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Fig. 5. KV450 analysis results with COSEBIs (green), DES-Y1 results with H19 setup and DIR spectroscopically calibrated redshifts (orangeyellow) 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

DES bpz redshift distributions and 3) H19 setup with DIR spectroscopically calibrated redshift distributions. The first case corresponds 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
sufficiently deep spectroscopic surveys, the resulting cosmological analysis can be shifted towards larger values of S 8 . This can
be true even if we allow for uncorrelated additive redshift calibration 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 spectroscopically 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 surveys following Joudaki et al. (2019). Therefore, setup 2 was designed 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
and
the
outcome
of
0.024
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.

Repeated 2 to 3σ

In this paper we presented cosmic shear constraints on S 8 =
0.5
8 (⌦m /0.3) , 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 priors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no crosscorrelations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale effects, 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 insensitive 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
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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 obtain tighter constraints and as such a larger than 3 tension with
the Planck results. This with the fact that we use COSEBIs instead 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 (orangeyellow) 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

DES bpz redshift distributions and 3) H19 setup with DIR spectroscopically calibrated redshift distributions. The first case corresponds 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
sufficiently deep spectroscopic surveys, the resulting cosmological analysis can be shifted towards larger values of S 8 . This can
be true even if we allow for uncorrelated additive redshift calibration 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 spectroscopically 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 surveys following Joudaki et al. (2019). Therefore, setup 2 was designed 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
and
the
outcome
of
0.024
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.

Repeated 2 to 3σ

In this paper we presented cosmic shear constraints on S 8 =
0.5
8 (⌦m /0.3) , 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 priors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no crosscorrelations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale effects, 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 insensitive 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
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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 obtain tighter constraints and as such a larger than 3 tension with
the Planck results. This with the fact that we use COSEBIs instead 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 (orangeyellow) 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

DES bpz redshift distributions and 3) H19 setup with DIR spectroscopically calibrated redshift distributions. The first case corresponds 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
sufficiently deep spectroscopic surveys, the resulting cosmological analysis can be shifted towards larger values of S 8 . This can
be true even if we allow for uncorrelated additive redshift calibration 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 spectroscopically 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 surveys following Joudaki et al. (2019). Therefore, setup 2 was designed 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
and
the
outcome
of
0.024
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.

Repeated 2 to 3σ

In this paper we presented cosmic shear constraints on S 8 =
0.5
8 (⌦m /0.3) , 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 priors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no crosscorrelations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale effects, 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 insensitive 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
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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 obtain tighter constraints and as such a larger than 3 tension with
the Planck results. This with the fact that we use COSEBIs instead 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 (orangeyellow) 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

DES bpz redshift distributions and 3) H19 setup with DIR spectroscopically calibrated redshift distributions. The first case corresponds 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
sufficiently deep spectroscopic surveys, the resulting cosmological analysis can be shifted towards larger values of S 8 . This can
be true even if we allow for uncorrelated additive redshift calibration 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 spectroscopically 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 surveys following Joudaki et al. (2019). Therefore, setup 2 was designed 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
and
the
outcome
of
0.024
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.

Repeated 2 to 3σ

In this paper we presented cosmic shear constraints on S 8 =
0.5
8 (⌦m /0.3) , 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 priors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no crosscorrelations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale effects, 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 insensitive 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
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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 obtain tighter constraints and as such a larger than 3 tension with
the Planck results. This with the fact that we use COSEBIs instead 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 (orangeyellow) 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.
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8 (⌦m /0.3) , 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 priors, nonlinear modelling and redshift calibration between these
two datasets and finally combined them assuming no crosscorrelations to get joint constraints on the parameters. Both H19
and T18 made scale cuts in their analysis to avoid small scale effects, 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 insensitive 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
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(H0, S8) reconstructed from

most other
datasets (Planck,
Systematics
in CMB BAO…),
in model-dependent
way, assuming
LCDM
(Unknown foregrounds,
insufficient
instrument modelling)
6

The sound horizon from Big Bang Nucleosynthesis - J. Lesgourgues

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 spectroscopically 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 surveys following Joudaki et al. (2019). Therefore, setup 2 was designed 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
and
the
outcome
of
0.024
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 obtain tighter constraints and as such a larger than 3 tension with
the Planck results. This with the fact that we use COSEBIs instead of 2PCFs in our analysis explains the di↵erences between
our results. In particular, the COSEBIs analysis of DES-Y1 data

Solving the S8 tension alone
Does not work:

∑ mν (zNR close to zdec -> early ISW; not enough CMB lensing)

•

Standard neutrino mass

•

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…

104
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Figure 1: CanDM evolution for m = 100 keV, ↵ = 10, n = 0, and f = 0.1. Left: Temperature T and chemical
potential µ13:
of CanDM
as 2
a function
of the scale
factor a,
illustrating
theCL)
Figure
1 and
contours
(68.3%
and
95.4%
three di↵erent regimes of CanDM evolution: radiation-like, cannibalistic, and cold. The chem-
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deri
chains. We show the case of CanDM with f = 1 with bro

Solving the H0 tension alone
2

1. Change in late cosmological evolution, feature between
z~0-0.1 (SH0ES) and z~0.1-1.3 (BAO/uncalibrated high-z
SNIa)
•

w

Three avenues:

Camarena and Marra
-0.8

The apparent magn

-1.0

mB (z) = 5 log10

-1.2

where the luminosit

-1.4
Hockey-stick equation of state
Cosmological constant

-1.6
-1.8

Difficulty: simultaneous compatibility with all observables

dL (z) = (1 + z)

0.5

1.0
z

⁄

dL
1
z

0

Finally, the distanc

Camarena & Marra 2101.08641

-2.0
0.0

5

1.5

2.0

µ(z) = mB (z) ≠ MB

For zt æ Œ on
wx . We will conside

Figure 1.
Hockey-stick
the cosmological
θsdark=energyrtransition
/dAatascompatible
2. Increase Neﬀ to change sound horizon rs and make sound angular
scale
3 SUPERNOVA
sbehaves
constant until a sudden phantom
very-low redshift.
The determination
with larger H0
two-step process (R

•

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 introduce hockey-stick dark energy, in Section 3 we discuss
the prior on MB , while in Section 4 we present the statistical analysis. The results are shown in Section 5 and the
conclusions drawn in Section 6.

Difficulty: other ingredients must counteract other effects of increasing (Neﬀ, H0): enhanced
Silk damping, acoustic peak shift from neutrino drag…
(ii)
•
•

•

⇒ 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]…
2 HOCKEY-STICK
DM scattering on DR: Buen-Abad et al. 1505.03542, 1708.09406;
JL DARK
et al.ENERGY
1507.04351)
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):

(i) First, anchors,
to produce a c
magnitude MB
physical proper
Second, Hubble
range 0.023 Æ z
ity distance-red
Cosmography w

The latest constrain

H0R21 = 73.2 ± 1.3 k

Usually, one in
that use an H0 prio
‰2H0

x

t

t

=

t

2
MB

t

x

x

•

8

Less constrained but more ad hoc?

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:
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H0 ≠ H0R21
2
‡H
R21
0

The goal of this p
hockey-stick dark e
ii) above and adopt

rs: early DE,
3. Other changes in early cosmological evolution, still leading to shift;in
sound horizon
w ≠ (1 + w ) z/z
if z Æ z (the blade)
w=
,
(1)
≠1
if z > z (the shaft)
early MG, primordial magnetic fields-> inhomogeneous recombination, running of fundamental ‰
which mimics the cosmological constant at higher redshifts
and deviates from the latter for z Æ z , reaching w at z =
constants…
0, see Figure 1. A step equation of state (constant w for
x

!

=

!

R
MB ≠ MB

R21
MB

2
‡M
R21
B

where
is the
prior of equation (7
Before proceedi
pernovae Ia become
ization and that th
curves, and its para
of MB (e.g., x0 , x1

Solving the H0 tension alone
In the Realm of the Hubble tension

a Review of Solutions

81

Which work and which do not?

In the Realm of the Hubble tension

a Review of Solutions

30

De Valentino et al. 2103.01183
In the Realm of the Hubble tension

a Review of Solutions

56

In the Realm of the Hubble tension

In the Realm of the Hubble tension

a Review of Solutions
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1

at which the transition occurs are, respectively [215]:
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1+
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(2)
(3)

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

equation
of state
w (a)
! 1, while
for aof Solutions
ac we have w (a) ! wn . Hence, the
In the Realm
of the
Hubble
tension
a Review
97
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 8.
= 1/3)
for nplot
= 2,
and
radiation
for nconstant
3; forconstraints
n ! 1, the
Figure
Whisker
with
thefaster
68% than
marginalized
Hubble
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]
1
finds H0 = 71.02+1.45
Mpc 1 at 68% CL, solving the Hubble tension at 1.1 .
1.37 km s
Considering a full CMB analysis for this scenario, Planck 2015 alone gives instead
1
H0 = 72.58+0.79
Mpc 1 at 68% CL [392], solving the Hubble tension within
0.80 km s
1
1 , and Planck 2015 + BAO gives H0 = 71.55+0.55
Mpc 1 at 68% CL, in
0.57 km s
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],
1
which finds H0 = 72.35+0.78
Mpc 1 at 68% CL for the Planck 2018 data, and
0.79 km s
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
can not
fitwith
the the
observational
in cluster
scalesHubble
compared
to
Figuremodel
18. Whisker
plot
68% (95% if data
dashed)
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constant
constraints
for the
models
of Sections
11-14.
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corresponds
the ⇤CDM.
Extensions
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model
considering
neutrinos
or avertical
non-zero
curvature
of
to the
R20 [2] and the light pink vertical band corresponds
0 value
the Universe
canHbe
foundmeasured
in Refs. by
[394–396].
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68

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.

52

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 )

a Review of Solutions

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

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
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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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(2)

•

Issue of properly combining SH0ES and uncalibrated high-z SNIa…
(3)

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

equation
of state
w (a)
! 1, while
for aof Solutions
ac we have w (a) ! wn . Hence, the
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of the
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tension
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•

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.

Abellan, JL, Pérez-Sanchez, Poulin, Schöneberg, Witte [in preparation]: fair ranking
of proposed models..

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 8.
= 1/3)
for nplot
= 2,
and
radiation
for nconstant
3; forconstraints
n ! 1, the
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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]
1
finds H0 = 71.02+1.45
Mpc 1 at 68% CL, solving the Hubble tension at 1.1 .
1.37 km s
Considering a full CMB analysis for this scenario, Planck 2015 alone gives instead
1
H0 = 72.58+0.79
Mpc 1 at 68% CL [392], solving the Hubble tension within
0.80 km s
1
1 , and Planck 2015 + BAO gives H0 = 71.55+0.55
Mpc 1 at 68% CL, in
0.57 km s
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],
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Mpc 1 at 68% CL for the Planck 2018 data, and
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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
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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 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.
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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

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.
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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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FIG. 2: Contours (68.3% and 95.4% C.L.) for the Dbaseline dataset for the various considered models.
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AIC of the various models considered in this work, colored in the same way as in fig. 2.
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excepted one
Majoron-motivated model
Bad news for:
• Self-interacting neutrinos
• DM scattering on self-coupled DR
14
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Majoron scenario of Escudero & Witte 1909.04044, 2004.01470, 2103.03249:
•

O(eV)-mass Majoron ϕ = pseudo-Goldstone of spontaneously broken U(1)L

•

small Yukawa-like couplings to active neutrinos

•

T ∼ ϕ : interactions between majoron and active neutrinos (inverse neutrino decay):
• Majoron thermalize and contribute to Neﬀ ,
•

•

2

active neutrinos do not free-stream

T < ϕ : Majoron decays into
active
neutrinos, which
From
Leptogenesis
to the free-stream
Hubble Tension

U (1)L

Sterile neutrino
production

Lepton asymmetry
from oscillations

Primordial Majoron
Population Produced

Sphaleron Freeze-Out

Majoron-Neutrino
Thermalization &
Majoron Decay

Generate:

H0

MN i

Temperature
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T ⇠ [106 , 104 ] GeV

L̄

Sphaleron

T ⇠ 130 GeV

B
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T ⇠ 100 MeV

T ⇠ 0.2 eV

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
at Thorizon
⇠ 106 GeV.
at TNucleosynthesis
⇠ [106 104 ] GeV
CP violating oscillations of these sterile neutrinos
The sound
from Then,
Big Bang
- J.the
Lesgourgues
15 not equilibrate)
generate a net primordial lepton asymmetry in the Standard Model. Soon after the electroweak phase transition (at T ⇠ 130
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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…

LC

DM

DM-DR
DM-γ
DR
γ
DM

•

17

More studies required (e.g. Majoron + sizeable active neutrino mass)
The sound horizon from Big Bang Nucleosynthesis - J. Lesgourgues

Explaining Cosmological Anisotropy

17

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?
Will be inserted by the editor

Fosalba & Gaztanaga 2011.00910
18

5

Kinematic dipole / CMB dipole mismatch
Secrest makes
et SNe
al.Ia 2009.14826;
2105.09790, 2106.03119
‘standardisable’ candles, i.e. the intrinsic magnitude can be inferred
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.

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
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