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Abstract. In this paper, we explore a scenario where the dark matter is a mixture of in-
teracting and non interacting species. Assuming dark matter-photon interactions for the
interacting species, we find that the suppression of the matter power spectrum in this sce-
nario can mimic that expected in the case of massive neutrinos. Our numerical studies
include present limits from Planck Cosmic Microwave Background data, which render the
strength of the dark matter photon interaction unconstrained when the fraction of interacting
dark matter is small. Despite the large entangling between mixed dark matter and neutrino
masses, we show that future measurements from the Dark Energy Instrument (DESI) could
help in establishing the dark matter and the neutrino properties simultaneously, provided
that the interaction rate is very close to its current limits and the fraction of interacting dark
matter is at least of O (10%). However, for that region of parameter space where a small
fraction of interacting DM coincides with a comparatively large interaction rate, our analysis
highlights a considerable degeneracy between the mixed dark matter parameters and the
neutrino mass scale.
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1 Introduction

The standard Lambda Cold Dark Matter cosmological model (ACDM) describes the observed
angular power spectrum of the Cosmic Microwave Background (CMB) remarkably well. It is
also very successful in predicting the Universe’s large-scale-structure distribution (LSS). Yet,
the particle physics nature of dark matter (DM) remains elusive. A possible way to reveal
the microscopic properties of DM and to unveil how collisionless DM needs to be to explain
the observed Universe is to assume that DM is not a cold, collisionless fluid.

Models of collisional DM have been extensively studied in the literature. Namely,
there have been models on DM-photon interactions in refs. [1-15], on DM-neutrinos in
refs. [1, 3, 14, 16-19], on DM-baryon interactions in e.g. refs. [5, 6, 20-22] and on DM self-
interactions in refs. [1, 3, 23-32]. Interactions of DM particles with a hypothetical dark
radiation component have also been considered in e.g. refs. [33-41].

These DM interactions strongly impact the CMB fluctuations and the matter power
spectrum below a certain cut-off scale, imposing strong limits on the cosmological epochs
during which such a coupling can be efficient. If, however, the properties of only a fraction
of DM differ from the common assumption of a cold, collisionless fluid, a more varied, subtle
impact on the cosmological history arises. So have admixtures of cold and warm DM and
their potential to resolve small scale discrepancies of ACDM [42] been studied in the recent
literature [43-47]. Further works considered a fraction of DM interacting with neutrinos [48],
with dark radiation [49-51] or a subdominant population of electrically charged massive
particles [52]. In several cases these scenarios are able to resolve or lessen tensions in current
cosmological data sets, making them very attractive from a phenomenological perspective. In
this paper we take a further step towards the general understanding of mixed DM scenarios
and study the combination of a cold, collisionless DM component and a collisional DM
component, which experiences elastic scattering off photons.

The damping of small-scale perturbations in this scenario has a rich and interesting phe-
nomenology. In particular a small fraction of interacting DM causes a step-like suppression



in the matter power spectrum below some characteristic scale — very alike that produced
by heavy neutrinos. Therefore, one may confuse those two scenarios when interpreting the
data from galaxy surveys. Additional complications arise from the scale dependence of the
halo bias introduced by neutrino masses, which will be important at the expected accuracy
of future galaxy surveys [53-56]. In this regard, we consider the Dark Energy Instrument
(DESI) [57, 58] and discuss to what extend and over which region of the parameter space its
determination of the neutrino mass scale can be corrupted by the presence of mixed DM.

This paper is organised as follows. In section 2 we present the mixed-DM model. The
implications of this scenario on the CMB and the current constraints from the Planck satellite,
using the 2015 data likelihood release, are discussed in section 3. Section 4 contains both a
detailed description of the mixed-DM model’s impact on LSS and a devoted forecast for the
expected sensitivity of the future DESI galaxy survey on the model parameters. We draw
our conclusions in section 5.

2 Model and implementation

We consider a scenario in which two additional heavy species, besides the Standard Model
degrees of freedom, contribute to the universe’s present matter density. One obeys the stan-
dard assumptions of Cold Dark Matter (CDM) and interacts only gravitationally, the second
experiences interactions with photons (yDM). Within the ACDM model, heavy neutrinos
are often referred to as a second, hot DM component. However, in the context of the present
work, we find it less ambiguous to reserve the term DM for the aforementioned CDM and
DM species, which are highly non-relativistic at recombination and thus behave as matter
on all time and length scales of interest. For simplicity, we shall assume that the elastic scat-
tering cross section associated with the yDM component is independent of the DM energy
and velocity and consequently it is described by a constant (o,pm). In this model, the total
amount of DM in the universe is the sum of both components, that is Qpm = Qcopm + 2pM-
The fraction of interacting DM is defined as f,pm = Qypm/QpM-

The impact of the yYDM component on the CMB is described by a single parameter:
the ratio of the scattering cross section to the DM mass, parameterised as

0~DM ( M~yDM )—1
OTh 100 GeV

In scenarios where all the DM is interacting (i.e. fypm = 1) it was found, using the 2015
Planck data [59-61], that u,py cannot exceed uypym < 2.25 x 10™* at 95% CL [15] due to
the damping of the acoustic peaks at large multipoles, but there is no limit yet for scenarios
with a smaller fraction of interacting DM.

The evolution of the CDM and vDM perturbations in the linear regime are described by
two different sets of equations. Those concerning the CDM component are given in ref. [62],
while expressions for the YDM component where derived in ref. [15]. The most important
term for the purpose of the current analysis is the velocity dispersion of the interacting
component, 0,py. It has an additional scattering term with respect to CDM, and reads as

UyDM = (2.1)

é'yDM =— HQWDM + C?YDMkQ&yDM + k2¢
— St (0ypm — 6) (2.2)
where ¢ and 1 are the metric perturbations in Newtonian gauge, 1 = anypm oypm is the

vDM scattering rate, c,pm the sound speed of the yYDM component, the ratio S = 4p+/3p,pm
ensures momentum conservation and H = aH. Our notation follows closely that of [62].



We note that the sound speed term in the r.h.s. of eq. (2.2) is present whenever DM
particles are in thermal contact with the photon bath. Yet, this term changes the CMB (P(k))
predictions on observable scales only when m,py (the mass of the interacting component)
is smaller than 10eV (1 GeV) [15]. Since the cosmology of very light DM particles can be
very different from CDM (see for example ref. [63]), we will restrict our analysis to the most
CDM-like scenarios for now and assume m,pm 2 1 GeV to neglect the subtle effect of the
sound speed and focus on the main effect of mixed DM in what follows.

The evolution of the photon perturbations is affected by both DM components through
the gravitational potentials and by the DM-v interactions. The equation associated to the
photon velocity dispersion thus reads

, 1
0, =k (457 - U«,) + k2 + i (0 — 6,)
+ /1 (6ypm — 04) (2.3)

Further, in the equations of the higher order multipoles F,; (I > 3) and second Stokes
parameter’s multipoles G (k =0, 1,...) each occurrence of £ in the source terms is replaced
by (£ + f) [15, 62].

The evolution of neutrino and baryon perturbations is not modified by the introduction
of an interacting DM component, except for the impact of the interacting component on the
gravitational potentials. Their expressions can be found in [62].

We now discuss the impact that these modifications have on the CMB spectra and on the
matter power spectrum. All the modifications to the Boltzmann equations in the mixed-DM
scenario have been implemented in the Boltzmann code CLASS! (version 2.6) [64, 65].

3 Impact on CMB spectra and parameter constraints

An interacting DM component with f,pym = 1 affects the CMB temperature and polarisation
spectra via: (i) an increase of the first acoustic peak caused by the decrease in the photon’s
diffusion length; (7i) a reduction of all acoustic peaks due to collisional damping, and, (i)
an overall shift of the Doppler peaks towards higher multipoles as a result of the decreased
sound speed of the plasma [2, 7]. Hence we expect that some of these features are also
present in mixed DM scenarios. We compare in figure 1 the temperature auto-correlation
(TT), the E-mode polarisation auto-correlation (EE) and the temperature E-mode cross
correlation (TE) spectrum for ACDM, pure-yDM, and mixed-DM varying the fraction of
interacting DM, f,pm. We have chosen a large cross section to mass ratio (u,py = 0.01)
to enhance the effects. Mixed-DM has a similar effects on the CMB spectra as pure-yDM,
though less pronounced. As a result, the TT, TE, and EE spectra obtained for mixed-DM
are intermediate between the ACDM and the pure-yDM case. The f,pm fraction essentially
controls the interpolation between these two limits.

In order to derive the constraints on mixed yDM scenarios from the current CMB
publicly available data, we shall exploit in the following measurements from the Planck
2015 data release [59, 60]. We make use of the TT likelihood at high multipoles (30 <
¢ < 2508), the temperature and polarisation data at low multipoles (2 < ¢ < 29) and the
lensing likelihood. Additional parameters, such as those related to foreground contamination,
calibration, and others have been marginalised over when deriving the final constraints, for

"http://class-code.net/.
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Figure 1. Impact of DM photon scattering on the CMB spectra for a cross section to mass ratio of
uypm = 0.01 and several interacting DM fractions.

which we use the Markov Chain Monte Carlo (MCMC) tool Monte Python [66, 67], interfaced
with the Boltzmann solver CLASS [64, 65]. We assume flat priors on all cosmological and
nuisance parameters. Figure 2 presents the results from our Monte Carlo analyses. Note the
huge degeneracy between the interaction rate w,pym and the interacting DM fraction f,pwm
and how strong its anticorrelation is. In a further set of MCMC runs, we fix the fraction of
interacting DM to a value smaller than one, which leaves w,pyv and the six ACDM parameters
to be sampled. Considering f,pm = 0.5, 0.1, 0.05 we obtain as an upper limit for the
interaction strength parameter at 95% C.L. 4 x 1074, 3 x 1073 and 0.019, respectively.
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Figure 2. Two dimensional contours 68% and 95% CL contours and one dimensional posterior
probabilities for the cosmological parameters of the mixed yDM scenario.

4 Impact on the linear matter power spectrum: expectations from future
galaxy surveys

The impact of mixed-DM on the linear matter power spectrum differs from that of pure-yDM.
As shown in figure 3, the matter power spectrum of a pure-yDM scenario exhibits a series of
damped (Bessel-like) oscillations at small-scales, while the linear matter power spectrum of
mixed DM can be similar to the CDM spectrum in the presence of non-negligible neutrino
masses. At large scales, however, there is no difference between the ACDM, the pure-vyDM,
and the mixed-DM matter power spectrum. Figure 3 also shows that at intermediate scales,
i.e. those corresponding to the exponential cut-off scale in the pure-yDM scenario, there is
a suppression of power which can be more pronounced in the mixed-DM scenario than in
the pure-yDM case. At small scales, the mixed-DM power spectrum evolves parallel to the
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Figure 3. The matter power spectrum for a cross section to mass ratio u,pm = 0.01 (top) and
uypm = 1077 (bottom) and different fractions of interacting DM.

ACDM one but with a smaller amplitude, set by the fraction of interacting DM, f,pm. This
classification holds true regardless of the precise value of u,py: the cross section to mass
ratio controls the scale at which the transition between the three regions occurs. We carefully
explore now the three different regimes described above.

Firstly, the largest scales do not enter the Hubble radius until DM-photon interactions
have kinetically decoupled, and therefore are not affected by the scattering processes. The
scale factor of DM kinetic decoupling, apm dec., is determined by the condition

4 py
3 pyDM

H (aDM,dec.) = @ NADM TADM : (4.1)

a=apM,dec.

Because the energy density of non-relativistic DM is proportional to its number density, the
Hubble rate at decoupling only depends on the photon energy density. In the matter power
spectrum, the scale at which the suppression due to collisional damping sets in is entirely
governed by u,pym but completely insensitive to fypm.

Intermediate and small scales are more complicated to understand. Figure 4 shows the
time evolution of two specific modes for u,py = 1075 and varying fractions of interacting
DM. The former (k = 5h/Mpc) lies at intermediate scales, precisely at the dip in the mixed
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Figure 4. Time evolution of two modes from the bottom panel of figure 3. The upper panel
illustrates a mode with k¥ = 5 h/Mpc, corresponding to the dip location in the mixed-DM matter
power spectrum. The lower panel refers to a mode with & = 30 h/Mpc, corresponding to the regime
where the mixed DM matter power spectrum is parallel to that of ACDM. The perturbations of the
~DM (CDM) component are displayed in dark (light) colours.

DM matter power spectrum. The latter, larger mode (k = 30 h/Mpc) is in the tail, where
mixed DM and ACDM matter power spectra evolve parallel.

We first focus on intermediate scales, represented by the £ = 5h/Mpc mode, see the
upper panel of figure 4. Upon horizon entry, the density contrast dp/p of the CDM component
decreases with time, while the yYDM component participates in the oscillations of the baryon-
photon plasma for a short while, before the density contrast starts to grow. Nevertheless, it
is the absolute value of dp/p what is important for the matter power spectrum. For values
of uypm 2 0.01, modes in the intermediate regime enter the Hubble radius before matter
radiation equality (aeq =~ 3.0 x 107%). As the universe enters into the matter domination era,
the growth of density perturbations increases, with an overall density contrast given by

dp =~ poum [fypmdypm + (1 — fypm) depm] + puob (4.2)

where ppuy is the combined yDM and CDM energy density and the subscript “b” refers to
baryons. Two factors are decisive for the late time evolution of perturbations: the elapsed
time between Hubble crossing and kinetic decoupling of the vDM perturbation, and the



fraction of interacting DM. If the time that the yDM component spends in the coupled
regime is short and simultaneously there is a significant fraction of interacting DM, the
~vDM component dominates the potentials and eventually determines the evolution of the
DM perturbations. This is precisely what happens for the f,pm = 0.9 case illustrated in
the top panel of figure 4: after matter-radiation equality, the collisionless component turns
around and follows the collisional one, i.e. eventually it grows in the positive direction as well.
Because perturbations in the yDM component are damped initially and CDM perturbations
start growing upon horizon entry, the collisional component determines the evolution for a
comparably large fraction of interacting DM. In these cases, where the metric evolution is
dominated by CDM perturbations, the collisional component experiences the turn around
after matter-radiation equality. The larger the fraction of collisionless DM, the earlier this
turn around sets in. In any case, regardless of which DM species eventually dominates the
evolution, the growth of perturbations is hampered while the collisional and the collisionless
component compete, and this causes an additional power suppression in the mixed DM
scenario on intermediate scales.

For an intuitive understanding how the competition between the two DM components
hinders the growth of perturbations, it is useful to consider the configuration in position
space. There, the sign difference between the CDM and the yDM perturbations corresponds
to a configuration in which overdensities in the collisional component predominantly coincide
with underdense regions in the collisionless component and vice versa. Hence, perturbations
in the individual DM species partially chancel each other, and the potential wells are less
deep than they would be for a single component DM of either kind. This slows down the
growth of structures.

The cancellation between the two DM species is less severe not only if the fraction of
interacting DM is small, but also if perturbations in the yDM component are sufficiently
suppressed in comparison with the CDM component. The latter is the case on small scales,
which cross the Hubble radius earlier, and where the collisional component is coupled to
photons for a longer period. By the time the pressure from photon interactions ceases,
perturbations in the CDM component are already well developed, and the vYDM component
falls in the potential wells created by the collisionless component. Some examples of this are
shown in the bottom panel of figure 4. Here, the yDM component follows the collisionless
evolution regardless of the fraction of interacting DM. Still, because the potential wells are
less deep during the initial phase of the growth of perturbations, there also is a suppression
in the matter power spectrum on small scales.

4.1 Future constraints from LSS observations: forecasts for DESI

There is a striking similarity between the mixed DM scenario and a ACDM cosmology with
massive neutrinos. In either case, some fraction of the late time DM energy density arises
from a component which does not behave as a collisionless, cold fluid at early times. However,
while the fraction of interacting DM, f,pm, can a priori take any value between zero and
one, existing constraints on neutrino masses limit their fractional contribution to the matter
density to lie within the 0.005—0.01 range. In particular for a small interacting DM fraction,
the effect on the matter power spectrum can be very similar to that of massive neutrinos,
as figure 5 illustrates. Given their similarities, there is a risk of confusing mixed DM and
massive neutrinos in the analysis of large scale structure data. In the following section we
further illustrate this possibility with a Fisher forecast for the DESI survey [58]. DESI is
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Figure 5. The impact of heavy neutrinos and of mixed DM on the matter power spectrum whereby
the reference scenario assumes f.pm = 0 and m, = 0.06eV and all scenarios of mixed DM have
f'yDM = 5%.

parameter fiducial value 1 o error
Qph? 0.022383 1.5 x 1074
Qpmh? 0.12011 1.3x 1073
100 6 1.040909 3.2 x 1074

ng 0.96605 4.3 x 1073

In (1010 Aq) 3.0488 1.5 x 1072

Table 1. Five baseline cosmological parameters together with their fiducial values and Planck priors.

expected to see first light in January 2020 [68] and can achieve an accuracy of 0.02eV on the
neutrino mass scale [69] within a ACDM cosmology.

Our Fisher forecast proceeds in three steps. Firstly, we consider the DESI sensitivity
to purely interacting DM, that is, we vary u,pm but fix fypym = 1. Secondly, we investigate
the mixed DM scenario in which both u,py and fypy are free parameters. In either of these
cases, the neutrino sector consists of two massless and one massive neutrino species with
mass m, = 0.06eV, and we have N.g = 3.046. Finally, we also allow m, to vary. In any of
these three scenarios, there are five additional free baseline parameters, see table 1 for their
fiducial values, for which we assume the Planck 2018 best-fit results [70]. The optical depth to
reionization is kept fixed at 7Tyejo = 0.0543 and we consider modes up to kyax = 0.2 h Mpc_l.

DESI observes three different tracers of large scale structure, which are emission line
galaxies (ELG), luminous red galaxies (LRG) and high-redshift quasars (QSO). We assume
a linear bias model, that means the real-space linear matter power spectrum, P,,, is related
to the linear redshift-space galaxy power spectrum, Fyg, by

Pyg (k) = P (k) x (b+ B 12)" (4.3)

where p is the angle between the mode k and the line of sight, 5 is the growth rate and b
the bias, relating the tracer’s distribution to the DM distribution. Their individual Fisher
matrices are combined using the multi-tracer approach of refs. [71, 72]. We use the values of



tracer bias value

emission line galaxies | bprLg (2) X D (2) = 0.84
luminous red galaxies | brrg (2) X D (2) = 1.7
high redshift quasars | bqso () x D (2) = 1.2

Table 2. Linear bias parameters for the tracers used here.

the bias parameters from ref. [69], which are listed in table 2. Here, D(z) is the normalised
growth factor.

Although the matter power spectrum is sensitive to the effects of massive neutrinos
and mixed DM, it can not constrain the six to eight free parameters of our scenarios by its
own. We therefore add priors for the baseline parameters, based on the Planck results [70],
in the form of a diagonal Fisher matrix with the squared Planck 1o intervals (see table 1 for
their values). This means we (conservatively) neglect any information that Planck data may
provide on the neutrino masses or on the mixed DM scenario parameters, as well as possible
cross-correlations.

Before presenting the Fisher forecast results, a word of caution is needed here when
interpreting our sensitivities. For non-Gaussian likelihoods the Cramér-Rao inequality only
provides a lower bound, while the error may be larger. Further, we estimate the Fisher
matrix of each tracer accordingly to the well-known expression [73],

kmax 27rk2 dk d,LL alnP alnpgg
o e 4.4
j / / - oo, on, 't Y
where
A k7 — _— survey » 4‘
Verr (. 1) <1+nP(k‘,u)>V ’ Y

n is the average number density of galaxies and Viurvey the survey volume. Importantly,
eq. (4.4) was derived under the assumption of a Gaussian likelihood. Thus, the forecasted
errors obtained for poorly constrained parameters, where the likelihood often will be non-
Gaussian, should not be regarded as the realistic but as the optimal ones. Such is the case,
for instance, of the contours derived in the (u,pm, fypm) parameter space. We nevertheless
believe that the use of the Fisher approach is still valid, as it provides a straightforward
method to qualitatively highlight the major difficulties and the strong parameter degeneracies
in the analysis of models with mixed DM.

4.2 Pure yDM sensitivity

In this first scenario, we fix the neutrino mass to 0.06eV and investigate the sensitivity of
DESI to interacting DM, i.e. assuming that all the DM in the universe scatters elastically off
photons with an interaction rate u,py. The results for two possible fiducial values of u,pm
are summarised in table 3.

Current limits on a pure interacting vDM scenario from the analysis of Planck 2015 data
establish that u,py < 2.3 10~% at 95% CL for the most conservative TT+low TEB dataset,
see ref. [15]. Our results show that future matter power spectrum measurements from DESI,
using different tracers, could improve this limit by more than one order of magnitude.

~10 -



UyDM 0 UyDM
2.0x 1074 | 849 x 107
20x 1075 | 7.12x 1076

Table 3. 1-0 marginalised error on the photon-DM interaction for different fiducial models from
DESI plus Planck 2018 CMB priors.

UyDM fyDM 0 uyDM 0 fybm
1.0x 1073 | 0.1 1.77 x 1073 0.26
1.0x1073 | 0.5 || 3.72x10~* 0.27
1.0x 1072 | 0.05 || 2.65x 1073 | 8.7 x 1073

Table 4. 1-0 marginalised error on the fraction of interacting DM and on its interaction rate with
photons for different fiducial models from DESI plus Planck 2018 CMB priors.

4.3 Mixed yDM and CDM sensitivity

In the mixed DM scenario, we have two extra parameters in addition to those listed in
table 1: the interaction strength u,py and the fraction of interacting DM f,py. The results
are shown in table 4 for different fiducial cosmologies satisfying the CMB limits derived
in section 3. If a significant fraction of DM belongs to the interacting component whose
cross section correspondingly is small, there is a strong degeneracy between u,py and f,pm
and the sensitivity of DESI to detect mixed DM reduces significantly in comparison to the
purely interacting scenario. In contrast, for those regions of the parameter space where
the CMB provides weak limits, i.e. for small values of f,pm and comparatively large cross
sections, the degeneracy between the mixed DM parameters is less severe. The pattern
remains qualitatively similar in scenarios with varying neutrino masses and can be observed
in the bottom left panels of figure 2. In the latter case, departures from the ACDM power
spectrum are less severe but arise on scales well above the non-linear cut-off we imposed for
our analysis. Then, DESI is sensitive to the precise shape of the matter power spectrum.
Importantly, large scale structure can probe the mixed DM scenario precisely in those regions
of parameter space where CMB constraints are weakest.

4.4 Combined sensitivity to mixed DM and neutrino masses

In this last scenario, we investigate how well mixed DM and neutrino masses can be deter-
mined simultaneously from future DESI data. In the absence of any DM interactions, that is
fixing fypm = u,pm = 0, we obtain a 1o error on the neutrino mass of ém, ~ 0.01eV. This
value is smaller than the result quoted in ref. [69], most likely because we keep the optical
depth to reionization fixed rather than treating it as a free parameter. However, it serves us
as a baseline to which we can compare the expected limits on the neutrino mass in the pres-
ence of mixed DM. Table 5 summarises our results and shows that the error on the neutrino
mass at least doubles for all scenarios considered. The loss of sensitivity to the neutrino mass
due to mixed DM thus is of similar order as that due to a modified dark energy sector [69].
The two dimensional allowed contours in the (uypm, M), (uypMm, fypm) and (my, fypm)
planes, depicted in figure 6 for two benchmark cases, further illustrate the situation. For a
large fraction of interacting DM and a relatively small interaction rate (u,pym = 1.0 X 1073,
fypm = 0.5) we observe a moderate degeneracy between u,py and m,. A non-zero neutrino

- 11 -



UyDM fyDMm d uyDM Y dm,

0.1 0.02 | 3.56 x 1072 1.04x 1072 2.52x 102
1.0x 1072 0.05 | 295x 1073 870x 1073 2.08 x 1072
1.0x1073 05 |4.14x10* 0.30 2.08 x 1072
1.0x10™% 0.3 |6.79x 1074 0.30 2.03 x 1072
4.0x107* 0.5 | 5.55x107* 1.15 2.05 x 1072

Table 5. 1-0 marginalised error on the fraction of interacting DM, its interaction rate with photons
and the total neutrino mass for different fiducial models from DESI plus Planck 2018 CMB priors.
The fiducial value for m, = 0.06eV.
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Figure 6. Two-dimensional allowed contours for two fiducial scenarios.

mass suppress the galaxy power spectrum at small scales as does an interacting DM compo-
nent with non-negligible u,py. Further, the aforementioned strong degeneracy between the
two mixed yYDM parameters, u,pm and fypm, is inherited in the (m,, fypm) plane and the
combination of both effects causes the larger neutrino mass error. As already explained in
context of the mixed DM scenario (see section 4.3), the degeneracy between u,py and fypwm is
less severe in the scenario with little interacting DM and a larger cross section (u,py = 1072,
fypm = 0.05) on the right hand side of figure 6. At the same time, the correlation between
the neutrino mass and wu,py further increases. As figure 5 reveals, it is precisely in this
region of the parameter space where the similarity between the power spectra of the mixed
DM and the massive neutrino scenarios are the most striking. Correspondingly, the most
extreme cases listed in table 5 see a further increase of the neutrino mass error.

5 Conclusions

In this manuscript, we investigate a scenario with two dark matter (DM) components, in
which one is interacting with photons and the other one behaves as a canonical Cold Dark
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Matter (CDM) fluid. The imprints on the Cosmic Microwave Background (CMB) and on
the matter power spectrum P(k) within such mixed DM scenarios are carefully analysed.

Our CMB constraints, based on the Planck 2015 data, reveal a strong degeneracy be-
tween the interaction rate u,py and the interacting DM fraction f,py. If the interaction rate
is small enough, almost any fraction of interacting DM is permitted while, for small enough
fypM, the limits on u,py weaken considerably. Remarkably, considering the mixed DM sce-
nario only and no uncertainties on the neutrino masses, large scale structure data can provide
constraints which are highly complementary to those derived from the CMB. In particular it
strengthens limits in the low- f,pw, high-u,py region of the parameter space.However, a fur-
ther complication arises when we consider that the neutrino mass scale is not known precisely.
The mixed DM power spectrum can be very similar to the CDM one plus non-zero neutrino
masses. In both scenarios, there is first a suppression of power followed by a similar evolution
to CDM (which translates into a P(k) parallel to that of CDM but somewhat reduced in
magnitude). The magnitude of the suppression is controlled by the fraction of interacting
DM, while its onset depends on u,py. We also observe an additional dip at the scale where
the suppression sets in, which is caused by the partial cancellation of perturbations between
the collisional and the collisionless DM components.

Our forecast for the future Dark Energy Instrument (DESI) galaxy survey show that
the neutrino mass bound weakens by at least a factor of two when the possibility of mixed
DM is considered in the analysis. In particular in that region of the parameter space where
a small abundance of interacting DM coincides with a comparably large interaction rate the
neutrino mass scale is vulnerable to being overestimated due to the presence of DM. As
figure 5 illustrates, this is precisely where similarities in the heavy neutrino and the mixed
DM matter power spectra are the most striking. At this point we want to stress again
the weakness of Fisher forecasts concerning one sided parameter constraints. Our analysis
clearly demonstrates the degeneracy between neutrino masses and the mixed DM scenario and
identifies the relevant region of the parameter space. To derive robust, quantitative bounds
on the combined mixed DM and massive neutrino sensitivity we advocate for a MCMC
analysis of the CMB and galaxy survey likelihood, which should focus on the f,pm < 0.1,
UyDM > 102 region.

CMB spectral distortions, finally, offer a complementary probe of DM interac-
tions [13, 14] and can potentially lift the degeneracy between neutrino masses and the pa-
rameter of the mixed DM model. If interacting with photons, DM acts as a heat sink, and
the spectral distortions generated are of the same order as ratio of number densities between
DM and photons. Current bounds, assuming fypm = 1, imply u,pm S 10~7 for DM lighter
than m,pm < 0.1 MeV, but a future experiment like PIXIE has the potential to extend the
limit to O (GeV) masses [14]. Naively scaling the constraint with the reduced number density
of interacting DM, implied by f,pm < 1, suggests that spectral distortions could be sensitive
to u,pm as small as 10~° even for 1% of light, interacting DM. Thus they can probe that
region of parameter space where mixed DM affects neutrino mass measurements the most.
We believe that this opportunity deserves further, detailed study.
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