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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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3.3. LIGHT PROPAGATION IN THE FLRW UNIVERSE 27

time, unlike the physical distance between them. However, this is a purely con-
ventional and rather artificial definition of distances, since we can’t see remote
objects today - they might even have disappeared. Anyway, we should not argue
about the definition of distances, because distances are not directly measurable
quantities in cosmology. We should concentrate on experimental, indirect ways
to probe them. Each experimental technique will lead to a particular definition
of distance.

In astrophysics, distances are usually measured in three ways:

• From the redshift. In principle the observed redshift of objects measures
the ratio a(t0)/a(te) plus corrections due to the local e↵ects of small-scale
inhomogeneities (peculiar velocity of the object, ...). On very large dis-
tances, one can neglect the impact of inhomogeneities and assume in first
approximation that the observed redshift is really equal to a(t0)/a(te)�1.
Then, if we know in advance the function a(t), we can identify the time
te and compute the comoving distance �(te) by integrating (c dt/a(t))
from te to t0. This method is (in first approximation) the one used by
observers trying to infer the spatial distribution of galaxies from galaxy
redshift surveys. The distance reported in pictures showing the distribu-
tion of galaxies in slices of our universe is obtained in that way. However,
it assumes an a priori knowledge of the function a(t). In many cases, this
function is precisely what one wants to measure.

• From the angular diameter of standard rulers. Surprisingly, there exist
a few objects in astrophysics and cosmology which physical size can be
known in advance, given some physical properties of these objects. They
are called standard rulers. In the next chapters we will introduce one
example of standard ruler: the sound horizon at decoupling, “observed” in
CMB anisotropies. In Euclidean space, the distance d to a spherical object
can be inferred from its physical diameter dl and its angular diameter d✓

through dl = d ⇥ d✓. In FLRW cosmology, although the geometry is
not Euclidean, we will adopt exactly this relation as one of the possible
definitions of distance. The corresponding quantity is called the angular
diameter distance dA,

dA ⌘
dl

d✓
. (3.39)

In Euclidean space, dA would be proportional to the usual Euclidean dis-
tance to the object and therefore to its redshift. In the FLRW universe,
the relation between the angular diameter distance and the redshift is
non-trivial and depends on the spacetime curvature, as we shall see in the
next subsection.

• From the luminosity of standard candles. As we have seen already with
Cepheids, there exists also objects called standard candles for which the
absolute luminosity (i.e. the total luminous flux emitted per unit of time)
can be estimated independently of its distance and apparent luminosity.
In Euclidean space, the distance could be inferred from the absolute lumi-
nosity L and apparent one l through l = L/(4⇡d

2). In cosmology, although
the geometry is not Euclidean, we will adopt exactly this relation as one of
the possible definitions of distance. The corresponding quantity is called
the luminosity distance dL,

dL ⌘

r
L

4⇡l
. (3.40)

In Euclidean space, dL would be again proportional to the usual Euclidean
distance to the object and therefore to its redshift, while in the FLRW
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that since � scales like (1 + ze), both the energy and the frequence scale like
(1 + ze)�1).

We see that the luminosity distance is not indepent from the angular dis-
tance:

dL = a(t0) re (1 + ze) = a(te) re (1 + ze)
2 = (1 + ze)

2
dA . (3.50)

Like dA, the luminosity distance can be written formally as a function of ze:

dL = a(t0) (1 + ze) fk

✓Z
ze

0

c dz

a(t0)H(z)

◆
. (3.51)

Again, we would need to know the function H(z) and the value of k in order
to calculate explicitly the luminosity distance – redshift relation dL(ze). In
the limit z �! 0, the three definition of distances given in the past sections
(namely: a(t0)�, dA and dL) are all equivalent and reduce to the usual definition
of distance d in Euclidean space, related to the redshift through d = z(c/H0).
Hence, the measurement of dA(z) and dL(z) at small redshift does not bring new
information with respect to a Hubble diagram (i.e., it only allows to measure
one number H0), while measurements at high redshift depend on the spatial
curvature and the dynamics of expansion. We will see in the next chapter that
dL(z) has been measured for many supernovae of type Ia till roughly z ⇠ 2,
leading to one of the most intriguing discovery of the past years.

In summary of this section, according to General Relativity, the homoge-
neous universe is curved by its own matter content, and the space–time curva-
ture can be described by one number plus one function: the comoving spatial
curvature k, and the scale factor a(t). We should now be able to relate these
two quantities with the source of curvature: the matter density.

3.4 The Friedmann law

From now on, we will adopt units in which c = 1 in most equations.

3.4.1 Einstein’s equation

The relationship between the properties of matter in one point and those of
curvature in the same point is given by the Einstein equation

Gµ⌫ = 8⇡G Tµ⌫ . (3.52)

The Einstein tensor Gµ⌫ can be computed for the FLRW metric using Christof-
fel’s symbols. After some calculations, one finds that Gµ⌫ , and even more G

µ

⌫
,

has a rather simple expression. It is diagonal, and G
1
1 = G

2
2 = G

3
3. In fact, these

properties are a direct consequence of the homogeneity/isotropy assumption.
When studying special and general relativity, we have seen a similar structure
in the stress-energy tensor of a perfect fluid in the MCRF. Indeed, for such a
fluid,

T
µ⌫ = (⇢ + p)Uµ

U
⌫ + pg

µ⌫
, (3.53)

with U
µ = (U0

, 0, 0, 0). The value of U
0 is given as usual by the constraint

~U · ~U = U
0
g00U

0 = �1. Using the Friedmann metric expressed with proper
time, one has g00 = �1 and hence U

0=1, i.e. U
µ = �

µ

0 . The associated covector
is U⌫ = U

µ
gµ⌫ = ��

0
⌫
. The stress-energy tensor can then be computed. It looks
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redshift relation (e↵ective magnitude and luminosity distance can be related in
a straightforward way: mB / (log[dL] + cst)). The solid black curves account
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“Late” probes of Hubble rate (Supernovae luminosity)14

Figure 11. The Hubble diagram for the Pantheon sample. The top panel shows the distance modulus for each SN; the
bottom panel shows residuals to the best fit cosmology. Distance modulus values are shown using G10 scatter model.

Given a vector of binned distance residuals of the SN
sample that may be expressed as �~µ = ~µ � ~µmodel (as
shown in Fig. 11 (bottom)) where ~µmodel is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

Here we review each step of the analysis of the Pan-
theon sample and their associated systematic uncertain-
ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
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Figure 3: 68% and 95% confidence levels on ⌦m and H0 for the minimal ⇤CDM model and
our combined BAO+BBN data set under various assumptions: Left: BBN predictions taken
from PArthENoPE-standard (red), PArthENoPE-Marcucci (green), and PRIMAT (blue). Right:

Helium abundance taken from Aver et al. [46] (red), Peimbert et al. [47] (green), and Izotov
et al. [48] (blue).

uncertainties on these rates. The right panel shows the impact of taking the experimental
helium abundance measurement from the three di↵erent references listed in section 2. This
has a totally negligible impact because !b depends on deuterium much more than helium
measurements. In conclusion, we find that our results are robust and hardly a↵ected by the
most controversial aspects of BBN physics.

3.2 ⇤CDM + Ne↵ model

We now allow Ne↵ to vary in order to check whether the BAO+BBN dataset is compatible
with larger values of H0. Di↵erent physical e↵ects are now at play.

BAO data probe the ratio of the comoving sound horizon over several types of comoving
cosmological distances. For instance, in a flat universe, the BAO angular scale reads:

✓(z) =

R1
zD

cs(!b, z̃)H(z̃)�1
dz̃

R z
0 H(z̃)�1dz̃

'
R1
zD

cs(!b, z̃)
⇥
⌦r/⌦m(1 + z̃)4 + (1 + z̃)3

⇤�1/2
dz̃

R z
0 [⌦⇤/⌦m + (1 + z̃)3]�1/2

dz̃

, (3.1)

where the baryon-photon sound speed cs depends on the baryon density and on redshift. For
a fixed !b, the numerator (related to the sound horizon) depends on the redshift of equality
between radiation and matter (i.e. on ⌦m/⌦r), while the denominator (related to the angular
diameter distance) depends on the redshift of equality between matter and ⇤ (i.e. on ⌦m).
It is possible to increase Ne↵ and H0 simultaneously while keeping these two redshifts (and
both ⌦m,⌦r) fixed: thus we expect BAO data to be compatible with arbitrary values of H0

when Ne↵ fluctuates. However, the degeneracy between Ne↵ and H0 is limited by BBN data
in two main ways.

– 8 –
5

“Early” probes of Hubble rate (CMB, Baryon Acoustic Oscillations)

 from sound horizon = standard ruler: 
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Matter power spectrum 

 low  ~ 0.77⇒ S8

 = 2-point correlation 
function of smoothed matter 
density field at redshift z, 
expanded in Fourier space

P(k, z)
 = amplitude of 

 around  
 

and 

S8
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k ∼ 0.2 h /Mpc
z ∼ 0.6

Galaxy surveys: shape, not amplitude Weak lensing survey: low S8 (also: cluster count)

Indirect: CDM model fitted to Planck  high Λ ⇒ S8 ∼ 0.86
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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
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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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(Unknown foregrounds, insufficient 

instrument modelling)

Small deviations from LCDM with new ingredients 
(DM, DE, MG, magnetic fields, etc.),  

or large-scale deviation from Friedmann model 
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Solving the  tension aloneS8

Does not work: 
• Standard neutrino mass   ~0.2 eV (  close to  -> early ISW; not enough CMB lensing) 
• pure Warm Dark Matter (exponential cut-off conflicting Lyman-  observations) 
• Simplest decaying DM models (decay between z~1000 and z~1 into electromagnetic 

components: strong energy injection bounds; into neutrinos / dark radiation -> late ISW) 
(Chudaykin et al. 1602.08121, 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) (Buen-Abad 

et al. 1708.09406; 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… 
• Testable with Lyman-  (should avoid exponential cut-off)

∑ mν zNR zdec
α

→

α
3->210�4 10�3 10�2 10�1 100

k [h/Mpc]

0.2

0.4

0.6

0.8

1.0

P
(k
)W

I /
P
(k
)�

N
fl
u
id

�0 = 0

�0 = 6� 107Mpc�1

FIG. 3: CLASS plots of the ratio of the linear MPS from the IDS model to that from ⇤CDM + �Nfluid

(left) in the WI limit, for di↵erent �0; and (right) in the DP limit, for di↵erent f . Note the k

(in)dependence of the suppression in the left (right) plots.

where � is the comoving distance as measured from the observer, and P(�+ ) is the Power Spectrum

of the sum of the metric perturbations, related to that of matter fluctuations on sub-Hubble scales

by the Poisson equation. Hence the impact of di↵erent cosmological model on the MPS and CMB

lensing spectrum is almost identical.

Fig. III B and Fig. III B show the e↵ects of �0 and f on the lensing power spectrum C
��
` .

These two parameters produce a smaller lensing spectrum due to the suppression in the DM

perturbations yielding shallower gravitational perturbations.

FIG. 4: CLASS plots of the ratio of the CMB lensing spectrum from the IDS model to that from

⇤CDM + �Nfluid (left) in the WI limit, for di↵erent �0; and (right) in the DP limit, for di↵erent f .
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Solving the  tension aloneH0

Does not work: 
• Change in late cosmological evolution to get a smaller H0 with 

the same angular distance               … 

 too constrained by BAO + Supernovae data 

• Increase   to change sound horizon  and angular distance  by same amount, and make 
sound angular scale  compatible with larger                                                                

 CMB forbids to increase  too much: (enhanced Silk damping, acoustic peak shift from 
neutrino drag) and BBN + Helium abundance require  

Works better: 

1. Increase  after BBN and compensate with new ingredients in the Dark Sector 

2. Get the same with a scalar field dominating just before recombination (Early Dark Energy) 

3. Shift the time of recombination (variation of fundamental constants, inhomogeneous 
recombination from e.g. small-scale primordial magnetic fields) 

dA = ( . . . )∫
zobs

0
dz /H(z)

⇒

Neff rs dA

θ = rs /dA H0
⇒ (Neff, H0)

Neff < 0.3

Neff

2 Camarena and Marra

Hockey-stick equation of state
Cosmological constant

0.0 0.5 1.0 1.5 2.0
-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

z

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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Solving the  tension aloneH0

Increasing  :  
• Self-interacting Dark Radiation works better than free-streaming massless relics (no baryon 

drag, no offset of CMB peaks) 

•  should increase between BBN and CMB times (entropy release) 

• Wess-Zumino Dark Radiation (WZDR) model of Aloni, Berlin, Joseph, Schmaltz & Weiner 

2111.00014 : 
• Interaction between massless relic fermions mediated 

by eV-mass scalar (  ) 

• At T~1eV, scalar becomes non-relativistic, entropy 
release boosts  from ~3.3 to ~ 3.5 (precise value 

depends on  ) 
• Transition leaves imprint in CMB spectrum that 

compensates for increase of  

Neff

Neff

eV ∼ M2
SUSY/MPl

Neff

Tdark

(Neff, H0)

6

3.
2

3.
5

3.
8

4.
1

Ne�,IR

68 70 72 74

H0

3.2

3.5

3.8

4.1

N
e�

,I
R

�CDM + Ne�

SIDR

WZDR

FIG. 3: Comparison of the marginalized 1D and 2D posterior distributions for the Hubble parameter H0 and the late-time
value of the e↵ective number of neutrinos in radiation Ne↵,IR (including the Standard Model neutrino contribution) for the
⇤CDM+Ne↵ , SIDR, and WZDR models when fitting to the dataset D (not including SH0ES) in the left set of panels or D+
(including SH0ES) in the right set of panels.

preference in the data, independent of SH0ES, for a step
in an additional interacting fluid component.5

Remarkably, the preferred value for H0 in a fit to D
is shifted to larger values in the WZDR model, with
a best-fit of H0 = 69.1 km/s/Mpc, as compared to
H0 = 67.9 km/s/Mpc for SIDR, H0 = 67.7 km/s/Mpc
for ⇤CDM+Ne↵ , and H0 = 67.6 km/s/Mpc for ⇤CDM.
A similar trend is evident in the 90% C.L. ranges listed
in Table I. This immediately raises the question: can
WZDR help address the existing tension between the
⇤CDM-inferred value of H0 and the late-universe mea-
surement of H0 = (73.2 ± 1.3) km/s/Mpc by the SH0ES
collaboration?

The short answer to this question is: yes, the pres-
ence of the WZDR-step does allow for a significant re-
duction to this tension. Earlier analyses have shown
that additional free-streaming radiation can naturally al-
low for a larger value of H0 when fitting to the dataset
D+ that includes SH0ES, but only at the cost of sig-
nificantly worsening the fit to the SH0ES-independent

5
Many previous analyses have assumed that the new species of

radiation was also present during BBN, increasing the predicted

abundance of primordial helium Yp. Since that is a much earlier

era, we instead assume that the radiation is populated well af-

ter BBN, corresponding to temperatures below ⇠ 100 keV [37].

Thus, we will make comparisons between SIDR and WZDR with

this same assumption, so as not to penalize models of SIDR com-

pared to WZDR. In Table IV of Appendix B, we also show results

for SIDR models in which the energy density in interacting ra-

diation is also present during BBN.

dataset D. Making this radiation interacting (as in the
SIDR model) somewhat ameliorates the issue, but this
is still constrained by the high-` multipoles of the CMB
polarization power spectrum [12, 15, 17]. In the WZDR
model, this is compensated by the the `-dependent mod-
ifications to the CMB, allowing for additional levels of
interacting radiation.

We provide additional results of our dedicated MCMC
analysis in Fig. 3, which shows the posteriors for H0 and
the late-time value of the e↵ective number of neutrinos
in free-streaming and strongly-coupled radiation for the
⇤CDM+Ne↵ , SIDR, and WZDR models (the full set of
posteriors for each of these scenarios is provided in Ap-
pendix B). As for conventional early-universe solutions
to the Hubble tension, additional radiation is correlated
with larger values of H0, corresponding to an approxi-
mately fixed angular size of the sound horizon at recom-
bination [28]. Most notable in Fig. 3, however, is the fact
that WZDR predicts H0 and Ne↵,IR posteriors that ex-
tend out to much larger values, in the case that SH0ES is
either included (right panel) or not included (left panel)
in the analysis. We show the resulting best-fit values and
posterior ranges for the full D+ dataset in Table II.

But, of course, simply predicting a larger value of H0

is not a solution to the tension if it simply provides an
overall bad fit to the data. Recently, Ref. [10] established
a rubric for comparing models that could address this
tension with three basic measures: GT (Gaussian ten-
sion), QDMAP (di↵erence of the maximum a posteriori),
and �AIC (Akaike information criterium). The values of
these measures are provided in Table III for ⇤CDM and
the three benchmark radiation models. We now briefly
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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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Solving the  tension aloneH0

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

11

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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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?

Currently, no known and studied models convincingly solving both tensions! 

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

• 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… 

• Try Majoron of Escudero et al. + sizeable active neutrino mass? 

• Try Interacting Dark radiation model of Aloni et al. + DR-DM interactions of Buen-Abad et al. ?

DM-
DM-

DM-γ

LCD
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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, WZDR…) 

• 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.
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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:


