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We investigate an extension of the ΛCDM model where the dark matter (DM) is coupled to photons,
inducing a nonconservation of the numbers of particles for both species, where the DM particles are
allowed to dilute throughout the cosmic history with a small deviation from the standard evolution decaying
into photons, while the associated scattering processes are assumed to be negligible. In addition, we
consider the presence of massive neutrinos and the effective number of species Neff as a free parameter. The
effects of the DM-photon coupling on the cosmic microwave background (CMB) and matter power spectra
are analyzed. We derive the observational constraints on the model parameters by using the data from
Planck CMB, baryonic acoustic oscillation (BAO) measurements, the recently measured new local value of
the Hubble constant from the Hubble Space Telescope, and large scale structure (LSS) information from the
abundance of galaxy clusters. The DM-photon coupling parameter Γγ is constrained to Γγ ≤ 1.3 × 10−5 (at
95% C.L.) from the joint analysis carried out by using all the mentioned data sets. The neutrino mass scaleP

mν upper bounds at 95% C.L. are obtained as
P

mν ∼ 0.9 eV and
P

mν ∼ 0.4 eV with and without the
LSS data, respectively. We observe that the DM-photon coupling can cause significant changes in the
best fit value of Neff but yields statistical ranges of Neff compatible with the standard predictions, and
we do not find any evidence of dark radiation. Due to nonconservation of photons in our model, we also
evaluate and analyze the effects on the BAO acoustic scale at the drag epoch. The DM-photon coupling
model yields high values of Hubble constant consistent with the local measurement, and thus alleviates the
tension on H0.

DOI: 10.1103/PhysRevD.98.043521

I. INTRODUCTION

The nature of dark matter (DM) is one of the most
important open questions in modern science. There is much
indirect evidence for the existence of DM (see [1,2] for
review), but little is known about its properties (spin, parity,
mass, interaction cross section, lifetime etc.). From the
point of view of cosmological and astrophysical observa-
tions, it does not require the DM to be absolutely stable but
only with a lifetime longer than the age of the Universe, in
general. The search for decaying DM can be used to impose
upper bounds on the decay width of DM into different final
states; see [3] for a review of decaying DM signals in
cosmic ray antimatter, gamma rays and neutrinos. Searches
for DM decay have been intensively investigated from
IceCube telescope data [4]. The DM decay into photons
(and into photon and neutrino) has been considered and
constrained from cosmic ray emission in [5–7]. Also, the
possibility of late-time DM decay has been studied in the

context of the problems related to structure formation in the
Universe at small scales [8,9].
On the other hand, a DM-photon interaction via an

elastic scattering has been considered in [10,11] (see also
[12] for recent developments), and an upper bound
σDM−γ ≲ 10−32ðmDM=GeVÞ cm2 for the elastic scattering
cross section is derived in [13]. An elastic scattering cross
section σDM−ν ≲ 10−33ðmDM=GeVÞ cm2 for DM-neutrino,
and σDM−DE ≲ 10−29ðmDM=GeVÞ cm2 for the DM-dark
energy, are presented in [14,15], respectively. Recently,
many studies [16–22] have been carried out where the DM
interacts with a thermal background of dark radiation.1

Possible evidence for DM–dark radiation interaction is
reported in [25]. Also, DM decay models have been
investigated in order to solve or assuage the problems
associated with the standard model [16–20,25].
Despite the success of the ΛCDM model, where DM

particles interact only gravitationally with other particles,
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1Dark radiation is inferred by stating that the radiation content
of the Universe is not only due to photons and neutrinos but also
due to some extra relativistic relics (see [23] for recent constraints
on the total effective number of relativistic species and [24] for a
recent review).
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some free parameters of this model are currently in tension
with some observational estimates. The most well-known
tensions are in the estimation of the Hubble constant H0

and the amplitude of matter density fluctuations σ8 from
Planck cosmic microwave background (CMB) data and
direct measurements (see Sec. III for more details).
However, these tensions may be the outcome of systematic
effects in the data rather than a hint of new physics beyond
ΛCDM. For instance, the authors in [26] argue that the
supernova measurements of H0 are overestimated due to
the local environment bias in supernovae type Ia stand-
ardized magnitudes. On the other hand, the findings in [27]
suggest that the tension in H0 distance ladders is likely not
a result of supernova systematics that could be expected
to vary between optical and near-infrared wavelengths, like
dust extinction. Likewise, the tension on σ8 has at least two
sources: i) galaxy cluster counts, ii) weak lensing.
Regarding the galaxy cluster counts, the ways to alleviate
the σ8 tension have been discussed in [28]. Furthermore,
the new results on the weak lensing by the Dark Energy
Survey (DES) collaboration [29] exhibit no tension in the
σ8-parameter measurement. The possible systematic effects
in the discrepancy between CMB and large scale structures
(LSS) are also discussed in [30].
In the present paper, we consider a cosmological model

with a nonminimal DM-photon coupling in which the
interaction is assumed to lead to a scenario where the DM
decays into photons. This phenomenological scenario of
DM-photon coupling can be justified for a possible “dark
electromagnetism,” as proposed initially in [31] for DM–
dark radiation coupling. Our main aim in this work is to
investigate the observational constraints on this cosmo-
logical scenario using the Planck CMB data, baryon
acoustic oscillation (BAO) measurements, the recently
measured new local value of the Hubble constant from
the Hubble Space Telescope (HST) and LSS data from the
abundance of galaxy clusters. We find that this possible
nonconservation of the energy density of photons, even
though it is small (coupling parameter ∼10−5), can be a
natural candidate to solve the H0 tension as discussed in
Sec. III.
The paper is organized as follows: In the next section, we

introduce the DM-photon coupling model, and we discuss
the quantitative effects on CMB and matter power spectra
due to the DM-photon coupling. In Sec. III, we derive
observational boundaries on a possible DM-photon inter-
action. The final section includes the conclusion of the
study. In what follows, a subindex 0 attached to any
parameter means the value of the parameter at the present
time.

II. DARK MATTER–PHOTON COUPLING MODEL

The background evolution energy density ρddm of the
decaying cold DM follows the standard line already well
known in the literature, where a nonconservation of the

number density of DM particles leads to nonconservation
of the energy-momentum tensor of the DM particles,
∇μT

νμ
ddm ¼ Q. Here, the coupling function Q accounts

for the decay of DM. The index ddm represents decaying
DM. In the present study, we consider that DM can decay
into photons. Thus, the background density equations,
assuming Friedmann-Robertson-Walker (FRW) Universe,
take the form

ρ0ddm þ 3
a0

a
ρddm ¼ −

a0

a
Γγρddm; ð1Þ

ρ0γ þ 4
a0

a
ργ ¼

a0

a
Γγρddm; ð2Þ

where Γγ is a dimensionless parameter characterizing the
coupling between DM and photons, and prime denotes the
conformal time derivative. The quantity ργ is the energy
density of photons. It is known that the energy-momentum
conservation equation of ith coupled fluid in a cosmologi-
cal scenario reads as ∇μT

νμ
i ¼ Qν

i with
P

iQ
ν
i ¼ 0. We

notice that Eqs. (1) and (2) satisfy this condition with
Qddm ¼ − a0

a Γγρddm and Qγ ¼ a0
a Γγρddm, respectively. We

adopt Γγ > 0 in order to have a decaying DM along the
cosmic expansion. Usually the DM decay rate is considered
constant. But in principle, it could be time variable as well.
So without loss of generality, the decay rate can be defined
as Γ ¼ ΓγH=a, where H ¼ a0

a is the conformal Hubble
parameter.
Solving (1) and (2), we find

ρddm ¼ ρddm0a−3−Γγ ; ð3Þ

ργ ¼ ργ0a−4 þ
Γγ

1 − Γγ
ρddm0ða−3−Γγ − a−4Þ; ð4Þ

where for Γγ ¼ 0, we recover the standard evolution
equations for the DM and photons.

A. Perturbation equations

Now we consider the evolution of linear cosmological
perturbations in our model. In the synchronous gauge,
the line element of the linearly perturbed FRW metric is
given by

ds2 ¼ −a2dτ2 þ a2½ð1 − 2ηÞδij þ 2∂i∂jE�dxidxj; ð5Þ

where k2E ¼ −2=h − 3η, restricting to the scalar modes h
and η.
Using ∇μT

νμ
i ¼ Qν

i , the continuity and Euler equations
of the ith coupled fluid, given the above metric, are
written as
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δ0i þ 3Hðc2s;i − wiÞδi þ 9H2ð1þ wiÞðc2s;i − c2a;iÞ
θi
k2

þ ð1þ wiÞθi − 3ð1þ wiÞη0 þ ð1þ wiÞ
�
h0

2
þ 3η0

�

¼ a
ρi
ðδQi −QiδiÞ þ a

Qi

ρi
½3Hðc2s;i − c2a;iÞ�

θi
k2

; ð6Þ

θ0i þHð1 − 3c2s;iÞθi −
c2s;i

ð1þ wiÞ
k2δi

¼ aQi

ð1þ wiÞρi
½θddm − ð1þ c2s;iÞθi�; ð7Þ

where we have chosen the momentum transfer in the rest
frame of DM. Here, wi, c2a;i, and c2s;i are the equation of
state, adiabatic sound speed, and physical sound speed in
the rest frame of the ith fluid, respectively. As expected, for
Qi ¼ 0 in the above equations, we obtain the standard
continuity and Euler equations of the ith fluid. This
methodology was initially used to describe the linear
perturbations of a dark sector interaction between DM
and dark energy (see [32] and references therein).
The next step is to particularize the fluid approximation

equations to the coupled systemofDMandphoton.We have,

δ0γ þ
4

3
θγ þ

2

3
h0 ¼ aΓγH

ρddm
ργ

ðδddm − δγÞ; ð8Þ

θ0γ −
1

4
k2ðδγ − 4σγÞ − aneσTðθb − θγÞ

¼ 3

4
aΓγH

ρddm
ργ

�
θddm −

4

3
θγ

�
; ð9Þ

describing the continuity and Euler equations for photons,
respectively.
Lastly, the DM evolution is given by

δ0ddm þ h0

2
¼ 0: ð10Þ

In (9), θb is the divergence of baryon fluid velocity,
where the term aneσTðθb − θγÞ is due to the collision term

before recombination between photons and baryons, which
are tightly coupled, interacting mainly via Thomson scat-
tering. The Euler equation derived for DM in the synchro-
nous gauge reads θddm ¼ 0.
Recently, the authors in [12] have considered an elastic

scattering between DM and photons, and described the
complete treatment to Boltzmann hierarchy for photons,
including changes in expansion for l ≥ 3. Here, we are
considering that the interaction between DM and photons is
interpreted for a nonconservation in the numbers of
particles for both species, where the DM particles can
undergo dilution throughout the cosmic history with a
small deviation from the standard evolution decaying into
photons. Thus, the process here is different from the DM-
photon elastic scattering interaction, where the particle
number density is always conserved, and changes do not
occur at background level as well as to continuity equations
of the DM and photons. Beyond the changes in the Euler
and continuity equations (also in the background dynam-
ics), we believe that a complete treatment of Boltzmann
hierarchy for l ≥ 3 must also be carried out in our model,
but this is beyond our goal in the first steps of the present
investigation. We hope to develop it in another future
communication.

B. Effects of the dark matter-photon coupling
on the CMB TT and matter power spectra

It is well known that a nonconservation in the photon
number density can affect the anisotropy of the CMB.
Photon production (or destruction) has been considered in
other contexts [33–40]. In general, a change in the standard
dynamics of photons can affect CMB and another impor-
tant cosmological relationships in various ways, like the
CMB spectral distortions, secondary CMB anisotropies,
luminosity distance etc. Here, we focus on the background
and perturbative changes (as described in this section) in
order to test a cosmological scenario with decay of DM into
photons.
Figures 1 and 2 show the theoretical predictions of the

CMB temperature (TT) and matter power specta at z ¼ 0,

FIG. 1. Theoretical prediction and relative deviations of the CMB TT power spectrum from the base line Planck 2015 ΛCDM model
for some values of Γγ while the other parameters are fixed to their best-fit mean values as given in Table I.
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as well as the relative deviations from the base line Planck
2015 ΛCDMmodel, for the coupling parameter in the range
Γγ ∈ ½10−5; 10−7�. We see that on large angular scales
(l < 30) we have deviations approximately until 5% and
up to 12% on small scales on CMB TT. These changes are
quantified by the reduction in magnitude of the acoustic
peaks at small scales by collisional damping and the
enhancement of the first acoustic peaks due to a decrease
in the photon diffusion length. The effects on the matter
power spectrum are about 10%–15% on large scale and
oscillations around 15%–25% on small scale (where non-
linear effects may be predominant). These changes on CMB
TTandmatter power spectra are similar in order ofmagnitude
or even smaller than in other decayingDMmodels described
in the literature. In the next section, we derive the observa-
tional constraints on the model under consideration.

III. OBSERVATIONAL CONSTRAINTS

A. Data sets, methodology and the model parameters

In order to constrain the model under consideration, we
use the following data sets.

CMB: A conservative data set comprising of cosmic
microwave background temperature power spectrum
(TT), low-l polarization and lensing reconstruction
from Planck 2015 [41].

BAO: The baryon acoustic oscillation measurements
from the Six Degree Field Galaxy Survey (6dF)
[42], the Main Galaxy Sample of Data Release 7 of
Sloan Digital Sky Survey (SDSS-MGS) [43], the
LOWZ and CMASS galaxy samples of the Baryon
Oscillation Spectroscopic Survey (BOSS-LOWZ and
BOSS-CMASS, respectively) [44], and the distribu-
tion of the Lyman Forest in BOSS (BOSS-Ly) [45], as
summarized in Table I of [46].

HST: The recently measured new local value of Hubble
constant, H0 ¼ 73.24� 1.74 km s−1Mpc−1 by the
Hubble Space Telescope, as reported in [47].

LSS: Three probes of large scale structure: the con-
straints, σ8ðΩm

0.27Þ0.46 ¼ 0.774� 0.040 from the weak

lensing survey CFHTLens [48], σ8ðΩm
0.27Þ0.30 ¼ 0.782�

0.010 from Planck Sunyaev-Zeldovich cluster mass
function [49] and σ8ðΩm

0.30Þ0.50 ¼ 0.651� 0.058 from
the Kilo Degree Survey KiDS-450 [50].

We have implemented the DM-photon coupling model
in the publicly available CLASS [51] code, and used the
Metropolis Hastings algorithm in Monte Python [52]
code with uniform priors on the model parameters to
obtain correlated Markov Chain Monte Carlo (MCMC)
samples by considering four combinations of data sets:
CMBþ BAO, CMBþBAOþLSS, CMBþBAOþHST,
and CMB þBAOþLSSþHST. We have ensured the
convergence of the Monte Carlo Markov Chains for all
the model parameters according to the Gelman-Rubin
criteria [53]. We have analyzed the output samples by
using the GetDist Python package [54]. We have chosen
the minimal data set CMBþ BAO because adding
BAO data to CMB reduces the error bars on the
parameters. The other data set combinations are consid-
ered in order to investigate how the constraints on
various free parameters and derived parameters of the
DM-coupling model are affected by the inclusion of LSS
and HST data.
In general, it is common to consider only the ΛCDM

model as a cosmological scenario to investigate decaying
DM models. In our analysis, we consider that dark
energy is in the form of a perfect fluid with a constant
equation of state parameter wde, and investigate its
possible effects and deviations from the ΛCDM case
in the context under study. Also, to the knowledge of the
authors, the constraints on wde from the cosmological
data have not yet been studied in the context of the
decaying DM. We have also considered the presence of
neutrinos and set the order of mass on the normal
hierarchy with a minimum sum of neutrino masses to
be 0.06 eV. The total effective number of relativistic
species (Neff ) is also taken as a free parameter. Finally,
the base parameters set for the DM-photon coupling
model is

FIG. 2. Theoretical prediction and relative deviations of the matter power spectrum from the base line Planck 2015 ΛCDM model for
some values of Γγ while the other parameters are fixed to their best-fit mean values as given in Table I.
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P ¼
n
100ωb;ωcdm; 100θs; ln 1010As; ns; τreio; wde;X
mν; Neff ;Γγ

o
;

where the first six parameters are also the base param-
eters of the minimal ΛCDM model [55].

B. Results and discussion

Table I summarizes the observational constraints on
the free parameters and some derived parameters of the
DM-photon coupling model for the four combinations of
data sets: CMBþ BAO, CMBþ BAOþ LSS, CMBþ
BAOþ HST and CMBþ BAOþ LSSþ HST.
We note that with all the data sets analyzed here, the DM-

photon coupling parameter Γγ is very small with the order
10−5. We have Γγ ≤ 1.3 × 10−5 at 95% C.L. from the joint
analysis using full data CMBþBAOþLSSþHST. Also,
see Fig. 3, which shows the one-dimensional marginalized
distribution for Γγ. The coupling parameter has the same
order of magnitude in all four cases, but a smaller amplitude
is observed in the case CMBþ BAOþ HST.
Even though it is very small (reasonably expected), the

nonconservation of photons due to the DM-photon cou-
pling leads to significant effects on the CMB, which can
directly affect the other cosmological parameters in par-
ticular H0 and σ8. Further, the constraints on wde with
CMBþ BAOþ LSS and full data CMBþ BAOþ LSSþ
HST are wde ¼ −1.15þ0.12

−0.10 and wde ¼ −1.13þ0.11
−0.09 both at

68% C.L., respectively. Therefore, a phantom behavior of

dark energy is minimally favored in the DM-photon
coupling model when LSS data are included in the analysis.
In the other two cases without LSS data, the dark energy
behavior is similar to the cosmological constant since
wde ∼ −1.
Assuming a base line standard ΛCDM model, the value

of Hubble constant H0 ¼ 66.27� 0.66 km s−1Mpc−1
from Planck CMB measurement [41] is about 3σ lower
than the current local measurement H0 ¼ 73.24 �
1.74 km s−1 Mpc−1 as reported in [47]. This discrepancy
between both measures has been widely discussed in the
literature as a possible indication of physics beyond the
minimal ΛCDM model. The interaction between DM and
photons gives rise to a very weak “DM drag” which damps
the growth of matter density perturbations throughout
radiation domination, and therefore can act to reconcile
the tension onH0 betweenpredictions from thePlanckCMB

TABLE I. Constraints on the free parameters and some derived parameters of the DM-photon coupling model for four combinations of
data sets. The upper and lower values with mean value of each parameter denote 68% C.L. and 95% C.L. errors. For

P
mν and Γγ , the

upper bounds at 95% C.L. are mentioned. The parameterH0 is measured in the units of km s−1 Mpc−1, rdrag in Mpc, whereas
P

mν is in
the units of eV.

Parameter CMBþ BAO CMBþ BAOþ LSS CMBþ BAOþ HST CMBþ BAO þ LSSþ HST

102ωb 2.29þ0.14þ0.27
−0.14−0.26 2.34þ0.19þ0.31

−0.16−0.34 2.33þ0.09þ0.19
−0.09−0.18 2.31þ0.09þ0.20

−0.09−0.18

ωcdm 0.127þ0.013þ0.024
−0.013−0.025 0.129þ0.018þ0.028

−0.015−0.030 0.130þ0.007þ0.016
−0.008−0.015 0.125þ0.007þ0.017

−0.008−0.015

ln 1010As 3.107þ0.034þ0.082
−0.045−0.075 3.127þ0.045þ0.087

−0.045−0.084 3.108þ0.038þ0.080
−0.045−0.077 3.130þ0.043þ0.085

−0.043−0.084

100θs 1.0412þ0.0009þ0.0021
−0.0011−0.0019 1.0409þ0.0009þ0.0023

−0.0014−0.0019 1.0409þ0.0007þ0.0015
−0.0007−0.0014 1.0411þ0.0007þ0.0016

−0.0007−0.0015
ns 0.977þ0.012þ0.028

−0.013−0.024 0.978þ0.013þ0.025
−0.013−0.024 0.977þ0.013þ0.026

−0.013−0.024 0.980þ0.012þ0.025
−0.012−0.024

τreio 0.084þ0.017þ0.038
−0.021−0.036 0.096þ0.019þ0.041

−0.022−0.038 0.084þ0.018þ0.038
−0.021−0.037 0.098þ0.020þ0.040

−0.020−0.039

wde −1.03þ0.10þ0.18
−0.08−0.19 −1.15þ0.12þ0.20

−0.10−0.22 −1.03þ0.11þ0.18
−0.08−0.20 −1.13þ0.11þ0.19

−0.09−0.20P
mν <0.38 <0.97 <0.37 <0.83

Neff 3.51þ0.43þ0.82
−0.43−0.84 3.65þ0.61þ0.90

−0.46−1.00 3.60þ0.34þ0.69
−0.34−0.63 3.58þ0.36þ0.72

−0.36−0.68
Γγ <2.3 × 10−5 <2.6 × 10−5 <9.0 × 10−6 <1.3 × 10−5

Ωm 0.293þ0.013þ0.026
−0.013−0.026 0.284þ0.015þ0.028

−0.015−0.029 0.293þ0.013þ0.025
−0.013−0.024 0.287þ0.013þ0.025

−0.013−0.026

H0 71.9þ4.0þ7.8
−4.0−7.1 74.7þ5.1þ10.0

−5.1−10.0 72.8þ1.7þ3.2
−1.7−3.3 73.3þ1.7þ3.5

−1.7−3.3

σ8 0.829þ0.020þ0.040
−0.020−0.038 0.781þ0.015þ0.028

−0.015−0.028 0.829þ0.019þ0.037
−0.019−0.037 0.778þ0.014þ0.027

−0.014−0.027

rdrag 142.5þ6.8þ15
−8.2−13 140.5þ6.1þ20.0

−11.0−10.0 140:5þ4.4þ8.6
−4.4−8.5 141:9þ4.7þ9.4

−4.7−9.1

FIG. 3. One-dimensional marginalized distribution for Γγ.
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and direct measurements. A similar scenario also arises in
DM–dark radiation interaction models. Figure 4 shows the
parametric space of H0—σ8, where the horizontal yellow
band corresponds to H0 ¼ 73.24� 1.74 km s−1 Mpc−1.
From Table I, we note that without using any prior on
H0, we have H0 ¼ 71.9� 4 km s−1Mpc−1 and H0 ¼
74.7� 5 km s−1Mpc−1 both at 68% C.L. from CMBþ
BAO and CMBþ BAOþ LSS, respectively. With the
introduction of HST in the analysis, we have H0 ¼ 72.8�
1.7 km s−1 Mpc−1 and H0 ¼ 73.3� 1.7 km s−1Mpc−1
both at 68% C.L. from CMBþ BAOþ HST and joint
analysis using full data. Therefore, with all the data
sets (with or without using the local prior on H0) the
DM-photon coupling model favors the local measurement
H0 ¼ 73.24� 1.74 km s−1Mpc−1. Thus, the DM-photon
couplingmodel developed here can serve as an alternative to
explain thewell-known tension ofH0. Other perspectives on
alleviating the tension on H0 are investigated in [56–66].
Another cosmological tension arises from the predictions

of the direct measurements of LSS and CMB for σ8. The
results from Planck CMB yield the value of amplitude of
matter density fluctuations, σ8 ¼ 0.831� 0.013 [41],
which is about 2σ higher than σ8 ¼ 0.75� 0.03 as given
by the Sunyaev-Zeldovich cluster abundance measure-
ments [67]. From Table I, we note that the constraints
on σ8 from CMBþ BAOþ LSS and joint analysis using
the full data are σ8 ¼ 0.781� 0.028 and σ8 ¼ 0.778�
0.027 at 95% C.L., respectively. These, in addition to the
common region of the contours in the LSS cases with the
vertical light red band in Fig. 4, indicate some consistency
of the DM-photon coupling model based σ8 values with the
local measurements like Sunyaev-Zeldovich cluster abun-
dance measurements, galaxy cluster count and weak
gravitational lensing, etc. Thus, the DM-photon coupling
model alleviates the σ8 tension as well to some extent when
LSS data is included in the analysis.

The upper bound on the mass scale of active neutrinos is
obtained as

P
mν<0.38eV with minimal data set CMBþ

BAO, whereas a higher upper bound
P

mν < 0.83 eV is
obtained with the full data set, both at 95% C.L. We see that
the constraint on

P
mν becomes weaker by a factor of two

in the case of the full data set. The presence of massive
neutrinos reduces the growth of perturbations (reducing the
growth rate of structures) below their free-streaming length.
Thus, the data from LSS (prior in the σ8 −Ωm plane) which
are physically dependent on small scale approximation, and
where massive neutrinos play an important role, are
responsible for this degeneracy (double the neutrino mass
scale in our analysis). It is difficult to quantify the
individual physical effects responsible for the constraints
on

P
mν, knowing that many systematic effects (calibra-

tion of the mass observable relation, modeling the number
of halos, etc.) can affect LSS data. However, evidently the
constraints

P
mν < 0.97 eV and

P
mν < 0.83 eV when

LSS data are added in the analysis are related to the tension
on σ8. These constraints differ up to 2σ C.L. from the ones
obtained using CMBþ BAO and CMBþ BAOþ HST
data. This difference of about 2σ C.L. is also transmitted to
the neutrino mass scale.
Further, we notice that the spectrum index (ns) of the

primordial scalar perturbations is compatible with a scale
invariant spectrum (ns ¼ 1) at 2σ C.L. in all the four cases of
our analysis here. In the case CMBþ BAOþ LSSþ HST,
ns ¼ 1 is compatible at 1.5σ C.L. Taking the minimal
ΛCDM model, the Planck team [68] has ruled out ns ¼ 1
at 5.6σ C.L. Therefore, the extended model presented here
(DM-photon couplingþ Neff ) can reduce it up to 4σ C.L.
Effects of some extended scenarios on ns are also discussed
in [68]. A scale invariant spectrum is investigated in light of
H0 and σ8 tensions in [59].
The decay process of DM into photons represents a

direct nonconservation in total radiation energy density
throughout the cosmic history. Thus, it is also expected that
this process can also change Neff and rdrag (BAO acoustic
scale at drag epoch). These quantities directly depend on
ργ . Therefore, the effective number of species can be
parametrized (when the neutrinos are relativistic) by

Neff ¼
8

7

�
4

11

�
−4
3

�
ρν
ργ

�
: ð11Þ

As we have a change over ργ from the standard evolution
prediction, the nonconservation on photon density can
influence Neff to nonstandard values. Also, a DM-photon
coupling can affect the BAO acoustic scale at drag epoch
rdrag, since this quantity depends tightly on the baryon-
photon ratio R ¼ 3ρb=4ργ ,

rdragðzdragÞ¼
Z

∞

zdrag

csðzÞ
HðzÞdz; with csðzÞ¼

cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ3RðzÞp ;

ð12Þ

FIG. 4. 68% C.L. and 95% C.L. regions for σ8 and
H0. The horizontal yellow band corresponds to H0¼73.24�
1.74kms−1Mpc−1 whereas the vertical light red band corre-
sponds to σ8 ¼ 0.75� 0.03.
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where ρb stands for the baryon density and cs is the sound
velocity as a function of the redshift. Besides the non-
conservation of the photons induced by Γγ, the addition of
wde and Neff is expected to cause variations on rdrag too.
The Planck team [41] has reported rdrag ¼ 147.60�

0.43 Mpc from TTþ lowPþ lensing in the minimal base
ΛCDM model. The authors in [69] within ΛCDMþ Neff
have obtained rdrag ¼ 143.53� 3.3 Mpc. Using only a low-
redshift standard ruler, the constraint rdrag ¼ 143.9�
1.9 Mpc is obtained in [70]. As already mentioned, the
three free parameters (Γγ, wde and Neff ) in our model can
affect rdrag. Figure 5 shows the one-dimensional margin-
alized distribution onNeff and rdrag (measured inMpc) from
the four data combinations used in thiswork.We find rdrag ¼
142.5þ6.8

−8.2 Mpc at 68% C.L. from CMBþ BAO. This value
is compatible with all the measures mentioned above at
68%C.L. The other values, from the other combinations, are
also compatible with the values presented in [41,69,70] at
68% C.L. However, due to the our extended model and the
used data combinations, the most reasonable comparison on
rdrag is made for CMBþ BAO only. Within our model and
analysis, we find that the best fit for Neff can deviate
significantly from its standard value (Neff ¼ 3.046) in all
the cases analyzed here, but when the borders are observed
even at 68%C.L., no evidence for dark radiation is found. In
general, the DM-photon coupling can significantly change
the best fit on Neff and rdrag, due to nonconservation of
photons through the expansion of the Universe, but the
observational bounds are compatible at 68% C.L. with the
standard results of the ΛCDM model.

IV. CONCLUSION

In this work, we have investigated an extension
of the ΛCDM model where a nonminimal DM-photon

coupling is assumed, and the dark energy is characterized
by a constant equation of state parameter. In addition,
massive neutrinos are also considered. We have observed
significant effects of the considered cosmological scenario
on the CMB TT and matter power spectra (see Sec. II B).
We have obtained observational constraints on the
DM-photon coupling model parameters using the latest
data from CMB, BAO, HST and LSS. In particular,
we have found the upper bound on the coupling
parameter, viz., Γγ ≤ 1.3 × 10−5 using the full data set
CMBþ BAOþ HSTþ LSS. As a direct consequence of
the decay of DM into photons, we have found that this
scenario can naturally solve the current tension on the
Hubble constant by providing high values of H0 con-
sistent with the local measurements. Thus, alteration in
the standard dynamics of photons through cosmic
expansion can be a viable alternative to describe physics
beyond the ΛCDM model in light of the current
observational tensions. Here, the cosmological model
with DM-photon coupling has proved to be able to
resolve the tension on H0. A step forward within this
perspective could be to consider a curvature-photon
coupling and investigate its cosmological consequences.
This can serve as a test to probe the modified gravity on
the CMB scale, and reconcile the current tension
between LSS and CMB as well.
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