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Cosmological models featuring an elastic interaction in the dark sector have been shown to provide a
promising scenario for alleviating the σ8 tension. A natural question for these scenarios is whether there
could be a degeneracy between the interaction and massive neutrinos since they suppress structures in a
similar manner. In this work we investigate the presence of such a degeneracy and show that the two effects
do not exhibit strong correlations.
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I. INTRODUCTION

Our current cosmological model, namely ΛCDM, has
received remarkable support from the different data that
have been collected in the past decades and which include
observations of the cosmic microwave background [1],
supernovae [2,3], baryon acoustic oscillations [4–6], large
scale structures or weak lensing [7,8], etc. As the instru-
ments improve and the amount of data increases, so does the
precision on the measured cosmological parameters and
some tensions between different datasets have commenced
to appear [9,10]. One of these tensions is the apparent
discrepancy in the clustering of matter as predicted by
CosmicMicrowaveBackground (CMB)measurements [11]
and those based on low redshift observations [12,13]. This
tension is usually described in terms of the parameter σ8 (or
the related S8) that parametrizes the amplitude of matter
fluctuations on spheres of 8 Mpc=h. As usual, the tension
could be driven by unknown systematics, but it could also be
signalling the need for physics beyond ΛCDM. Since the
tension seems to indicate that the clustering in the late-time
universe appears to be smaller than what the CMB suggests,
it is natural to appeal to some mechanism that erases
structures or prevents the clustering at low redshift. This
idea is realized in scenarios where the dark sector features
some interaction between dark matter and dark energy (see
Ref. [14] for a review on interactions between dark energy
and dark matter). Among all the plethora of interacting
models, those with a mechanism that naturally operates at
late times, when precisely dark energy becomes relevant and

then such a mechanism will naturally emerge, would
naturally accommodate the lower clustering suggested
by late probes. Moreover, if the interaction effectively
provides dark matter with a pressure, that mechanism will
prevent its clustering due to such gained pressure.
Furthermore, in order to leave the background cosmology
unaffected, so we do not worsen the Hubble tension [15,16]
as typically happens, one can consider the interaction to
be elastic. This results in that there is only momentum
exchange between the dark components at linear order.
The described scenario has been investigated in several
versions and in all its variants (see Refs. [17–25] for several
examples where a momentum exchange takes place), being
all in an agreement that the elastic interaction is efficient in
alleviating the σ8 tension. Furthermore, it has been repeat-
edly reported that, when including measurements of S8, not
only the σ8 tension can be alleviated, but the noninteracting
case is excluded at several sigmas and a detection of the
interaction could be inferred. Also, if the interaction is
indeed there, it has been shown that the dipole of the matter
power spectrum might provide a smoking gun [26].
On the other hand, it is known that the presence of

massive neutrinos also suppresses the growth of structures
on small scales and at relatively low redshift when they
become nonrelativistic [27,28]. Thus, a natural and perti-
nent question to ask is whether the effects of the interaction
could be degenerated with massive neutrinos since both
appear to have similar effects on the matter power spec-
trum, i.e., they both tend to suppress the growth of
structures at late times and on small scales. This degeneracy
would introduce a degradation on the measured value of the
interaction parameter and, hence, it would reduce the
significance of the previous findings in the literature
seemingly pointing towards a detection of the interaction.
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The goal of this work is to analyze the presence of such
a degeneracy and unveil whether allowing for a varying
neutrinos mass could actually degrade the measurement of
the interaction parameter.
The work is structured as follows. In Sec. II we briefly

review the model that we will consider and wewill compare
its effects on the matter power spectrum with those of
massive neutrinos. We then will perform a Markov chain
Monte Carlo (MCMC) analysis in Sec. III to confront
different datasets to the predictions of the interacting model
while allowing for a varying neutrino mass. Finally, we will
conclude in Sec. IV with a discussion of our main results.

II. THE DARK ELASTIC INTERACTING MODEL

We will consider the model with an elastic interaction
introduced in Ref. [19] that has been subsequently analyzed
in Refs. [22,29–31]. The general idea is to modify the
conservation equations of the dark sector by introducing an
interaction that only affects the perturbations. This is
achieved by exploiting the existence of a common rest
frame on large scales for all the components in our
universe. In this scenario, the interaction is assumed to
be proportional to the relative four-velocities of the dark
fluids1 so the conservation equations read

∇μT
μν
dm ¼ αðuνdm − uνdeÞ; ð1Þ

∇μT
μν
de ¼ −αðuνdm − uνdeÞ; ð2Þ

with uμdm and uμde the four-velocities of cold dark matter and
dark energy, respectively, and α is a constant parameter that
controls the strength of the interaction. As desired, this
interaction will modify the standard evolution only when
the relative velocity between the dark components is non-
negligible. The parameter α has dimension 5 in natural
units and the natural scale associated to it is ρcH0 so, from
now on, we will work with a dimensionless parameter α

that will be understood to be normalized with
3H3

0

8πG. This will
be the only new parameter of this scenario and it will
control both the strength of the interaction as well as the
redshift at which it becomes important.
In the described scenario, the density contrast δ and

velocity perturbations θ in the dark sector will be coupled
not only in the usual indirect way through the gravitational
potential, but they will also feature a direct coupling via the
interaction. In the Newtonian gauge, the perturbation
equations in the dark sector read [19,29]

δ0dm ¼ −θdm þ 3Φ0; ð3Þ

δ0de ¼ −3Hðc2de − wÞδde þ 3ð1þ wÞΦ0

− ð1þ wÞ
�
1þ 9H2

c2de − w
k2

�
θde; ð4Þ

θ0dm ¼ −Hθdm þ k2Φþ Γðθde − θdmÞ; ð5Þ

θ0de ¼ ð3c2de − 1ÞHθde þ k2Φþ k2c2de
1þ w

δde

− ΓRðθde − θdmÞ; ð6Þ

where w is the dark energy equation of state parameter and
c2de its adiabatic sound speed squared. In the above
equations, we have also introduced the convenient quan-
tities Γ and R defined as

Γ≡ α
a4

Ωdm
; ð7Þ

R≡ ρdm
ð1þ wÞρde

: ð8Þ

These are the physically relevant quantities because Γ
measures the effective interaction rate in the dark sector,
while R gives the relative fraction of dark energy to dark
matter. Notice that we need w ≠ −1 to have an effect. In the
strict w ¼ −1 case, the dark energy component does not
have perturbations and, hence, our scenario fails.2

As advertised, the interaction simply adds a new term
to the Euler equations of the coupled fluids. This term
formally resembles that of the Thomson scattering between
baryons and photons before decoupling. For this reason, we
refer to our scenario as covariantized dark Thomson-like
scattering. It is clear from the equations that the interaction
requires the presence of peculiar velocities between the
dark components, something that only occurs on sub-
Hubble scales, as well as an interaction rate larger than
the Hubble expansion rate, something that parametrically
occurs when Γ≳H, i.e., at late times. From this discussion,
it is clear that the interaction will affect the small scales
at low redshift. For those scales, the interaction provides the
dark matter component with an effective pressure origi-
nated from the pressure of dark energy. This pressure will
work against the dark matter clustering, thus leading to a
suppression of the matter power spectrum on small scales
and at late times. This suppression of the matter power
spectrum looks similar to the effect of massive neutrinos
when they become nonrelativistic, thus it is natural to
wonder if both effects could be degenerate.
In Figs. 1 and 2 we show the effects of the interaction and

massive neutrinos in the matter power spectrum for

1The possibility of having an interaction of this type between
dark energy and baryons was also explored in Ref. [32] motivated
by the study of Ref. [33].

2It is worth mentioning, however, that the limit w → −1 can
give nontrivial effects because this limit is not continuous and one
should take it with some care.
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different cosmologies, calculated with CAMB [34,35] and its
modified version for dark elastic interacting models [22]
considering linear evolution. The reference models
ν − ΛCDM and ν − wCDM are displayed in the top panels
and correspond, respectively, to the ΛCDM model and the
wCDM model (w ¼ −0.98) with different values of the
neutrino mass, mν. The bottom panels illustrate the effects

on the matter power spectrum for the interacting αCDM
model (w ¼ −0.98) with different values for the coupling
parameter α and the joint effect of α and different values
of the neutrino mass, mν. In all cases, we consider
Ωbh2 ¼ 0.0226 and Ωch2 ¼ 0.112 for baryon and cold
dark matter densities, respectively. We can see that both the
interaction and the massive neutrinos produce a similar

FIG. 1. In this plot we show the matter power spectrum for different cosmologies for fixed Ωbh2 ¼ 0.0226 and Ωch2 ¼ 0.112 for
baryon and cold dark matter densities, respectively. The top panels show the reference models ν − ΛCDM and ν − wCDM
corresponding, respectively, to the ΛCDM model and the wCDM model (w ¼ −0.98) with different values of the neutrino mass,
mν. The bottom panels illustrate the effects on the matter power spectrum for the interacting αCDM model (w ¼ −0.98) with different
values for the coupling parameter α (left) and the joint effect of α and different values of the neutrino mass, mν. In all cases, relative
variations are display with respect to the corresponding reference models ΛCDM and wCDM (with mν ¼ 0.06 eV and α ¼ 0).
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suppression of the matter power spectrum on small scales.
However, we can already see that, while the interaction
does not modify the background, the massive neutrino
cosmologies also have an impact in the background
evolution and this is reflected in a modification of the
power spectrum on very large scales. Of course, this can be
corrected by varying other background cosmological
parameters. On the other hand, the scale dependence of
the suppression of the matter power spectrum also differs in
both scenarios. These different effects can help in breaking
the potential degeneracies between both scenarios. In
particular, a full shape analysis of the power spectrum
should allow to break possible degeneracies. Another
distinctive feature of the elastic interaction is that it
modifies the dipole of the matter power spectrum and this
effect will clearly allow to distinguish the interaction
from massive neutrinos, which do not produce such an
effect [26]. It should be clear then that the potential
degeneracy between both scenarios can eventually be
broken. In this work, however, we are interested in
analyzing if the results already obtained in the literature
for the elastic interacting scenarios are prone to a degen-
eracy with massive neutrinos because some observables are
not sensitive to the discussed effects or they are not
sufficiently precise to see the differences between both
scenarios. This is important because the existing studies
point towards a possible detection of the interaction

parameter that is significantly favored with respect to the
noninteracting scenario. It is then important to analyze
if allowing for a varying neutrino mass could alter
these findings.
Before proceeding to the observational constraints on the

interacting scenarios with massive neutrinos, let us also
comment on the effects on the CMB power spectrum.
In Fig. 3 we show the joint effects of the interaction and
the neutrino mass in the cosmic microwave background.
The power spectrum for temperature is most significantly
modified at large scales through the late integrated Sachs-
Wolfe (ISW) effect (as expected because the interaction is
relevant at very late times) and the reduction of the weak
lensing effect due to the neutrino mass. The amplitude of
the peaks is also modified due to the impact of the total
neutrino mass in the background and perturbations evolu-
tion. An increase in neutrino mass also produces a decrease
in the late ISW effect, reducing the CMB temperature
spectrum at low ls. In general, we can see that the massive
neutrinos have a bigger impact on the CMB than the
interaction and this is in part due to the fact that the
interaction does not affect the background evolution.

III. MCMC RESULTS

In order to address the possible degeneracy between the
elastic interaction and massive neutrinos, we will perform

FIG. 2. In this plot we show the relative variations of the matter power spectrum for the studied models: dot-dashed lines correspond to
the interacting αCDM model (w ¼ −0.98 and mν ¼ 0.06 eV), dashed lines correspond to the ν − wCDM model (w ¼ −0.98 and
α ¼ 0), and solid lines show the joint effect of α and different values of the neutrino mass, mν. All evolutions were obtained for
Ωbh2 ¼ 0.0226 and Ωch2 ¼ 0.112 for baryon and cold dark matter densities, respectively.
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FIG. 3. In this figure we display the CMB angular power spectra (temperature and polarization) for the ν − αCDM model. Different
combinations of the parameters α and mν are showed for comparison. In all cases, the normalization of relative variations is given with
respect to the wCDM model (α ¼ 0 and mν ¼ 0.06 eV).
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Markov chain Monte Carlo (MCMC) analyses that extend
those performed in [19,22,29,30] by allowing for a varying
neutrino mass. For that, we will use a modified version
of the Boltzmann solver for cosmological perturbations
CLASS [36,37] that includes the interaction [29],3 so that we
can use the MCMC code MontePython [38,39] for sampling
the parameter space. In our analyses we are going to
consider the following two different cosmologies:

(i) ν − ΛCDM: the concordance model ΛCDM with
two massless neutrinos and one massive neutrino
with mass mν, which will be a parameter in the
MCMC analyses;

(ii) ν − αCDM: the covariantized dark Thomson-like
model explained in Sec. II with two massless
neutrinos and one massive neutrino of mass mν,
which again will be a parameter in the MCMC
analyses together with the model parameter α.

Consequently, the cosmological parameters to be sampled
are baryon density as 100Ωbh2, the dark matter density as
Ωdmh2, the angle of the comoving sound horizon at
recombination as 100θs, the amplitude of primordial
perturbations as lnð1010AsÞ, the scalar spectral index ns,
the optical depth τreio, the neutrino mass mν, and the
equation of state of dark energy w. In addition to that, we
will also have the coupling parameter of the covariantized
dark Thomson-like model α. As derived parameters we
will have the redshift of reionization zreio, the total matter

abundance Ωm, the primordial helium fraction YHe, the
Hubble parameter H0, and the root-mean-square of density
fluctuations inside spheres of 8 h−1Mpc radius σ8. We will
set flat priors on the parameters with bounds only for α
and w as α∈ ½−0.01; 100� for the coupling parameter and
w > −1 for the equation of state of dark energy due to
stability reasons. We will also use the conservative bound
on the neutrino mass of mν ∈ ½0; 2� eV. For the datasets to
be used, we will consider the following combinations:

(i) Baseline: Planck data of the TT, TE, and EE
spectrum [1,40], Pantheonþ data of Supernovae
Ia [41], BAO combined data [5,42–47];

(ii) Baselineþ lensing: Previous data with also the
Planck CMB lensing power spectrum [1,40];

(iii) Baselineþ lensingþ DES − Y3: Previous data with
also a Gaussian likelihood of the form

logLS8 ¼ −
ðS8;model − S8;obsÞ2

2σ2S8
; ð9Þ

using the results from the DES survey third year
release consisting of SDES-Y38;obs ¼ 0.776� 0.017 [48].
The use of this data has some caveats (see, e.g., the
discussion in this respect in Ref. [22]), but it is a
common approach and we will also adopt it here.
This is however a very important point because it is
precisely this data and used in this manner what
permits to constrain the interaction parameter. We
could have also introduced Sunyaev-Zeldovich data
[13] or KIDS data [49] in the same way, but it would
not change substantially our results and it will not be

TABLE I. Mean likelihood values and 1σ and 2σ limits for some relevant parameters using different datasets for
the studied models: ν − ΛCDM which corresponds to the concordance model ΛCDM with one massive neutrino of
mass mν and ν − αCDM which corresponds to the interacting model αCDM with one massive neutrino of mass mν.
For computing the AIC differences, we took as the reference the ν − ΛCDM with the same datasets in each case.

ν − ΛCDM Baseline Baselineþ lensing Baselineþ lensingþ DES-Y3

H0 [km=s=Mpc] 67.529þ0.55þ0.97
−0.45−1.01 67.52þ0.53þ1.0

−0.48−1.0 67.69þ0.64þ1.13
−0.55−1.19

mν < 0.055þ0.013þ0.100 < 0.053þ0.014þ0.084 < 0.088þ0.031þ0.107

σ8 0.813þ0.017þ0.027
−0.010−0.030 0.814þ0.013þ0.021

−0.009−0.024 0.800þ0.016þ0.024
−0.011−0.0274

S8 0.830þ0.017þ0.0274
−0.014−0.030 0.832þ0.012þ0.023

−0.011−0.024 0.814þ0.011þ0.021
−0.011−0.022

χ2best fit 4196 4205 4212

ν − αCDM Baseline Baselineþ lensing Baselineþ lensingþ DES-Y3

H0 [km=s=Mpc] 66.943þ0.68þ1.23
−0.60−1.29 66.96þ0.65þ1.19

−0.59−1.27 66.96þ0.66þ1.23
−0.58−1.24

mν < 0.041þ0.009þ0.081 < 0.035þ0.008þ0.068 < 0.037þ0.008þ0.069

σ8 0.744þ0.064þ0.079
−0.028−0.109 0.762þ0.051þ0.065

−0.021−0.086 0.760þ0.019þ0.036
−0.019−0.036

S8 0.765þ0.065þ0.089
−0.032−0.113 0.784þ0.052þ0.073

−0.024−0.088 0.781þ0.017þ0.34
−0.017−0.034

α < 1.23þ0.11þ3.10 < 0.92þ0.21þ2.0 0.76þ0.31þ0.71
−0.41−0.68

χ2best fit 4195 4203 4205

ΔAIC 3.3 1.2 −2.7

3A modified version of CAMB which includes the elastic
interaction in the dark sector to the evolution of the cosmological
perturbations is also available on request. We have tested that
both modified codes give consistent results.
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necessary for our purpose here, which is to show the
impact of varying the neutrino mass.

In all the scenarios, we will make use of the Gelman-Rubin
criteria [50] satisfying that jR − 1j < 0.01 in order to
ensure the convergence of the chains.
The results that we obtain are given in Table I and in

Fig. 4 where we show the constraints for some relevant

parameters in the ν − ΛCDM and ν − αCDM scenarios.
A general conclusion inferred from the results is that,
as expected by the very nature of the interaction, most of
the parameters remain unchanged in the presence of the
momentum transfer. The other outcome from the MCMC
analyses is that the interaction can only be detected once we
add low redshift data, in our case the third year DES data,

FIG. 4. The one-dimensional posterior distributions and the two-dimensional contours obtained for some relevant parameters
using all the different datasets considered for the studied models: ν − ΛCDM which corresponds to the concordance model ΛCDM
with one massive neutrino of mass mν and ν − αCDMwhich corresponds to the interacting model αCDMwith one massive neutrino
of mass mν.
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in agreement with previous findings [22,29,30]. As a matter
of fact, when no low-redshift data is used, the results show
no lower constraint for the coupling parameter and we only
obtain the bounds:

α < 1.23þ0.11þ3.10 ðCMB − Planckþ Pantheonþ BAOÞ;
ð10Þ

α < 0.92þ0.21þ2.0 ðCMB − Planckþ Pantheon

þ lensingþ BAOÞ: ð11Þ

However, when we add the low-redshift data in the very
simple form of the Gaussian likelihood explained above,
we are able to establish both a lower and an upper
constraint on the coupling parameter of the covariantized
dark Thomson-like scattering, resulting in the following
value:

α ¼ 0.76þ0.31þ0.71
−0.41−0.68 ðCMB − Planckþ Pantheon

þ lensingþ BAOþ DES-Y3Þ: ð12Þ

Let us notice that the coupling parameter is detected to be
different from zero with a 2σ confidence level only once the
low-redshift data are used. Similar occurrences have been
found using other datasets, such as the CFHTLenS [51]
or the Planck Sunyaev–Zeldovich clusters counts [13]. In
order to understand the previous result, one has to first
consider that the covariantized dark Thomson-like scatter-
ing is a very late-Universe interaction and only occurs on
small scales, while the previous surveys are not, except for
DES-Y3. Therefore, they are unable to set strong con-
straints on the strength of the interaction as they are not
sensitive to it, i.e., both high redshift perturbations and the
background cosmology are oblivious to the interaction.
The second reason for this trend relates to the nature of the
interaction and the σ8=S8 tension. Those previous surveys,
used in the very simple form of a Gaussian likelihood,
capture the low-redshift indication for less structures in our

current Universe than the amount of structures suggested
by early Universe datasets. Therefore, a low-redshift
mechanism capable of reducing the clustering, as the
momentum transfer, will naturally accommodate those
values for S8, as we have in turn obtained.
These results permit us to answer our question: Namely,

there is no strong degeneracy between the interaction and the
mass of the neutrinos so that allowing for a varying neutrino
mass does not degrade the potential detection of the
interaction. This is clearly seen in the α −mν plane in
Fig. 4 where we see that the constraint on α is insensitive to
the value of mν. Remarkably, we see that, although more
massive neutrinos could lower the value of σ8 (or S8), it is the
effect of the interaction which mainly drives its value. In fact,
we can see the clear correlation between α and σ8, while the
values of σ8 and mν are not correlated. In order to illustrate
this more clearly, in Fig. 5 we show the σ8 − α plane colored
with the value ofmν. In that figure it is apparent that the mass
of the neutrinos plays no role in the value of σ8 and that it is
exclusively the interaction which drives σ8 towards smaller
values. This is also shown in Fig. 6 where the plane α −mν

colored with the value of σ8 is shown.
Apart from this, there are certain parameters that deserve

further explanations:
(i) H0: The value of the Hubble constant is found to

be consistently lower for the ν − αCDM model
compared to the ν − ΛCDM one, although it is not
strongly significant as it is within the 1σ level. The
reason for that cannot be linked to the covariantized
dark Thomson-like scattering per se since the inter-
action does not change, by its pure nature, the
background cosmology to where H0 belongs. The
reason is rather the fact that the interacting scenario
requires a value of the dark energy equation of state
slightly bigger than −1, while the ν − ΛCDM has
w ¼ −1 and this is what ultimately leads to the
slightly lower value of the Hubble constant.

(ii) mν: Although smaller upper constraints are found
when the interaction is taken into account, they are

FIG. 5. ν − αCDM plane α − σ8 with mν color map: baseline (left) and baselineþ lensingþ DES-Y3 (right). From this figure we see
how the neutrino mass does not play any role in the value of σ8 which is only correlated with the interaction parameter.
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not very significant. A remarkable feature of
the interaction is that the typical correlation in the
σ8 −H0 plane with the mass of the neutrino mν

disappears when we introduce the interaction. This

can be clearly seen when comparing Figs. 7 and 8.
The scenario without interaction exhibits a correla-
tion so that higher neutrino masses lead to smaller
values of σ8 (as expected), but this comes at the

FIG. 7. ν − ΛCDM plane σ8 −H0 withmν color map: baseline and baselineþ lensingþ DES-Y3. We can see how lower values of σ8
come at the expense of also lowering H0 so improving one of the tensions worsens the other. Furthermore, the color map shows the
correlation between the neutrino mass and the value of σ8.

FIG. 6. ν − αCDM plane α − σ8 with mν color map: baseline (left) and baselineþ lensingþ DES-Y3 (right). This figure further
illustrates how the neutrino mass does not play any role in having lower values of σ8. We also see how the addition of DES-Y3 permits to
constrain α.

FIG. 8. ν − αCDM plane σ8 −H0 with mν color map: baseline (left) and baselineþ lensingþ DES-Y3 (right). In this figure we see
how the correlation between σ8 and H0 disappears as well as the correlation between σ8 and mν.
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expense of also lowering the value of H0. However,
when the interaction is turned on we see two
distinctive effects. First, the correlation between σ8
andH0 dramatically weakens because the main effect
on σ8 is driven by α, and, second, the mass of the
neutrinos ceases being correlated with lower values of
σ8. This represents a very remarkable feature of the
elastic interaction since it completely disentangles the
mass of the neutrinos from the value of σ8.

(iii) σ8=S8: The interaction consistently gives rise to a
lower value for both σ8 and S8 parameters as a result
of the momentum transfer. Moreover, it is important
to notice that the interaction allows for an alleviation
of the σ8 tension without worsening the H0 tension
as inferred from the σ8 −H0 plane. The correlation
between σ8 and the coupling parameter is clearly
reflected in Figs. 9 and 5, where we can see that the
larger the value of α, the smaller the value of σ8. This
is clearly explained by the nature of the interaction,
since it prevents the clustering. Again in Fig. 6,
we clearly see that the value of σ8 is now almost
insensitive to the neutrino mass mν once we in-
troduce the interaction.

In addition to the parameter constraints that we have
discussed, it remains to analyze the goodness of the fit.
In Table I we provide the best-fit values of χ2 together with
the Akaike Information Criterion (AIC) [52] information
criteria. Comparing the results to the cases with only
massless neutrinos or with one massive neutrino fixed to
mν ¼ 0.06 eV displayed on Table II, the preferences are
weakened, as expected because we have fewer free param-
eters and, then, the AIC criteria penalizes less. However,
the important result to highlight is that ν − αCDM is
preferred over ν − ΛCDM when we add the low-redshift
(DES-Y3) data. Thus, this means that even when we allow
for the neutrino masses to vary, the interacting scenario is
favored over the noninteracting scenario. The previous
results are summarised at Table III.

IV. CONCLUSIONS

In this paper we have investigated the possible presence
of a degeneracy between the neutrino mass and the
coupling parameter of a momentum transfer interaction
in the realm of the covariantized dark Thomson-like
scattering. This model has been investigated in previous
works and it has been shown to be a promising scenario for
alleviating the σ8 tension and, furthermore, the addition
of low-redshift data seems to signal the presence of the

FIG. 9. ν − αCDM plane σ8 −H0 with α color map: baseline (left) and baselineþ lensingþ DES-Y3 (right). In this figure we can
confirm that the lower values of σ8 are driven by having higher values of α.

TABLE II. Mean likelihood values and 1σ and 2σ limits for
some relevant parameters using for ν − αCDM but fixing the
neutrino mass to standard valuemν ¼ 0.06 eV and simple αCDM
with massless neutrinos. For computing the AIC differences, we
took as the reference the α − ΛCDM.

One massive ν Massless ν

H0 [km=s=Mpc] 68.00þ0.61þ1.09
−0.51−1.15 67.09þ0.67þ1.19

−0.57−1.23
σ8 0.758þ0.019þ0.035

−0.017−0.035 0.762þ0.018þ0.035
−0.017−0.036

S8 0.781þ0.017þ0.033
−0.016−0.034 0.781þ0.017þ0.034

−0.017−0.033
α 0.72þ0.29þ0.70

−0.41−0.67 0.81þ0.30þ0.72
−0.41−0.69

χ2best fit 4207 4205

ΔAIC −3.1 −4.9

TABLE III. Summary results.

Case
α

mean
< 1σ
bound

< 2σ
bound

< 3σ
bound

SZ data, mv ¼ 0.06 1.005 0.673 0.437 0.249
DES data, mv ¼ 0.00 0.81 0.40 0.12 0.00197
DES data, mv ¼ 0.06 0.72 0.31 0.05 −0.00989
DES data, mv free,
constraint to
mv < 0.037þ0.008

0.76 0.35 0.08 −0.0092

Ref. [30] (mv ¼ 0.06
and DESþ other
data)

0.82 0.46 � � � � � �
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interaction. Since these scenarios give a suppression of the
matter power spectrum on small scales and this effect is to
some extent shared by scenarios with massive neutrinos, it
is important to unveil whether there are degeneracies
between both effects.
We have first studied the effects of the interaction and the

neutrino mass in standard observables like the matter power
spectrum and the cosmic microwave background. We have
shown how the small scale suppression has a different scale
dependence in both cases, being therefore a first probe of the
nonexistence of the α −mν degeneracy. Furthermore, as we
have argued, the massive neutrinos also affect the back-
ground cosmology, while the elastic interaction, by con-
struction, leaves the background unaffected and this could be
another way of breaking the degeneracies. However, there
are observables that are not very sensitive to the different
scale dependence of the suppression and the modifications
on the background evolution could be compensated with
variations of other background quantities and, thus, there
could still be some residual degeneracies.
In order to set clearly the existence or not of the

degeneracy we have performed several MCMC analyses
using the latest available datasets. In particular, cosmic
microwave background and baryonic acoustic oscillations
data, while we also use the results from DES third year for
the S8 parameter as a Gaussian prior in our analyses. As
already found in previous studies, the interaction can only
be detected when the latest dataset, DES-Y3, is considered.
Without that dataset, or other low-redshift probes, we can
only put an upper bound on the coupling parameter of the
covariantized dark Thomson-like scattering. Once low-
redshift information is added, we find a detection of the
interaction at more than 2σ confidence level. Such detec-
tion is intrinsically related to a lower value of the σ8 (or S8)
parameter, since the interaction induces a suppression of
structures which is precisely captured by that parameter.
Low-redshift datasets are continuously suggesting there are
less structures in our current Universe than the expected

ones from early Universe probes like the cosmic microwave
background. Consequently, a late-time interaction, like the
one studied here, can naturally accommodate both early
and late Universe probes to a compatible value for the σ8 or
S8 parameters and, thus, solving the corresponding σ8 or S8
tension. The other cosmological parameters remain oblivi-
ous to the presence of the interaction.
Regarding the possible degeneracy between the neutrino

mass and the coupling parameter, we have been able to
establish in a clear manner that such a degeneracy does not
exist. Instead, we discovered that the well-known correla-
tion in the σ8 −H0 plane with the neutrino mass disappears
once the interaction is considered. Given this interaction is
able to alleviate or even solve the σ8 or S8 tension, one can
envision a mechanism to solve the H0 tension which
combined with the momentum transfer models could
simultaneously account for both tensions. This particular
situation is something that does not happen in the standard
ΛCDM model or in a broad plethora of alternative
cosmological descriptions. As a final comment, let us
emphasize that our elastic interacting scenario serves as
a proxy for more general cosmologies featuring a pure
momentum exchange, so our findings are expected to be
also valid for those scenarios.
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[32] J. Beltrán Jiménez, D. Bettoni, D. Figueruelo, and F. A.
Teppa Pannia, J. Cosmol. Astropart. Phys. 08 (2020) 020.

[33] S. Vagnozzi, L. Visinelli, O. Mena, and D. F. Mota, Mon.
Not. R. Astron. Soc. 493, 1139 (2020).

[34] A. Lewis, A. Challinor, and A. Lasenby, Astrophys. J. 538,
473 (2000).

[35] C. Howlett, A. Lewis, A. Hall, and A. Challinor, J. Cosmol.
Astropart. Phys. 04 (2012) 027.

[36] J. Lesgourgues, arXiv:1104.2932.
[37] D. Blas, J. Lesgourgues, and T. Tram, J. Cosmol. Astropart.

Phys. 07 (2011) 034.
[38] T. Brinckmann and J. Lesgourgues, Phys. Dark Universe 24,

100260 (2019).
[39] B. Audren, J. Lesgourgues, K. Benabed, and S. Prunet,

J. Cosmol. Astropart. Phys. 02 (2013) 001.
[40] N. Aghanim et al. (Planck Collaboration), Astron. As-

trophys. 641, A5 (2020).
[41] D. Brout et al., Astrophys. J. 938, 110 (2022).
[42] F. Beutler, C. Blake, M. Colless, D. H. Jones, L. Staveley-

Smith, L. Campbell, Q. Parker, W. Saunders, and F. Watson,
Mon. Not. R. Astron. Soc. 416, 3017 (2011).

[43] J. Hou et al., Mon. Not. R. Astron. Soc. 500, 1201 (2020).
[44] R. Neveux et al., Mon. Not. R. Astron. Soc. 499, 210

(2020).
[45] A. Tamone et al., Mon. Not. R. Astron. Soc. 499, 5527

(2020).
[46] A. de Mattia et al., Mon. Not. R. Astron. Soc. 501, 5616

(2021).
[47] H. du Mas des Bourboux et al., Astrophys. J. 901, 153

(2020).
[48] T. M. C. Abbott et al. (DES and SPT Collaborations), Phys.

Rev. D 107, 023531 (2023).
[49] C. Heymans et al., Astron. Astrophys. 646, A140 (2021).
[50] A. Gelman and D. B. Rubin, Stat. Sci. 7, 457 (1992).
[51] C. Heymans et al., Mon. Not. R. Astron. Soc. 432, 2433

(2013).
[52] H. Akaike, IEEE Trans. Autom. Control AC-19, 716 (1974).
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