncorrelated additive redshift cali-
bration parameters for each tomographic bin in the analysis, as
the calibration error is typically correlated between redshift bins.
We therefore chose to analyse the data with the DIR spectroscop-
ically calibrated redshift distributions. For our joint analysis, we
needed to make a decision for the set of parameters and priors to
be sampled, where we chose to follow the H19 setup for both sur-
veys following Joudaki et al. (2019). Therefore, setup 2 was de-
signed to isolate the e↵ect of moving from the T18 setup to one
matching H19. We find that setup 1 results in S 8 = 0.779+0.018

�0.038,
setup 2 shifts S 8 to larger values: 0.784+0.025

�0.024 and the outcome of
setup 3 which is our fiducial analysis is S 8 = 0.755 ± 0.023. We
note here that the constraints on ⌦m and �8 are a↵ected by the
choice of priors, which is an interesting topic to be investigated
in the future.

Our joint analysis of DES-Y1 and KV450, assuming flat
⇤CDM, results in S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with
the Planck Legacy result (TT,TE,EE+lowE), S 8 = 0.834±0.016.
Joudaki et al. (2019) drew the same conclusion when combining
DES-Y1 and KV450 using ⇠±, S 8 = 0.762+0.025

�0.024 which is in good
agreement with our analysis (2.5� discrepancy with Planck).
Since we include small angular scales in our analysis we ob-
tain tighter constraints and as such a larger than 3� tension with
the Planck results. This with the fact that we use COSEBIs in-
stead of 2PCFs in our analysis explains the di↵erences between
our results. In particular, the COSEBIs analysis of DES-Y1 data
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Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orange-
yellow) and their joint analysis (pink). Red contours show the Planck legacy results for TT,TE,EE+lowE. Constraints on�8 and⌦m are shown in the
left panel, while the right panel shows results for S 8 = �8(⌦m/0.3)0.5 and⌦m. KV450 constraints for S 8 = 0.737+0.036

�0.038, DES-Y1 S 8 = 0.755±0.023
and their joint constraint is S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with the Planck constraints S 8 = 0.834 ± 0.016.

ical information. Using HMCode to marginalise over the e↵ect
of baryon feedback, however, results in e↵ectively excluding all
small physical scale information (large `-scales in Fig. 1) that
would have otherwise provided additional information from ⇠±.

5. Conclusions

In this paper we presented cosmic shear constraints on S 8 =
�8(⌦m/0.3)0.5, using COSEBIs measurements on KV450 and
DES-Y1 data. We analysed each dataset separately and found
good agreement with their primary analyses that employed
shear two-point correlation functions. We homogenised the pri-
ors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no cross-
correlations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale ef-
fects, such as baryon feedback. T18 included conservative cuts,
removing the necessity to model and marginalise over baryon
feedback. Here we showed that COSEBIs are considerably less
sensitive to small physical scales and are therefore less a↵ected
by the impact of baryon feedback on the matter power spectrum,
in contrast to ⇠±. In addition, COSEBIs, much like ⇠�, are in-
sensitive to a constant shear bias. Consequently, we were able to
use COSEBIs measurements on the angular range of [0.50, 2500]
and [0.50, 3000] for DES and KiDS, respectively. This extended
range of scales tightened the confidence region for S 8 derived
from DES-Y1 data by 17% compared to the analysis of T18. For
KV450 we use the same angular range as H19 when considering
the combination of both 2PCFs, [0.50, 3000], and therefore find
very similar results with a reduction of 3% for S 8 confidence
regions with our COSEBIs analysis.

For the DES-Y1 analysis we explored three setups: 1) T18
setup with DES bpz redshift distributions, 2) H19 setup with

DES bpz redshift distributions and 3) H19 setup with DIR spec-
troscopically calibrated redshift distributions. The first case cor-
responds to the setup used in Troxel et al. (2018b) and the H19
setup matches Hildebrandt et al. (2019). H19 demonstrated that
if the redshift distributions of galaxies are not calibrated with
su�ciently deep spectroscopic surveys, the resulting cosmolog-
ical analysis can be shifted towards larger values of S 8. This can
be true even if we allow for uncorrelated additive redshift cali-
bration parameters for each tomographic bin in the analysis, as
the calibration error is typically correlated between redshift bins.
We therefore chose to analyse the data with the DIR spectroscop-
ically calibrated redshift distributions. For our joint analysis, we
needed to make a decision for the set of parameters and priors to
be sampled, where we chose to follow the H19 setup for both sur-
veys following Joudaki et al. (2019). Therefore, setup 2 was de-
signed to isolate the e↵ect of moving from the T18 setup to one
matching H19. We find that setup 1 results in S 8 = 0.779+0.018

�0.038,
setup 2 shifts S 8 to larger values: 0.784+0.025

�0.024 and the outcome of
setup 3 which is our fiducial analysis is S 8 = 0.755 ± 0.023. We
note here that the constraints on ⌦m and �8 are a↵ected by the
choice of priors, which is an interesting topic to be investigated
in the future.

Our joint analysis of DES-Y1 and KV450, assuming flat
⇤CDM, results in S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with
the Planck Legacy result (TT,TE,EE+lowE), S 8 = 0.834±0.016.
Joudaki et al. (2019) drew the same conclusion when combining
DES-Y1 and KV450 using ⇠±, S 8 = 0.762+0.025

�0.024 which is in good
agreement with our analysis (2.5� discrepancy with Planck).
Since we include small angular scales in our analysis we ob-
tain tighter constraints and as such a larger than 3� tension with
the Planck results. This with the fact that we use COSEBIs in-
stead of 2PCFs in our analysis explains the di↵erences between
our results. In particular, the COSEBIs analysis of DES-Y1 data
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Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orange-
yellow) and their joint analysis (pink). Red contours show the Planck legacy results for TT,TE,EE+lowE. Constraints on�8 and⌦m are shown in the
left panel, while the right panel shows results for S 8 = �8(⌦m/0.3)0.5 and⌦m. KV450 constraints for S 8 = 0.737+0.036

�0.038, DES-Y1 S 8 = 0.755±0.023
and their joint constraint is S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with the Planck constraints S 8 = 0.834 ± 0.016.

ical information. Using HMCode to marginalise over the e↵ect
of baryon feedback, however, results in e↵ectively excluding all
small physical scale information (large `-scales in Fig. 1) that
would have otherwise provided additional information from ⇠±.

5. Conclusions

In this paper we presented cosmic shear constraints on S 8 =
�8(⌦m/0.3)0.5, using COSEBIs measurements on KV450 and
DES-Y1 data. We analysed each dataset separately and found
good agreement with their primary analyses that employed
shear two-point correlation functions. We homogenised the pri-
ors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no cross-
correlations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale ef-
fects, such as baryon feedback. T18 included conservative cuts,
removing the necessity to model and marginalise over baryon
feedback. Here we showed that COSEBIs are considerably less
sensitive to small physical scales and are therefore less a↵ected
by the impact of baryon feedback on the matter power spectrum,
in contrast to ⇠±. In addition, COSEBIs, much like ⇠�, are in-
sensitive to a constant shear bias. Consequently, we were able to
use COSEBIs measurements on the angular range of [0.50, 2500]
and [0.50, 3000] for DES and KiDS, respectively. This extended
range of scales tightened the confidence region for S 8 derived
from DES-Y1 data by 17% compared to the analysis of T18. For
KV450 we use the same angular range as H19 when considering
the combination of both 2PCFs, [0.50, 3000], and therefore find
very similar results with a reduction of 3% for S 8 confidence
regions with our COSEBIs analysis.

For the DES-Y1 analysis we explored three setups: 1) T18
setup with DES bpz redshift distributions, 2) H19 setup with

DES bpz redshift distributions and 3) H19 setup with DIR spec-
troscopically calibrated redshift distributions. The first case cor-
responds to the setup used in Troxel et al. (2018b) and the H19
setup matches Hildebrandt et al. (2019). H19 demonstrated that
if the redshift distributions of galaxies are not calibrated with
su�ciently deep spectroscopic surveys, the resulting cosmolog-
ical analysis can be shifted towards larger values of S 8. This can
be true even if we allow for uncorrelated additive redshift cali-
bration parameters for each tomographic bin in the analysis, as
the calibration error is typically correlated between redshift bins.
We therefore chose to analyse the data with the DIR spectroscop-
ically calibrated redshift distributions. For our joint analysis, we
needed to make a decision for the set of parameters and priors to
be sampled, where we chose to follow the H19 setup for both sur-
veys following Joudaki et al. (2019). Therefore, setup 2 was de-
signed to isolate the e↵ect of moving from the T18 setup to one
matching H19. We find that setup 1 results in S 8 = 0.779+0.018

�0.038,
setup 2 shifts S 8 to larger values: 0.784+0.025

�0.024 and the outcome of
setup 3 which is our fiducial analysis is S 8 = 0.755 ± 0.023. We
note here that the constraints on ⌦m and �8 are a↵ected by the
choice of priors, which is an interesting topic to be investigated
in the future.

Our joint analysis of DES-Y1 and KV450, assuming flat
⇤CDM, results in S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with
the Planck Legacy result (TT,TE,EE+lowE), S 8 = 0.834±0.016.
Joudaki et al. (2019) drew the same conclusion when combining
DES-Y1 and KV450 using ⇠±, S 8 = 0.762+0.025

�0.024 which is in good
agreement with our analysis (2.5� discrepancy with Planck).
Since we include small angular scales in our analysis we ob-
tain tighter constraints and as such a larger than 3� tension with
the Planck results. This with the fact that we use COSEBIs in-
stead of 2PCFs in our analysis explains the di↵erences between
our results. In particular, the COSEBIs analysis of DES-Y1 data
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Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orange-
yellow) and their joint analysis (pink). Red contours show the Planck legacy results for TT,TE,EE+lowE. Constraints on�8 and⌦m are shown in the
left panel, while the right panel shows results for S 8 = �8(⌦m/0.3)0.5 and⌦m. KV450 constraints for S 8 = 0.737+0.036

�0.038, DES-Y1 S 8 = 0.755±0.023
and their joint constraint is S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with the Planck constraints S 8 = 0.834 ± 0.016.

ical information. Using HMCode to marginalise over the e↵ect
of baryon feedback, however, results in e↵ectively excluding all
small physical scale information (large `-scales in Fig. 1) that
would have otherwise provided additional information from ⇠±.

5. Conclusions

In this paper we presented cosmic shear constraints on S 8 =
�8(⌦m/0.3)0.5, using COSEBIs measurements on KV450 and
DES-Y1 data. We analysed each dataset separately and found
good agreement with their primary analyses that employed
shear two-point correlation functions. We homogenised the pri-
ors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no cross-
correlations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale ef-
fects, such as baryon feedback. T18 included conservative cuts,
removing the necessity to model and marginalise over baryon
feedback. Here we showed that COSEBIs are considerably less
sensitive to small physical scales and are therefore less a↵ected
by the impact of baryon feedback on the matter power spectrum,
in contrast to ⇠±. In addition, COSEBIs, much like ⇠�, are in-
sensitive to a constant shear bias. Consequently, we were able to
use COSEBIs measurements on the angular range of [0.50, 2500]
and [0.50, 3000] for DES and KiDS, respectively. This extended
range of scales tightened the confidence region for S 8 derived
from DES-Y1 data by 17% compared to the analysis of T18. For
KV450 we use the same angular range as H19 when considering
the combination of both 2PCFs, [0.50, 3000], and therefore find
very similar results with a reduction of 3% for S 8 confidence
regions with our COSEBIs analysis.

For the DES-Y1 analysis we explored three setups: 1) T18
setup with DES bpz redshift distributions, 2) H19 setup with

DES bpz redshift distributions and 3) H19 setup with DIR spec-
troscopically calibrated redshift distributions. The first case cor-
responds to the setup used in Troxel et al. (2018b) and the H19
setup matches Hildebrandt et al. (2019). H19 demonstrated that
if the redshift distributions of galaxies are not calibrated with
su�ciently deep spectroscopic surveys, the resulting cosmolog-
ical analysis can be shifted towards larger values of S 8. This can
be true even if we allow for uncorrelated additive redshift cali-
bration parameters for each tomographic bin in the analysis, as
the calibration error is typically correlated between redshift bins.
We therefore chose to analyse the data with the DIR spectroscop-
ically calibrated redshift distributions. For our joint analysis, we
needed to make a decision for the set of parameters and priors to
be sampled, where we chose to follow the H19 setup for both sur-
veys following Joudaki et al. (2019). Therefore, setup 2 was de-
signed to isolate the e↵ect of moving from the T18 setup to one
matching H19. We find that setup 1 results in S 8 = 0.779+0.018

�0.038,
setup 2 shifts S 8 to larger values: 0.784+0.025

�0.024 and the outcome of
setup 3 which is our fiducial analysis is S 8 = 0.755 ± 0.023. We
note here that the constraints on ⌦m and �8 are a↵ected by the
choice of priors, which is an interesting topic to be investigated
in the future.

Our joint analysis of DES-Y1 and KV450, assuming flat
⇤CDM, results in S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with
the Planck Legacy result (TT,TE,EE+lowE), S 8 = 0.834±0.016.
Joudaki et al. (2019) drew the same conclusion when combining
DES-Y1 and KV450 using ⇠±, S 8 = 0.762+0.025

�0.024 which is in good
agreement with our analysis (2.5� discrepancy with Planck).
Since we include small angular scales in our analysis we ob-
tain tighter constraints and as such a larger than 3� tension with
the Planck results. This with the fact that we use COSEBIs in-
stead of 2PCFs in our analysis explains the di↵erences between
our results. In particular, the COSEBIs analysis of DES-Y1 data

Article number, page 10 of 15

Parallax
Supernovae Ia

Cepheids, re
d giants,…

Parallax
Supernovae Ia

Cepheids, re
d giants,…

Local current expansion rate  from 
distance ladder 

H0 Matter fluctuation amplitude 
 from weak lensingS8

 reconstructed from  
most other datasets (Planck, BAO…),  

in model-dependent way, assuming LCDM 

(H0, S8)

Repeated 2 to 3σ4 to 5σ

Systematics in direct  measurements 
(Environnement-bias of SNIa close to 

cepheids, variations in cepheids:  
Mortsell et al. 2105.11461, 2106.09400; 
mass-sheet degeneracy of quasar time 

delay analysis,…)

H0

Systematics in cosmic shear 
surveys: Photometric redshift errors

Systematics in CMB 
(Unknown foregrounds, insufficient 

instrument modelling)



The sound horizon from Big Bang Nucleosynthesis - J. Lesgourgues6

 and  tensionsH0 S8

A&A proofs: manuscript no. Asgari_etal_2019

0.2 0.3 0.4 0.5
�m

0.65

0.70

0.75

0.80

0.85

S
8

=
�

8
(�

m
/0

.3
)0

.5

Planck
KV450
DES-Y1
Joint

Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orange-
yellow) and their joint analysis (pink). Red contours show the Planck legacy results for TT,TE,EE+lowE. Constraints on�8 and⌦m are shown in the
left panel, while the right panel shows results for S 8 = �8(⌦m/0.3)0.5 and⌦m. KV450 constraints for S 8 = 0.737+0.036

�0.038, DES-Y1 S 8 = 0.755±0.023
and their joint constraint is S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with the Planck constraints S 8 = 0.834 ± 0.016.

ical information. Using HMCode to marginalise over the e↵ect
of baryon feedback, however, results in e↵ectively excluding all
small physical scale information (large `-scales in Fig. 1) that
would have otherwise provided additional information from ⇠±.

5. Conclusions

In this paper we presented cosmic shear constraints on S 8 =
�8(⌦m/0.3)0.5, using COSEBIs measurements on KV450 and
DES-Y1 data. We analysed each dataset separately and found
good agreement with their primary analyses that employed
shear two-point correlation functions. We homogenised the pri-
ors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no cross-
correlations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale ef-
fects, such as baryon feedback. T18 included conservative cuts,
removing the necessity to model and marginalise over baryon
feedback. Here we showed that COSEBIs are considerably less
sensitive to small physical scales and are therefore less a↵ected
by the impact of baryon feedback on the matter power spectrum,
in contrast to ⇠±. In addition, COSEBIs, much like ⇠�, are in-
sensitive to a constant shear bias. Consequently, we were able to
use COSEBIs measurements on the angular range of [0.50, 2500]
and [0.50, 3000] for DES and KiDS, respectively. This extended
range of scales tightened the confidence region for S 8 derived
from DES-Y1 data by 17% compared to the analysis of T18. For
KV450 we use the same angular range as H19 when considering
the combination of both 2PCFs, [0.50, 3000], and therefore find
very similar results with a reduction of 3% for S 8 confidence
regions with our COSEBIs analysis.

For the DES-Y1 analysis we explored three setups: 1) T18
setup with DES bpz redshift distributions, 2) H19 setup with

DES bpz redshift distributions and 3) H19 setup with DIR spec-
troscopically calibrated redshift distributions. The first case cor-
responds to the setup used in Troxel et al. (2018b) and the H19
setup matches Hildebrandt et al. (2019). H19 demonstrated that
if the redshift distributions of galaxies are not calibrated with
su�ciently deep spectroscopic surveys, the resulting cosmolog-
ical analysis can be shifted towards larger values of S 8. This can
be true even if we allow for uncorrelated additive redshift cali-
bration parameters for each tomographic bin in the analysis, as
the calibration error is typically correlated between redshift bins.
We therefore chose to analyse the data with the DIR spectroscop-
ically calibrated redshift distributions. For our joint analysis, we
needed to make a decision for the set of parameters and priors to
be sampled, where we chose to follow the H19 setup for both sur-
veys following Joudaki et al. (2019). Therefore, setup 2 was de-
signed to isolate the e↵ect of moving from the T18 setup to one
matching H19. We find that setup 1 results in S 8 = 0.779+0.018

�0.038,
setup 2 shifts S 8 to larger values: 0.784+0.025

�0.024 and the outcome of
setup 3 which is our fiducial analysis is S 8 = 0.755 ± 0.023. We
note here that the constraints on ⌦m and �8 are a↵ected by the
choice of priors, which is an interesting topic to be investigated
in the future.

Our joint analysis of DES-Y1 and KV450, assuming flat
⇤CDM, results in S 8 = 0.755+0.019

�0.021 which is in 3.2� tension with
the Planck Legacy result (TT,TE,EE+lowE), S 8 = 0.834±0.016.
Joudaki et al. (2019) drew the same conclusion when combining
DES-Y1 and KV450 using ⇠±, S 8 = 0.762+0.025

�0.024 which is in good
agreement with our analysis (2.5� discrepancy with Planck).
Since we include small angular scales in our analysis we ob-
tain tighter constraints and as such a larger than 3� tension with
the Planck results. This with the fact that we use COSEBIs in-
stead of 2PCFs in our analysis explains the di↵erences between
our results. In particular, the COSEBIs analysis of DES-Y1 data
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Solving the  tension aloneS8

Does not work: 
• Standard neutrino mass   (  close to  -> early ISW; not enough CMB lensing) 
• Most decaying DM models (decay between z~1000 and z~1 into electromagnetic components: 

strong energy injection bounds; into neutrinos / dark radiation -> late ISW) (Audren et al. 
1407.2418, Poulin et al. 1606.02073, DES 2011.04606, …) 

Works well: 
• Many Modified Gravity (MG) models (e.g. f(R)) 
• Feebly interacting DM (with relativistic particles: photons or DR; collisional damping) (Becker et al. 

2010.04074) 
• Cold + Warm DM (small fraction of ~keV DM) (Boyarsky et al. 0812.0010) 
• Long-lived CDM decaying into massless + 

massive but lighter particle; possible connection 
with Xenon-1T (Abellan et al. 2008.09615) 

• Cannibal DM (inelastic scattering 3->2 causing 
slow transition from radiation-like to matter-like 
(Heimersheim et al. 2008.08486) 

• Connection with small-scale CDM crisis…

∑ mν zNR zdec

3->2
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Figure 1: CanDM evolution for m = 100 keV, ↵ = 10, n = 0, and f = 0.1. Left: Tempera-
ture T and chemical potential µ of CanDM as a function of the scale factor a, illustrating the
three di↵erent regimes of CanDM evolution: radiation-like, cannibalistic, and cold. The chem-
ical equilibrium (CE) and non-relativistic (NR) regions are shown as black dashed/dotted
bars. The green dashed line shows the time at which the code switches between the CE
and NR approximations. Right: Typical evolution of densities of CanDM, CDM, baryons,
neutrinos, radiation, and CanDM pressure (all multiplied by a

3).

level, CanDM can be completely described by its chemical potential µ and temperature T .
In our bosonic toy model we can write the unperturbed phase-space distribution at any time
as

f(p, µ, T ) =
1

exp
⇣
(
p

p2 + m2 � µ)/T

⌘
� 1

. (2.3)

As such, we will always need two background equations to describe the homogeneous evolution
of the CanDM species: one for µ and one for T .

Figure 1 illustrates the typical background evolution and thermal history of CanDM:

• At early times and high temperatures, the mass is negligible compared to the average
momentum of CanDM particles, which behave as ordinary radiation: T / a

�1 and
⇢ / a

�4. Additionally the 2 ! 3 and 3 ! 2 processes are equally e�cient and
maintain chemical equilibrium (CE) with µ ⇡ 0.

• When the temperature reaches T ⇠ m, the 2 ! 3 process freezes out and the can-
nibalistic phase begins. We will see that in this regime, the self-heating makes the
temperature decrease only logarithmically, T ⇠ 1/ log a, while the density drops as
⇢ / a

�3
/ log a. Thus the cannibalistic phase features a very gradual transition of

CanDM particles from the relativistic to non-relativistic regime, with T/m decreasing
like (log a)�1 instead of the usual a

�1.

– 4 –

Figure 13: 1 and 2� contours (68.3% and 95.4% CL) derived from the P18+lens+BAO+WL
chains. We show the case of CanDM with f = 1 with broad prior in red, with tight prior in
blue, and for ⇤CDM in green. We additionally show the result from Joudaki+2020 [12] as
an orange band for comparison. The black dashed line shows the left prior edge of the tight
prior on �0. Note that the red contour is not only determined by �0 > 0 being preferred by
WL data: in this case part of the preference is also caused by our requirement that CanDM
should have overlapping CE and NR phases (the gray wedge in figure 9).

by a small amount, ranging from -1.6 to -2.8. With two or three extra parameters in the
CanDM models, this di↵erence is very small. We conclude that the CanDM models are not
significantly preferred by the data. Note that this conclusion depends on the fact that we
choose a rather conservative measurement of S8 by reference [12], only in 2� tension with
Planck in the ⇤CDM framework. Adopting lower or more constraining S8 measurements
– such as [22] or [24] – leading to a stronger tension would increase the preference for the
CanDM models.

Model Min. �
2

PLB
��

2

PLB+WL
Tension Global ��

2

⇤CDM 2782.0 1.3 + 5.1 2.5 � 0
f = 1 ↵ 2782.4 1.7 + 2.0 1.9 � -2.3
f = 1 �0 (broad) 2782.8 3.4 + 0.3 1.9 � -1.9
f = 1 �0 (tight) 2784.5 0.6 + 0.5 1.0 � -2.8
variable f �0 2782.5 3.3 + 0.5 1.9 � -2.1
f = 1 �2 2781.4 4.6 + 0.8 2.3 � -1.6
variable f �2 2781.7 3.8 + 1.2 2.2 � -1.7

Table 2: �
2 values and tensions for di↵erent configurations. The 2nd column shows the

minimum �
2 of the P18+lens+BAO (PLB) likelihood for each model. The 3rd column shows

the di↵erence between the bestfit of the PLB+WL combination compared to that of PLB
and WL only. The individual minimum of �

2

WL
is 0 by definition. The 4th column shows

the remaining S8 tension derived from the ��
2 in the 3rd column. Finally the 5th column

shows the “global” �
2 improvement of the model compared to ⇤CDM, i.e. the minimum of

�
2

PLB+WL
in each model minus its value in row 1.

– 21 –

Weak Lensing

Cannibal CDM
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Solving the  tension aloneH0

Three avenues: 
1. Change in late cosmological evolution, feature between 

z~0-0.1 (SH0ES) and z~0.1-1.3 (BAO/uncalibrated high-z 
SNIa) 
• Difficulty: simultaneous compatibility with all observables 

2. Increase  to change sound horizon  and make sound angular scale  compatible 
with larger  
• Difficulty: other ingredients must counteract other effects of increasing : enhanced 

Silk damping, acoustic peak shift from neutrino drag…  
•  new interactions in dark sector and/or neutrino sector  
• self-interacting neutrinos: Lancaster et al. [1704.06657], Oldengott et al. [1706.02123], 

Kreisch et al. [1902.00534]… 
• DM scattering on DR: Buen-Abad et al. 1505.03542, 1708.09406; JL et al. 1507.04351) 

3. Other changes in early cosmological evolution, still leading to shift in sound horizon : early DE, 
early MG, primordial magnetic fields-> inhomogeneous recombination, running of fundamental 
constants… 
• Less constrained but more ad hoc?

Neff rs θs = rs /dA
H0

(Neff, H0)

⇒

rs

2 Camarena and Marra

Hockey-stick equation of state
Cosmological constant

0.0 0.5 1.0 1.5 2.0
-2.0
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-1.0

-0.8
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w

Figure 1. Hockey-stick dark energy behaves as the cosmological
constant until a sudden phantom transition at very-low redshift.

local H0 on the dark energy properties (see, for instance, the
analysis performed in Section 5 of Riess et al. 2016). We also
provide the MB priors relative to the Pantheon and Dark
Energy Survey Supernova Program (DES-SN3YR) catalogs,
and a joint prior on H0 and q0 that generalizes the one on
H0 by the Supernova H0 for the Equation of State (SH0ES)
collaboration.

This paper is organized as follows. In Section 2 we in-
troduce hockey-stick dark energy, in Section 3 we discuss
the prior on MB , while in Section 4 we present the statis-
tical analysis. The results are shown in Section 5 and the
conclusions drawn in Section 6.

2 HOCKEY-STICK DARK ENERGY

In order to show the advantages of using a local prior on
MB instead of a local prior on H0 we will consider a model
that features a dark energy with the following hockey-stick
equation of state (hsCDM):

w =
;

wx ≠ (1 + wx) z/zt if z Æ zt (the blade)
≠1 if z > zt (the shaft) , (1)

which mimics the cosmological constant at higher redshifts
and deviates from the latter for z Æ zt, reaching wx at z =
0, see Figure 1. A step equation of state (constant wx for
z Æ zt) shows a very similar phenomenology. Here, we adopt
the hockey-stick equation of state as it features the same
number of parameters (wx and zt) but is continuous. Models
that feature the hockey-stick phenomenology are discussed
in Mortonson et al. (2009).

It follows that the expansion rate is, assuming spatial
flatness:
H

2(z)
H

2

0

= �M0(1 + z)3 + �R0(1 + z)4 + ��0(1 + z)3g(z)
,

(2)

where �M0 + �R0 + ��0 = 1 and

g(z) = 1
ln(1 + z)

⁄
z

0

1 + w(zÕ)
1 + zÕ dz

Õ (3)

= 1 + wx

zt ln(1 + z) ◊
;

(1 + zt) ln(1 + z) ≠ z if z Æ zt

(1 + zt) ln(1 + zt) ≠ zt if z > zt

.

The apparent magnitude is then:

mB(z) = 5 log
10

5
dL(z)
10pc

6
+ MB , (4)

where the luminosity distance is:

dL(z) = (1 + z)
⁄

z

0

c dz̄

H(z̄) . (5)

Finally, the distance modulus is given by:

µ(z) = mB(z) ≠ MB . (6)

For zt æ Œ one recovers the wCDM model with w =
wx. We will consider the wCDM model for comparison sake.

3 SUPERNOVA CALIBRATION PRIOR

The determination of H0 by the SH0ES Collaboration is a
two-step process (Riess et al. 2016):

(i) First, anchors, Cepheids and calibrators are combined
to produce a constraint on the supernova Ia absolute
magnitude MB . This step only depends on the astro-
physical properties of the sources.

(ii) Second, Hubble-flow Type Ia supernovae in the redshift
range 0.023 Æ z Æ 0.15 are used to probe the luminos-
ity distance-redshift relation in order to determine H0.
Cosmography with q0 = ≠0.55 and j0 = 1 is adopted.

The latest constraint by SH0ES reads:

H
R21

0 = 73.2 ± 1.3 km s≠1Mpc≠1 (Riess et al. 2021) . (7)

Usually, one introduces in the cosmological analyses
that use an H0 prior the following ‰

2 function:

‰
2

H0 =
!
H0 ≠ H

R21

0

"
2

‡
2

H
R21
0

. (8)

The goal of this paper is to show, using the example of
hockey-stick dark energy, that it is preferable to skip step
ii) above and adopt directly the local prior on MB via:

‰
2

MB
=

!
MB ≠ M

R21

B

"
2

‡
2

M
R21
B

, (9)

where M
R21

B is the calibration that corresponds to the H0

prior of equation (7).
Before proceeding, it is important to point out that su-

pernovae Ia become standard candles only after standard-
ization and that the method used to fit supernova Ia light
curves, and its parameters, can influence the inferred value
of MB (e.g., x0, x1 and c in the case of SALT2, Guy et al.
2007). This means that the actual prior on MB from SH0ES
can only be used with the Supercal supernova sample (Scol-
nic et al. 2015), which is the one adopted by SH0ES in the
latest analyses.

Consequently, in order to meaningfully use the local
prior on MB , one has to translate it to the light curve cali-
bration adopted by some other dataset X. This task can be
achieved using the method developed in Camarena & Marra
(2020a): the basic idea is to demarginalize the final H0 mea-
surement using for step ii) the supernovae of the dataset
X that are in the same redshift range 0.023 Æ z Æ 0.15.

MNRAS 000, 1–9 (202X)

Camarena & Marra 2101.08641
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Which work and which do not? 
In the Realm of the Hubble tension � a Review of Solutions 30

Figure 4. Whisker plot with the 68% marginalized Hubble constant constraints for
the models of Section 4. The cyan vertical band corresponds to the H0 value measured
by R20 [2] and the light pink vertical band corresponds to the H0 value estimated
by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than one error
bar is shown, the dotted one corresponds to the Planck only constraint on the Hubble
constant, while the solid one to the di↵erent dataset combinations reported in the red
legend, in order to appreciate the shift due to the additional datasets.

of the scale factor ac ⌘ (1 + zc)�1 at which the transition occurs are, respectively [215]:

⌦�(a) =
2⌦�(ac)

(a/ac)
3(1+wn) + 1

, (2)

w�(a) = � 1 +
1 + wn

1 + (ac/a)3(1+wn)
. (3)

At early times a ! 0, the scalar field behaves as a cosmological constant with the

equation of state w�(a) ! �1, while for a � ac we have w�(a) ! wn. Hence, the

energy density is constant at early times, and decays as a�3(1+wn) when the scalar field

becomes dynamical [216]. The EDE component dilutes like matter (wn = 0) for n = 1 ,

like radiation (wn = 1/3) for n = 2, and faster than radiation for n � 3; for n ! 1, the

In the Realm of the Hubble tension � a Review of Solutions 38

Figure 6. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Section 5. The cyan vertical band shows the H0 value
measured by R20 [2] and the light pink vertical band corresponds to the H0 value
estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than
one error bar is shown, the dotted one corresponds to the Planck only constraint on
the Hubble constant, while the solid one to the di↵erent dataset combinations reported
in the red legend, in order to appreciate the shift due to the additional datasets.

In the Realm of the Hubble tension � a Review of Solutions 52

Figure 8. Whisker plot with the 68% marginalized Hubble constant constraints for
the models of Section 6. The cyan vertical band shows the H0 value measured by
R20 [2] and the light pink vertical band denotes the H0 value estimated by Planck

2018 [11] in a ⇤CDM scenario. For each line, when more than one error bar is shown,
the dotted one corresponds to the Planck only constraint on the Hubble constant, while
the solid one to the di↵erent dataset combinations reported in the red legend, in order
to appreciate the shift due to the additional datasets.

Using the Planck 2015 CMB distance priors + Pantheon + BAO + Ly-↵ data, Ref. [391]

finds H0 = 71.02+1.45

�1.37
km s�1 Mpc�1 at 68% CL, solving the Hubble tension at 1.1�.

Considering a full CMB analysis for this scenario, Planck 2015 alone gives instead

H0 = 72.58+0.79

�0.80
km s�1 Mpc�1 at 68% CL [392], solving the Hubble tension within

1�, and Planck 2015 + BAO gives H0 = 71.55+0.55

�0.57
km s�1 Mpc�1 at 68% CL, in

agreement with R20 at 1.2�. This result is in agreement with Ref. [393], where CC

measurements are considered. The very same model has been updated in Ref. [394],

which finds H0 = 72.35+0.78

�0.79
km s�1 Mpc�1 at 68% CL for the Planck 2018 data, and

H0 = 72.16 ± 0.44 km s�1 Mpc�1 at 68% CL for Planck 2018 + CMB lensing + BAO

+ Pantheon + DES + R19, confirming the agreement with R20 within one standard

deviation. However, in Ref. [395] it has been argued that, while at the background level

the flat-PEDE model fits the data as well as the ⇤CDM scenario, at the perturbation

level the PEDE model can not fit the observational data in cluster scales compared to

the ⇤CDM. Extensions of this model considering neutrinos or a non-zero curvature of

the Universe can be found in Refs. [394–396].

6.1.1. Generalized Emergent Dark Energy: A generalization of the PEDE model,

including one more degree of freedom �, known as Generalized Emergent Dark Energy

In the Realm of the Hubble tension � a Review of Solutions 56

Figure 10. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Section 7. The cyan vertical band corresponds to the H0

value measured by R20 [2] and the light pink vertical band corresponds to the H0 value
estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than one
error bar is shown, the dotted one corresponds to the Planck only constraint on the
Hubble constant, while the solid one to the di↵erent dataset combinations reported in
the red legend, in order to appreciate the shift due to the additional datasets.

7. Models With Extra Relativistic Degrees of Freedom

One classical extension of the standard ⇤CDM model considered for the H0 tension

resolution, is the possibility of having extra “dark” radiation at the recombination

period, usually quantified by the number of relativistic degrees of freedom, Ne↵ [403].

The radiation density ⇢r can be written as a function of the photon density ⇢�, where we

consider the ratio T⌫/T� = (4/11)1/3 between the background temperatures of neutrinos

In the Realm of the Hubble tension � a Review of Solutions 68

Figure 12. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models discussed throughout the Section 8.1 of the main Section 8.
The cyan vertical band corresponds to the H0 value measured by R20 [2] and the light
pink vertical band corresponds to the H0 value estimated by Planck 2018 [11] in a
⇤CDM scenario. For each line, when more than one error bar is shown, the dotted one
corresponds to the Planck only constraint on the Hubble constant, while the solid one
to the di↵erent dataset combinations reported in the red legend, in order to appreciate
the shift due to the additional datasets.
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Figure 14. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models discussed throughout the Sections 8.2 and 8.4 of the main
Section 8. The cyan vertical band corresponds to the H0 value measured by R20 [2]
and the light pink vertical band corresponds to the H0 value estimated by Planck

2018 [11] in a ⇤CDM scenario. For each line, when more than one error bar is shown,
the dotted one corresponds to the Planck only constraint on the Hubble constant, while
the solid one to the di↵erent dataset combinations reported in the red legend, in order
to appreciate the shift due to the additional datasets.

The coupling between the dark matter fluid and photons can be described by:

⇢̇DM + 3H⇢DM = �Q ; (81)

⇢̇� + 4H⇢� = Q , (82)

where Q = ��H⇢DM. For this scenario, where the neutrino sector is free to vary, Planck

2015 TT + CMB lensing + BAO gives H0 = 71.9± 4.0 km s�1 Mpc�1 at 68% CL [685],

solving the H0 tension within 1�. However, this result has been obtained fitting the

CMB temperature power spectrum only.

An extension of this model has been investigated in Ref. [686], considering a CPL

parameterization for the DE equation of state, obtaining H0 = 67.4± 3.9 km s�1 Mpc�1

at 68% CL for Planck 2015 + BAO, and alleviating the tension with R20 at 1.4�.

An updated analysis is instead presented in Ref. [534], where Planck 2018 + BAO

gives H0 = 67.70± 0.43 km s�1 Mpc�1 at 68% CL, showing a disagreement with R20 at

4�.

In the Realm of the Hubble tension � a Review of Solutions 81

Figure 16. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Sections 9 and 10. The cyan vertical band corresponds
to the H0 value measured by R20 [2] and the light pink vertical band corresponds
to the H0 value estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line,
when more than one error bar is shown, the dotted one corresponds to the Planck

only constraint on the Hubble constant, while the solid one to the di↵erent dataset
combinations reported in the red legend, in order to appreciate the shift due to the
additional datasets.

In the Realm of the Hubble tension � a Review of Solutions 97

Figure 18. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Sections 11-14. The cyan vertical band corresponds
to the H0 value measured by R20 [2] and the light pink vertical band corresponds
to the H0 value estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line,
when more than one error bar is shown, the dotted one corresponds to the Planck

only constraint on the Hubble constant, while the solid one to the di↵erent dataset
combinations reported in the red legend, in order to appreciate the shift due to the
additional datasets.

13. Physics of the critical Phenomena

Since the physics operating at late time seems to be di↵erent from the physics of early

time, yet another interesting possibility could be a phase transition in the dark sector.

The critical phenomena studied extensively the idea of a phase transition, in which

local interactions of a many-body system produce a global phase transition, if a free

parameter of the model is lowered beyond a critical point.

We refer to Figures 17 and 18 summarizing the performance of the models discussed

in this section in light of the Hubble constant tension.

13.1. Double-⇤CDM (⇤⇤CDM)

The Double� ⇤ Cold Dark Matter (⇤⇤CDM) scenario is inspired by the Ising model, a

classic model of critical phenomena describing the phase transition from para-magnet to

ferro-magnet at Curie temperature. This cosmological scenario assumes a cosmological

De Valentino et al. 2103.01183
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Figure 4. Whisker plot with the 68% marginalized Hubble constant constraints for
the models of Section 4. The cyan vertical band corresponds to the H0 value measured
by R20 [2] and the light pink vertical band corresponds to the H0 value estimated
by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than one error
bar is shown, the dotted one corresponds to the Planck only constraint on the Hubble
constant, while the solid one to the di↵erent dataset combinations reported in the red
legend, in order to appreciate the shift due to the additional datasets.

of the scale factor ac ⌘ (1 + zc)�1 at which the transition occurs are, respectively [215]:

⌦�(a) =
2⌦�(ac)

(a/ac)
3(1+wn) + 1

, (2)

w�(a) = � 1 +
1 + wn

1 + (ac/a)3(1+wn)
. (3)

At early times a ! 0, the scalar field behaves as a cosmological constant with the

equation of state w�(a) ! �1, while for a � ac we have w�(a) ! wn. Hence, the

energy density is constant at early times, and decays as a�3(1+wn) when the scalar field

becomes dynamical [216]. The EDE component dilutes like matter (wn = 0) for n = 1 ,

like radiation (wn = 1/3) for n = 2, and faster than radiation for n � 3; for n ! 1, the

In the Realm of the Hubble tension � a Review of Solutions 38

Figure 6. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Section 5. The cyan vertical band shows the H0 value
measured by R20 [2] and the light pink vertical band corresponds to the H0 value
estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than
one error bar is shown, the dotted one corresponds to the Planck only constraint on
the Hubble constant, while the solid one to the di↵erent dataset combinations reported
in the red legend, in order to appreciate the shift due to the additional datasets.

In the Realm of the Hubble tension � a Review of Solutions 52

Figure 8. Whisker plot with the 68% marginalized Hubble constant constraints for
the models of Section 6. The cyan vertical band shows the H0 value measured by
R20 [2] and the light pink vertical band denotes the H0 value estimated by Planck

2018 [11] in a ⇤CDM scenario. For each line, when more than one error bar is shown,
the dotted one corresponds to the Planck only constraint on the Hubble constant, while
the solid one to the di↵erent dataset combinations reported in the red legend, in order
to appreciate the shift due to the additional datasets.

Using the Planck 2015 CMB distance priors + Pantheon + BAO + Ly-↵ data, Ref. [391]

finds H0 = 71.02+1.45

�1.37
km s�1 Mpc�1 at 68% CL, solving the Hubble tension at 1.1�.

Considering a full CMB analysis for this scenario, Planck 2015 alone gives instead

H0 = 72.58+0.79

�0.80
km s�1 Mpc�1 at 68% CL [392], solving the Hubble tension within

1�, and Planck 2015 + BAO gives H0 = 71.55+0.55

�0.57
km s�1 Mpc�1 at 68% CL, in

agreement with R20 at 1.2�. This result is in agreement with Ref. [393], where CC

measurements are considered. The very same model has been updated in Ref. [394],

which finds H0 = 72.35+0.78

�0.79
km s�1 Mpc�1 at 68% CL for the Planck 2018 data, and

H0 = 72.16 ± 0.44 km s�1 Mpc�1 at 68% CL for Planck 2018 + CMB lensing + BAO

+ Pantheon + DES + R19, confirming the agreement with R20 within one standard

deviation. However, in Ref. [395] it has been argued that, while at the background level

the flat-PEDE model fits the data as well as the ⇤CDM scenario, at the perturbation

level the PEDE model can not fit the observational data in cluster scales compared to

the ⇤CDM. Extensions of this model considering neutrinos or a non-zero curvature of

the Universe can be found in Refs. [394–396].

6.1.1. Generalized Emergent Dark Energy: A generalization of the PEDE model,

including one more degree of freedom �, known as Generalized Emergent Dark Energy

In the Realm of the Hubble tension � a Review of Solutions 56

Figure 10. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Section 7. The cyan vertical band corresponds to the H0

value measured by R20 [2] and the light pink vertical band corresponds to the H0 value
estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line, when more than one
error bar is shown, the dotted one corresponds to the Planck only constraint on the
Hubble constant, while the solid one to the di↵erent dataset combinations reported in
the red legend, in order to appreciate the shift due to the additional datasets.

7. Models With Extra Relativistic Degrees of Freedom

One classical extension of the standard ⇤CDM model considered for the H0 tension

resolution, is the possibility of having extra “dark” radiation at the recombination

period, usually quantified by the number of relativistic degrees of freedom, Ne↵ [403].

The radiation density ⇢r can be written as a function of the photon density ⇢�, where we

consider the ratio T⌫/T� = (4/11)1/3 between the background temperatures of neutrinos
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Figure 12. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models discussed throughout the Section 8.1 of the main Section 8.
The cyan vertical band corresponds to the H0 value measured by R20 [2] and the light
pink vertical band corresponds to the H0 value estimated by Planck 2018 [11] in a
⇤CDM scenario. For each line, when more than one error bar is shown, the dotted one
corresponds to the Planck only constraint on the Hubble constant, while the solid one
to the di↵erent dataset combinations reported in the red legend, in order to appreciate
the shift due to the additional datasets.
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Figure 14. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models discussed throughout the Sections 8.2 and 8.4 of the main
Section 8. The cyan vertical band corresponds to the H0 value measured by R20 [2]
and the light pink vertical band corresponds to the H0 value estimated by Planck

2018 [11] in a ⇤CDM scenario. For each line, when more than one error bar is shown,
the dotted one corresponds to the Planck only constraint on the Hubble constant, while
the solid one to the di↵erent dataset combinations reported in the red legend, in order
to appreciate the shift due to the additional datasets.

The coupling between the dark matter fluid and photons can be described by:

⇢̇DM + 3H⇢DM = �Q ; (81)

⇢̇� + 4H⇢� = Q , (82)

where Q = ��H⇢DM. For this scenario, where the neutrino sector is free to vary, Planck

2015 TT + CMB lensing + BAO gives H0 = 71.9± 4.0 km s�1 Mpc�1 at 68% CL [685],

solving the H0 tension within 1�. However, this result has been obtained fitting the

CMB temperature power spectrum only.

An extension of this model has been investigated in Ref. [686], considering a CPL

parameterization for the DE equation of state, obtaining H0 = 67.4± 3.9 km s�1 Mpc�1

at 68% CL for Planck 2015 + BAO, and alleviating the tension with R20 at 1.4�.

An updated analysis is instead presented in Ref. [534], where Planck 2018 + BAO

gives H0 = 67.70± 0.43 km s�1 Mpc�1 at 68% CL, showing a disagreement with R20 at

4�.
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Figure 16. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Sections 9 and 10. The cyan vertical band corresponds
to the H0 value measured by R20 [2] and the light pink vertical band corresponds
to the H0 value estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line,
when more than one error bar is shown, the dotted one corresponds to the Planck

only constraint on the Hubble constant, while the solid one to the di↵erent dataset
combinations reported in the red legend, in order to appreciate the shift due to the
additional datasets.
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Figure 18. Whisker plot with the 68% (95% if dashed) marginalized Hubble constant
constraints for the models of Sections 11-14. The cyan vertical band corresponds
to the H0 value measured by R20 [2] and the light pink vertical band corresponds
to the H0 value estimated by Planck 2018 [11] in a ⇤CDM scenario. For each line,
when more than one error bar is shown, the dotted one corresponds to the Planck

only constraint on the Hubble constant, while the solid one to the di↵erent dataset
combinations reported in the red legend, in order to appreciate the shift due to the
additional datasets.

13. Physics of the critical Phenomena

Since the physics operating at late time seems to be di↵erent from the physics of early

time, yet another interesting possibility could be a phase transition in the dark sector.

The critical phenomena studied extensively the idea of a phase transition, in which

local interactions of a many-body system produce a global phase transition, if a free

parameter of the model is lowered beyond a critical point.

We refer to Figures 17 and 18 summarizing the performance of the models discussed

in this section in light of the Hubble constant tension.

13.1. Double-⇤CDM (⇤⇤CDM)

The Double� ⇤ Cold Dark Matter (⇤⇤CDM) scenario is inspired by the Ising model, a

classic model of critical phenomena describing the phase transition from para-magnet to

ferro-magnet at Curie temperature. This cosmological scenario assumes a cosmological

De Valentino et al. 2103.01183

• Issues of author bias / cherry-picking data…  
• Issue of properly combining SH0ES and uncalibrated high-z SNIa… 
• Abellan, JL, Pérez-Sanchez, Poulin, Schöneberg, Witte [in preparation]: fair ranking 

of proposed models..
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FIG. 2: Contours (68.3% and 95.4% C.L.) for the Dbaseline dataset for the various considered models.

FIG. 3: �AIC of the various models considered in this work, colored in the same way as in fig. 2.
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Majoron-motivated model
Bad news for: 
• Self-interacting neutrinos 
• DM scattering on self-coupled DR
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FIG. 1. Cosmological timeline illustrating the connection between low-scale leptogenesis and the majoron solution to the Hubble
tension. At early times (high temperatures), a global U(1)L symmetry is spontaneously broken, generating sterile neutrino
masses and giving rise to a pseudo-Goldstone boson: the majoron (�). Sterile neutrinos start to be sizeably produced (but
do not equilibrate) at T ⇠ 106 GeV. Then, at T ⇠ [106 � 104] GeV the CP violating oscillations of these sterile neutrinos
generate a net primordial lepton asymmetry in the Standard Model. Soon after the electroweak phase transition (at T ⇠ 130
GeV) sphalerons freeze-out and yield a final baryon asymmetry from the initial lepton asymmetry. After sphaleron freeze-out,
sterile neutrinos and majorons thermalize with the plasma, and later decouple when sterile neutrinos decay. In particular, for
⇠ GeV scale sterile neutrinos this occurs at temperatures below the QCD phase transition T . 100MeV. Finally, right before
recombination, majorons with m� ⇠ 1 eV re-thermalize with active neutrinos (⌫̄⌫ ! �) before decaying (� ! ⌫̄⌫), generating
a larger inferred cosmological value of H0.

neutrino-majoron couplings � ⇠ 10�13 [54, 55]1. This
coupling, when interpreted in the context of the type-I
seesaw favors a lepton symmetry breaking scale slightly
above the electroweak scale (vL ⇠ 1 TeV). Arguably, the
only unmotivated aspect of this proposed solution is the
apparent ad hoc contribution of �Ne↵ , preferring values
⇠ 0.5, which are in mild tension with BBN [73, 74].

Primordial Majorons from Leptogenesis. In this
work we attempt to source the additional dark radia-
tion required to resolve the H0 tension from a primordial
population of majorons. We show explicitly that these
particles can be produced from the decays of GeV-scale
sterile neutrinos in the early Universe. Coincidentally,

1 The model discussed here has, on occasion, been confused
with that of the strongly interaction neutrino solution proposed
in [44, 45]. In light of this, we take the opportunity here to
highlight the many di↵erences. First, the solution of [44, 45] re-
quires a neutrino self-interaction cross section 10 orders of mag-
nitude larger than that present in the Standard Model. This,
in turn, requires a new MeV-scale neutrinophilic boson with or-
der one couplings. These values are not motivated in neutrino
mass models, and are robustly excluded by experimental data
unless the boson interacts only with ⌧ neutrinos [70–72]. Next,
the solution requires an additional contribution of �Ne↵ ⇠ 1, a
value robustly excluded by BBN [73, 74] – see also [75, 76] for
a recent assessment of the BBN bounds and [77, 78] for models
trying to evade these constraints. Finally, the observed shift in
H0 only occurs when polarization data is not included in the
fit [44, 79–81], while the results for the majoron model discussed
here are robust to the inclusion of this dataset. Thus, while the
proposed models both involve neutrinophilic bosons, they are in
fact remarkably di↵erent.

sterile neutrinos at the GeV scale are precisely those re-
quired for a successful implementation of low-scale lep-
togenesis via sterile neutrino oscillations, i.e. ARS lepto-
genesis [82] (see also [83–85]). We verify explicitly that
symmetry breaking scales vL ⇠ (0.01 � 1) TeV required
to resolve the Hubble tension can be made fully consis-
tent with conventional ARS leptogenesis, so long as the
Higgs mixing is small enough so as to avoid thermaliz-
ing the scalar responsible for breaking lepton number,
and that the lepton number phase transition occurs at
T > 104

� 106 GeV. The scenario proposed here thus
o↵ers an intriguing connection between the H0 tension,
the neutrino mass mechanism, and the generation of the
baryon asymmetry of the Universe. Fig. 1 shows a sketch
of the thermal history, highlighting the main ingredients
of our proposal.

This manuscript is organized as follows. We begin by
introducing the well-known singlet majoron model in Sec-
tion II. In Section III we first discuss the requirements in
order to successfully produce the baryon asymmetry of
the Universe via the ARS leptogenesis mechanism, and
then compute the thermal evolution and subsequent de-
cays of the sterile neutrinos responsible for sourcing the
primordial majoron abundance. Section IV describes the
cosmological evolution of the majoron-neutrino system,
and presents the results of a MCMC performed using
Planck2018 + BAO data. We present a summary and
our conclusions in Section V. We finish in Section VI by
discussing some interesting avenues for future work, and
we refer the reader to the Appendices for various techni-
cal details.
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Majoron scenario of Escudero & Witte 1909.04044, 2004.01470, 2103.03249: 

• O(eV)-mass Majoron  = pseudo-Goldstone of spontaneously broken  
• small Yukawa-like couplings to active neutrinos 

•  : interactions between majoron and active neutrinos (inverse neutrino decay):  

• Majoron thermalize and contribute to  ,  
• active neutrinos do not free-stream 

•  : Majoron decays into active neutrinos, which free-stream 

ϕ U(1)L

T ∼ ϕ
Neff

T < ϕ
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FIG. 1. Cosmological timeline illustrating the connection between low-scale leptogenesis and the majoron solution to the Hubble
tension. At early times (high temperatures), a global U(1)L symmetry is spontaneously broken, generating sterile neutrino
masses and giving rise to a pseudo-Goldstone boson: the majoron (�). Sterile neutrinos start to be sizeably produced (but
do not equilibrate) at T ⇠ 106 GeV. Then, at T ⇠ [106 � 104] GeV the CP violating oscillations of these sterile neutrinos
generate a net primordial lepton asymmetry in the Standard Model. Soon after the electroweak phase transition (at T ⇠ 130
GeV) sphalerons freeze-out and yield a final baryon asymmetry from the initial lepton asymmetry. After sphaleron freeze-out,
sterile neutrinos and majorons thermalize with the plasma, and later decouple when sterile neutrinos decay. In particular, for
⇠ GeV scale sterile neutrinos this occurs at temperatures below the QCD phase transition T . 100MeV. Finally, right before
recombination, majorons with m� ⇠ 1 eV re-thermalize with active neutrinos (⌫̄⌫ ! �) before decaying (� ! ⌫̄⌫), generating
a larger inferred cosmological value of H0.

neutrino-majoron couplings � ⇠ 10�13 [54, 55]1. This
coupling, when interpreted in the context of the type-I
seesaw favors a lepton symmetry breaking scale slightly
above the electroweak scale (vL ⇠ 1 TeV). Arguably, the
only unmotivated aspect of this proposed solution is the
apparent ad hoc contribution of �Ne↵ , preferring values
⇠ 0.5, which are in mild tension with BBN [73, 74].

Primordial Majorons from Leptogenesis. In this
work we attempt to source the additional dark radia-
tion required to resolve the H0 tension from a primordial
population of majorons. We show explicitly that these
particles can be produced from the decays of GeV-scale
sterile neutrinos in the early Universe. Coincidentally,

1 The model discussed here has, on occasion, been confused
with that of the strongly interaction neutrino solution proposed
in [44, 45]. In light of this, we take the opportunity here to
highlight the many di↵erences. First, the solution of [44, 45] re-
quires a neutrino self-interaction cross section 10 orders of mag-
nitude larger than that present in the Standard Model. This,
in turn, requires a new MeV-scale neutrinophilic boson with or-
der one couplings. These values are not motivated in neutrino
mass models, and are robustly excluded by experimental data
unless the boson interacts only with ⌧ neutrinos [70–72]. Next,
the solution requires an additional contribution of �Ne↵ ⇠ 1, a
value robustly excluded by BBN [73, 74] – see also [75, 76] for
a recent assessment of the BBN bounds and [77, 78] for models
trying to evade these constraints. Finally, the observed shift in
H0 only occurs when polarization data is not included in the
fit [44, 79–81], while the results for the majoron model discussed
here are robust to the inclusion of this dataset. Thus, while the
proposed models both involve neutrinophilic bosons, they are in
fact remarkably di↵erent.

sterile neutrinos at the GeV scale are precisely those re-
quired for a successful implementation of low-scale lep-
togenesis via sterile neutrino oscillations, i.e. ARS lepto-
genesis [82] (see also [83–85]). We verify explicitly that
symmetry breaking scales vL ⇠ (0.01 � 1) TeV required
to resolve the Hubble tension can be made fully consis-
tent with conventional ARS leptogenesis, so long as the
Higgs mixing is small enough so as to avoid thermaliz-
ing the scalar responsible for breaking lepton number,
and that the lepton number phase transition occurs at
T > 104

� 106 GeV. The scenario proposed here thus
o↵ers an intriguing connection between the H0 tension,
the neutrino mass mechanism, and the generation of the
baryon asymmetry of the Universe. Fig. 1 shows a sketch
of the thermal history, highlighting the main ingredients
of our proposal.

This manuscript is organized as follows. We begin by
introducing the well-known singlet majoron model in Sec-
tion II. In Section III we first discuss the requirements in
order to successfully produce the baryon asymmetry of
the Universe via the ARS leptogenesis mechanism, and
then compute the thermal evolution and subsequent de-
cays of the sterile neutrinos responsible for sourcing the
primordial majoron abundance. Section IV describes the
cosmological evolution of the majoron-neutrino system,
and presents the results of a MCMC performed using
Planck2018 + BAO data. We present a summary and
our conclusions in Section V. We finish in Section VI by
discussing some interesting avenues for future work, and
we refer the reader to the Appendices for various techni-
cal details.
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FIG. 2: Contours (68.3% and 95.4% C.L.) for the Dbaseline dataset for the various considered models.

FIG. 3: �AIC of the various models considered in this work, colored in the same way as in fig. 2.
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Solving both tensions?

No known models convincingly solving both tensions! 

• Most models ease one tension at expense of making other worse… few exceptions, e.g.: 

• DM interacting with DR helps with both tensions (but not enough) 

• DM interacting with DR and photons works better (Becker et al. 2010.04074)                               
E.g. DM may interact with dark photon, mixed with visible photon… 

• More studies required (e.g. Majoron + sizeable active neutrino mass)

DM-γ
DM-DR

DM- -DRγ

LCDM
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Conclusions

Hope that one or more tension solved by systematics! 

Reassuring that we cannot fit anything? … 

If tensions do not settle with systematics: 

• Previous models: predictions for next-generation CMB/LSS (e.g. EDE, Majoron, shifted 

recombination…) 

• Chance to learn about new particle physics, tests it in laboratory? (e.g. DM interactions, Majoron)  

• Revisit models beyond Friedmann? Large-scale inhomogeneity?

Explaining Cosmological Anisotropy 17

Figure 20. ⇤CDM parameter maps for WMAP (left) and Planck (right). Both datasets use the same scale cuts, as detailed in the text.

MNRAS 000, 1–26 (2020)

Fosalba & Gaztanaga 2011.00910
Kinematic dipole / CMB dipole mismatch 

Secrest et al. 2009.14826; 2105.09790, 2106.03119

Will be inserted by the editor 5

Fig. 1. Examples of directional anisotropy reported in studies of the local bulk flow [14,15,
36,38,39], X-ray clusters [53,54], SNe Ia [21], high redshift radio sources [49,50] and quasars
[52]. These are all close to the CMB dipole direction [43] which is also marked.

makes SNe Ia ‘standardisable’ candles, i.e. the intrinsic magnitude can be inferred
with relatively low scatter (0.1–0.2 mag) by measuring the lightcurves in di↵erent
(colour) bands [56]. Further assuming that the intrinsic properties themselves do not
evolve with redshift, observations of SNe Ia can be used to measure the cosmological
evolution of the luminosity distance (i.e. of the scale factor) as a function of redshift.

In detail however the di↵erent empirical techniques for implementing the Phillips
corrections [55], viz. the Multi Colour Lightcurve Shape (MLCS) strategy [10], the
‘stretch factor’ corrections [9] and the template fitting or�m15 method [57,58], do not
agree with each other — see Figure 4 of Ref. [56]. As the sample of SNe Ia has grown,
the tension between the methods has in fact increased [59]. The MLCS strategy was
to simultaneously infer the Phillips corrections and the cosmological parameters using
Bayesian inference. However a two-step process — the ‘Spectral Adaptive Lightcurve
Template’ (SALT) — is now adopted, wherein the shape as well as the colour [60]
parameters required for the Phillips corrections are first derived from the lightcurve
data, and the cosmological parameters are then extracted in a separate step [61]. The
current incarnation of this method is SALT2, employed in analysis of recent public
SNe Ia data sets [11,62], in which every SNe Ia is assigned three parameters, m⇤

B ,
x1 and c — respectively the apparent magnitude at maximum (in the rest frame ‘B-
band’), the lightcurve shape, and the lightcurve colour correction. This can be used
to construct the distance modulus using the Tripp formula [60]:

µSN = m
⇤
B �M

0
B + ↵x1 � �c, (1)

where M0
B is the absolute magnitude (degenerate with the absolute distance scale i.e.

the value of H0) while ↵ and � are parameters which are assumed to be constants for
all SNe Ia. (Further parameters can be added, e.g. a ‘mass step correction’ according
to the mass of the SNe Ia host galaxy, but this turns out to be irrelevant in the fitting
exercise, whereas the stretch and colour corrections above are both important and
uncorrelated with each other [12].) This is related to the luminosity distance dL as

µ = 25 + 5log10(dL/Mpc), (2)

where dL is a function of the ⇤CDM model parameters:


