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The “Sg tension” is a long-standing discrepancy between the cosmic microwave background (CMB) and
weak gravitational lensing determination of the amplitude of matter fluctuations, parametrized as
Sg = 04(2,,/0.3)%3, where o3 is the root-mean-square of matter fluctuations on an 8 2~! Mpc scale,
and Q,, is the total matter abundance. It was recently shown that dark matter (DM) decaying into a massless
(dark radiation) and a massive (warm DM) species, with a lifetime I'™! ~ 55(¢/0.007)'* Gyr—where &
represent the mass-energy fraction transferred to the massless component—can ease the tension. Thanks to
a fast and accurate fluid approximation scheme for the warm species, we perform a comprehensive study of
this two-body decaying DM scenario, discussing in detail its dynamics and its impact on the CMB and
linear matter power spectra. We then investigate the implications for the Sg tension against a number of
changes in the analysis: different Sg priors, marginalization over the lensing information in Planck data,
trading Planck high-£ polarization data for those from the SPTpol and ACTPol surveys, and the inclusion
of the recent results from the Xenon1T Collaboration. We conclude that the preference for decaying DM,
apparent only when the Sy value determined from weak lensing data is added to the analysis, does not
sensibly degrade the fit to any of the cosmological datasets considered, and that the model could potentially
explain the anomalous electron recoil excess reported by the XenonlT Collaboration. Furthermore, we
explictly show that while current CMB data alone are not sensitive enough to distinguish between standard
cold DM and decaying DM, next-generation CMB observations (CMB-S4) can unambiguously detect

its signature.

DOI: 10.1103/PhysRevD.104.123533

I. INTRODUCTION

In the last couple of decades, the so-called standard A
cold dark matter (ACDM) model of cosmology has been
firmly established as the most successful framework to
interpret numerous independent experimental observations
up to a very high degree of accuracy. Still, the nature of its
dominant components—cold dark matter (CDM) and dark
energy (DE)—is yet to be unveiled. The ACDM model
provides indeed a remarkable fit to a wide variety of early
universe data, such as cosmic microwave background
(CMB) and big bang nucleosynthesis, as well as late
universe observations such as baryon acoustic oscillation
(BAO), and luminosity distance to SuperNovae of type la
(SNIa). However, as the accuracy of the measurements has
increased over the past few years, a number of intriguing
discrepancies between the values of some cosmological
parameter as inferred within ACDM and their direct
measurements at low redshift, has emerged. At the heart
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of this study is the mild (~2-30) yet long-standing tension
between the CMB [1] and weak gravitational lensing [2—4]
determination of the amplitude of the matter fluctuations,
typically parametrized—in the context of weak lensing
surveys—as Sg = 03(Q,,/0.3)%3, where o3 is the root-
mean-square of matter fluctuations on an 8 2~! Mpc scale,
and Q,, is the total matter abundance. Another example is
the so-called Hubble tension [5-9], i.e., the significant
discrepancy (~4-5¢ C.L.) between the value of the current
expansion rate of the universe H, directly measured using
SNIa data as a cosmic distance ladder [10], and that inferred
from CMB data [1], assuming ACDM. Despite scrupulous
efforts to minimize the systematic errors at play in the
cepheid calibration of the SNIa, the statistical significance
of the disagreement is steadily rising [9,11-14]. However, it
is still debated whether the Hubble constant resulting from a
calibration of the SNIa on the “tip of the red giant branch”
shows a similar degree of tension with respect to the Planck
ACDM model [8,14-16]. Alternative methods have been
proposed, but are currently not at the accuracy level required
to unambiguously weigh in the Hubble tension [5].

In the absence of convincing solutions within the
standard cosmological model, and driven by the fact that
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the nature of the dark sector is unknown, throughout the
years many alternative scenarios have been proposed to
explain these discrepancies. It is not yet clear if introducing
new physics in the prerecombination era to decrease the
sound horizon at recombination could fully resolve the
Hubble tension without spoiling other bounds or exacer-
bating the Sg tension [17-21]. On the other hand, resolving
the S tension requires to decrease the amplitude of matter
fluctuations on scales k ~ 0.1-1 #/Mpc, which can be
easily achieved in a variety of models departing from
ACDM only at late times, often related to new DM
properties [22-25], including the possibility that DM
decays [26-30].

In this paper, we reassess the phenomenology of a two-
body decaying cold dark matter (DCDM) scenario, where
the decay products are one massive warm DM (WDM)
particle and one (massless) DR component, interacting only
through gravitation with the standard model particles. We
will refer to the full model as ADDM. From the point of
view of particle physics model building, the stability over
cosmological timescales is one of the most peculiar proper-
ties of the dark matter particle, reviewed, e.g., in Ref. [31].
Often, an additional symmetry (typically a discrete Z,
symmetry) has to be assumed to make the DM candidate
stable. Nevertheless, DM decays at late times are known
signatures of many models in the literature such as (for
instance) models with R-parity violation [32,33], super
weakly interacting massive particles [34-37], sterile neu-
trinos [38,39], or models with an additional U(1) gauge
symmetry [40-43]. Recently, the authors of Ref. [44]
engineered a model in the context of supergravity that
explicitly reproduces the kind of late two-body decays
considered here, and also provides a natural explanation
for the small mass splitting that seems to be favored by
cosmic data.

Decays to electromagnetically charged particles are
tightly constrained by Planck data [45,46], y-ray [47,48],
and cosmic-ray searches [49,50], typically requiring
! > O(10% s), with some level of dependence on the
decay channel. Still, a purely gravitational constraint,
although weaker, is very interesting in the spirit of being
“model independent,” while applying to models with decay
to a dark sector, or to (noninteracting) neutrinos. The
canonical example is perhaps that of the keV majoron
[51,52] decaying into relativistic neutrinos. Models of
CDM decays with massive daughters have also been invoked
as a potential solution to the observational discrepancies with
CDM on small (subgalactic) scales after structure formation
(e.g., [42,53-60]). Even more recently, decaying dark matter
models were proposed [43,61-63] as a way to explain the
excess of events in the electronic recoils reported by the
XenonlT Collaboration [64]. In the literature, most studies
restricted themselves to massless daughter particles
[26,46,65-67], with the benefit of greatly simplifying the
cosmological analysis, but limiting the true model

independence of the bound, and therefore its robustness.
Nevertheless, some studies have attempted at including the
effect of massive daughters in a cosmological context but
either neglected cosmological perturbations of the daughter
particles [28-30] or were limited by computational power to
perform a complete analysis against a host of cosmological
data [68,69].

It has originally been suggested that DM decaying into
massless daughters could help with cosmological tensions
[26,66], but careful analysis of this scenario in light of
Planck 2015 data has excluded this possibility [27,70]
(although see Ref. [71] for a different conclusion if the
decay rate is not constant). Attempting to go beyond these
studies, the authors of Ref. [28] suggested that considering
a nonzero mass for (at least one of) the decay product
would affect the phenomenology and allow for a resolution
of the Hubble tension. However, a recent study based on a
combination of both BAO and uncalibrated SNIa datasets
has been carried out in Ref. [29]. As opposed to Ref. [28],
they conclude that a ADDM scenario does not predict
higher H, values. This is in good agreement with model-
independent analyses existing in the literature in which it
has been established that a combination of BAO and
uncalibrated SNIa data strongly constrain any late-time
modification as a resolution to the Hubble tension (see, e.g.,
Refs. [17,72]). A similar conclusion is also reached when
CMB data are considered [30]. Yet, these recent analyses
were limited to the study of the effects of ADDM on the
background evolution of the universe.

In this paper, we perform a thorough analysis of the
ADDM model in light of up-to-date low- and high-redshift
datasets, including the effects of linear perturbations. To
that end, we introduce a new approximation scheme that
allows to accurately and quickly compute the dynamics of
the WDM linear perturbations by treating the WDM
species as a viscous fluid. In a companion paper [73],
thanks to this new fluid approximation, we have shown that
the ADDM, while unable to ease the Hubble tension, can
fully explain the low-Sg measurement from recent weak
lensing surveys. The aim of this paper is to: (i) introduce the
cosmological formalism of the ADDM model and a new
approximation scheme that we developed to accurately
describe linear perturbations of the warm daughter; (ii) dis-
cuss the background and perturbation dynamics of the
ADDM model and its impact on the CMB and linear matter
power spectrum; (iii) compare the constraints obtained with
the inclusion of perturbations to those obtained when
neglecting them (as was done in the past literature); and
(iv) test the robustness of the ADDM resolution to the Sy
tension to a number of changes in the analysis (different Sg
priors, different CMB datasets, marginalization over the
lensing information in Planck, including constraints from
the XenonlT experiment on the model).

This work is structured as follows: in Sec. I we
introduce the formalism and the novel approximation
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scheme; in Sec. III we illustrate the ADDM impact on the
relevant cosmological observables; in Sec. IV we discuss
the results of our data analyses; in Sec. V we show that a
next-generation CMB experiment (CMB-S4) can detect
DDM; finally, in Sec. VI we draw our conclusions.

II. FORMALISM OF TWO-BODY ADDM

Hereafter, we adopt the Boltzmann formalism by
Ref. [69], where the time evolution of the phase-space
distribution (PSD) for both the mother and the daughter
particles were derived. However, in Sec. I A we explicitly
show that, at the background level, such formalism is
equivalent to the one by [74].

While the (cold) parent particle can be safely described
as a perfect fluid, computing the density perturbation
evolution for the daughter particles requires a more
sophisticated treatment. The central role in the game is
played by £, i.€., the highest multiple to consider when
drawing up the hierarchy of equations describing the PSD
of the daughter particles. In the massless case, the degrees
of freedom associated with momentum can be removed
after the PSD multipole decomposition [27]. Due to its
nontrivial energy-momentum relation, this approach is not
possible for the warm daughter particle. One has to study
the full PSD evolution, which would be computationally
prohibitive when performing Monte Carlo Markov Chains
(MCMC) analyses. For this reason, in Sec. II B we provide
a detailed description of a novel approximation scheme,
devised in Ref. [73], based on describing the WDM
component as a viscous fluid on sub-Hubble scales. This
allows us to integrate out the momentum degrees of
freedom and the hierarchy of equations to be truncated
at £ . = 1. We will show that the new, computationally
faster scheme is accurate enough to be used for cosmo-
logical analyses, allowing to establish accurate and robust
CMB limits on this class of models.

Our framework is characterized by two additional free
parameters with respect to ACDM: the DCDM lifetime,
"', and the fraction of DCDM rest mass energy converted
into DR, defined as follows [74]:

2
:%(1 _—mgvdm) (1)
Mcdm
where 0 <& < 1/2. The lower limit corresponds to the
standard CDM case, so that Q.j, = Qycdm + Lwdms
whereas ¢ = 1/2 corresponds to DM decaying solely into
DR. In general, small & values (i.e., heavy massive
daughters) and small I" values (i.e., lifetimes much longer
than the age of the universe) induce little departures
from ACDM.
Let us decompose the PSD function of the jth dark
component into a background contribution f ; plus a linear
perturbation Af; as

fitk.q.p.t) = fi(g.7) + Afj(k.q.u.7),  (2)

where 7 is the conformal time' and j = {dcdm, dr, wdm}.
The mean energy density and pressure p; are obtained by
integrating the background PSD, i.e.,

[ _
p; —g/) dgArq*E;f;. (3)
_ 1 ) qz_
P.=— | dgsn?L 7. 4
| 304A qinq Ejff’ (4)

where £; = | /m3a* 4 ¢* is the comoving energy of jth

species. The linear perturbation term Af; is generally
expanded over Legendre polynomials:

Afjlkqut)=> (=i

Y Y20 +1)Af; (kg 7)Ps(1). (5)
=0

The perturbed energy density, pressure, energy flux, and
shear stress are thus given by

_ . [
Op; = p0) =3 A 4’ €A  jo. (6)
_ dn [= ¢
O, =P =3 ) 444’ g Ao (7)
- 4nk [
P+ P)0; =—+ ; dqq*qAfi. (8)
B _ 8n [ 2 q2
(pj + Pjlo; = 3, dqq g—jAfj.,z‘ ©)

We choose to work in the synchronous gauge, comoving
with the parent particle, which means that each Af .4y »
vanishes except for the term A f j.qm - In addition, since the
parent particle is nonrelativistic, the only relevant dynami-
cal DCDM variables are py.qn and dg.gm. We follow the
standard convention of referring to the scalar metric
perturbations in this gauge as h and n. We implement
the equations describing the ADDM model in a modified
version of the Boltzmann code CLASS> [75,76]. Our code is
available at https://github.com/PoulinV/class_majoron.
Throughout the rest of this paper and unless stated
otherwise, we compare ADDM models at fixed ol =
Qi h?* with ACDM models having the same @cgp,.
All other cosmological parameters are fixed to {H, =
67.7 km/s/Mpc, @egm = @l =0.1194, @, = 0.0224,

'"We use dots to indicate derivatives with respect to conformal
time.
2http://class-code.net/.
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n, = 0.9673, In(10"°A;) = 3.052, 7., = 0.0582}, which
constitutes our baseline ACDM model. These values corre-
spond to the best fit from the combined analysis (including Sg
data from weak lensing) of Ref. [73], which are however very
similar to the ACDM best-fit parameters from Planck
2018 [1].

A. Background dynamics

The background evolution of the mother and daughter
particles is described at the phase-space level by their
Boltzmann equations [69]:

]_cdcdrn = _arfdcdmv (10)
= g al'N T
fdr:fwdm:d;drznma(q_apmax)' (11)

4rq

Nicam = (Q;j;dmpc 0/ Mgeam)e " is the DCDM (comoving)
number denSIty Pmax = |pwdm| |pdr| =Myame/V'1-2¢ is
the initial momentum of the daughter particles.

By combining Egs. (3) and (4) with Eqgs. (10) and (11)
we obtain

:bdcdm = —=3Hpacam — Al Pgcams (12)
ﬁdr = _4der + 8arpdcdmv (13)

5de - _3(1 + W>Hﬁwdm + (1 - 8)arpdcdm- (14)
‘H = a/a is the conformal Hubble parameter, and w(z) =
Poyim/Pwam 1S the WDM equation of state (EoS).*
Equation (14) will be useful to analytically derive the
fluid equations that we present in Sec. IIC, but for a
numerical resolution it is much simpler to use an integral
formula for pyq,, as it was done in Ref. [74]. This formula
can be obtained by integrating Eq. (11) firstly with respect
to 7, and then with respect to . The first integration
requires using the relation 6(q — apmax) = 6(t —7,)/qH,
where 7, represents the conformal time when daughter
particles with comoving momentum ¢ are born, g =
a(7,) Pmax [69]. For the second integral, changing the
integration variable from ¢ to a, = a(z,) leads to

C e—Ft
Pwdm(@) = —4/ da, R ea; + (1-2¢)a*,  (15)
a

where C = p, Qi T, 'H, = H(a,), t, = t(a,). Note the
equivalence between Eq. (15) and the analogous expression
derived in Ref. [74] with a different formalism. Concerning

Q0 = Qi 7T, Qiniy s the initial DCDM abundance, 7,
the  age of the universe.

*Notice that this expression does not coincide with the EoS
used in [28].

the massless DR species, we simply take the limit ¢ — 1/2
of Eq. (15).

In both cases, the background evolution Eq. (15) needs
to be solved iteratively, as the Hubble parameter H depends
onN Pyqm and pg, through the Friedmann equation. For a flat
universe, this equation reads

87Ga? _
H(a) = 3 §i pi(a), (16)
where

Zpl pdcdm ) +pdr(a) + pwdm(“)

+p,(a) +p.(a) +ppla) +pa. - (17)

Here p,, p,, py, and p, denote the mean densities of
photons, neutrinos, baryons, and dark energy, respectively.

We show the evolution of the Hubble parameter for
ACDM and several ADDM models in the lower panel of
Fig. 1. In the upper panel of Fig. 1, we also show the
evolution of the fractional densities Qycam (), Quwam(2), and
Q4 (z) for a particular ADDM model (I'"! = 30 Gyr and
e = 0.1) as well as Q.4 (z) with the same initial amount of

10!
r1=30Gyrs £=0.1
100_
_ 10—1_
N
(@]
10—2.
— CcDM
10-3 —— DCDM
—— WDM
— DR
1074 . . : .
107! 10° 10! 10? 10° 104
z
160 ]
) —— ACDM p !
o | j
s 140 — I'=3Gyrs  ___ ._g> i’/
= =Y i
g 120 — M'=03Gyrs —— £=0.5 . 4 /
X
100
N
+ 801
)
= 60
N
T 40 ' . .
107! 10° 10!
z
FIG. 1. (Upper) Redshift evolution of the abundances of the

DCDM, WDM, and DR species, assuming I" -1 =30 Gyr and
e = 0.1. We also show the abundance for a standard CDM species
with chm = Qg‘c‘dm (Lower) Redshift evolution of the Hubble

parameter for the ACDM and four different ADDM models. The
Hubble parameter today is fixed to Hy = 67.7 km/s/Mpc.
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dark matter, namely Q0 = Qi The two new param-

eters affect H(a) as follows: at fixed ¢, a shorter lifetime
"' implies a lower Hubble parameter. This is clearly
visible at z > 1. The behavior below z ~ 1 is due to our
assumption of a flat universe and the requirement of fixing
Hy: to fulfill the budget equation, a lower DM abundance
requires a larger Q,, meaning that the period of accelerated
expansion begins earlier with respect to ACDM. At fixed
lifetime I"~!, a larger ¢ also induces a lower H(a), because
more energy is converted into radiation, which dilutes
faster. We thus anticipate a negative correlation between
I'~! and ¢ at the background level. The degeneracy can be
captured by the matter contribution from the WDM species,
Qmn =00 (1 —3w), which is well constrained by data.

'wdm 'wdm

This quantity is roughly approximated by
Qg = Qg (1 — ) V1 = 2e. (18)
For small I" and small &, Q™

wam & I'(1 — &) and we expect data
to constrain a parameter combination of the form e oc I'™!.

B. Linear perturbation equations

The continuity equation for the DCDM density pertur-
bation can be obtained either by using the covariant
conservation of the stress-energy tensor T, or by inte-
grating the corresponding first-order Boltzmann equation
(see Eq. (2.20) in Ref. [69]). As in the case of standard
CDM, the resulting expression is

Odedm = _g- (19)
To obtain the dynamical equations for the daughter par-
ticles, we combine Eq. (5) with the corresponding first-
order Boltzmann equation (see Eq. (2.31) in Ref. [69]), so
that we have the following hierarchy of equations:

OAfj0) gk Uh =
TT] = _S—J-Afj'l + qa—qjg +fj6dcdm7 (20)
O(Af;1)  qk
T;_T‘%[Afj.o—2Afj,2], (21)
I(Af;2) gk _ _ %M
T_S—gj[ZAfj,l 3Af31—q g 15 (22)
oAfje) gk
e @it g, A = DA
(¢ 2 3), (23)

where j = {dr, wdm}. The system of equations (20)—(23)
is in the same form as the one for massive neutrinos [77],
except for the last term in Eq. (20) and the fact that the

partial derivative Of ;/0q in Egs. (20) and (22) is now time
dependent.

Given that the DR species satisfies the condition
q/E4 = 1, the hierarchy of equations can be simplified
by taking the moments

1 0
For= / dqAnq*qAfa s (24)

p(r,O 0

of Egs. (20)—(23), and integrating over all the momentum
degrees of freedom, so that

Fdr,O = —kFg — % Faeh + TarOcdms (25)

Fyy = ngr,O - %Fdrlv (26)

Fyo :%Fdr,l _¥Fdr.3 +;l_5rdr(h+6’7)a (27)

Fase =5 Fasem =€+ ) Faeal] (623 @9

We have adopted the convention ry, = a*py,/ Peos aS in
Ref. [27], which in the two-body decay scenario under
study leads to

i’dr = €ar(ﬁdcdm/ﬁdr)rdr- (29)
The first three multipoles are given by

4rdr
Fdr,l = adrv

3k Fdr,2:26drrdr' (30)

Fdr,O = rg:Or>

We choose the maximum multipole £, to truncate the
hierarchies of equations according to the scheme proposed
in Ref. [77] for both massless and massive neutrinos, i.e.,

. .. 1
Far %

max

= derf Fdrfmax s (31)

max_]

' WAfou o £ 11
Afwdm,fmax = q f dm'fmax 1 _ “max —|—

Ewim T

Afwdmfmax' (32)

C. A novel WDM fluid approximation scheme

In order to compute the WDM dynamics one cannot
integrate over the momentum degrees of freedom, as we did
in the DR case. Indeed, when taking the moments of the
hierarchy of Egs. (20)—(23), higher velocity-weight inte-
grals appearing at £ =2 cannot be computed from the
system of equations itself.

Therefore, one has to follow the evolution of the full
time-dependent PSD to obtain the elements of the perturbed

stress-energy tensor Owgm, Owdms and owqn through
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Egs. (6)—(9). A typical setup for CMB analyses requires
roughly 500 wave numbers, 50 multipoles, and 10*
momentum bins, i.e., O(10%) linear differential equations
to be computed. On a single processor, this leads to runs
with a CPU time of 1-2 days per each parameter choice,
making a systematic scan of the parameter space computa-
tionally prohibitive.

To overcome the problem, we make use of a new fluid
approximation for the WDM species, introduced in
Ref. [73], where the momentum dependence is removed,
and one only needs to track the evolution of the first two
multipoles. The number of linear differential equations to
be solved is now reduced to O(10%), with a CPU time per
single run ~30—40 s. The novel approximation scheme is
based on the treatment of massive neutrinos as a viscous
fluid by Ref. [76], and it is only valid at scales deeply inside
the Hubble radius, where high- and low-£ modes are
effectively decoupled. In Appendix A we explicitly dem-
onstrate the accuracy of this approximation.

Similarly to the DR case, the fluid equations can be
derived by multiplying both sides of Egs. (20) and (21) by
Anq?E yama™* and 4zg ka*, respectively, and integrating
over g. Then, by using Eqgs. (6)—(9) and (14), one can write
down the continuity equation,

. h
5wdm = _3H(C% - W)éwdm - (1 + W) <9de + 5)

+ (1= £)al == (8404,
Pwdm

- 5wdm)v (33)
and the Euler equation,
2

. lor
Owam = —H(1 —3¢2)0yam + Tw

Odm- (34)

2 2
k 5wdm -k Owdm

1 =+ ngi ﬁdcdm
1 +w /_)wdm

— (Il —¢)al’

Notice that we have introduced the WDM sound speed in
the synchronous gauge, ¢ = 6Pyqm/5Pwdm» and the WDM

adiabatic sound speed, ¢2 = Pyqm/Pydm-
The latter can be written as

Cé = W(pwdm/f_)wdm)(ﬁwdm/pwdm>_17 (35)

and it can be computed as follows:

C2 — W<5 _ ?de _pdcdm al’ 82 )

g Pyim  Pwim IWH 1 —¢
ﬁdcdmar i|_l
X 13(l+w)—————(1—¢ . 36
30w -2 )

Here p,,4,, denotes the so-called pseudopressure, a higher
momenta integral of f\4, Which is reduced to the standard
pressure in the relativistic limit [76].

Obtaining an analytical expression for c? is less straight-
forward, since we do not have a dynamical equation for the
pressure perturbation 6P, q,,. In Ref. [76] it is assumed that
c? is scale independent and approximately equal to cg. For
the WDM species, we have found that this assumption
leads to accurate results for the CMB power spectrum, but
not for the matter power spectrum. In fact, calculations
using the full Boltzmann hierarchy of Egs. (20)—(23) reveal
that ¢? exhibits a particular k dependence that cannot be
captured by a background quantity such as c_(zl. In particular,
c? gets slightly enhanced on scales k > ki, where kg is the
free-streaming scale of the WDM species, defined as

3H(q)
2¢,(7)

kis(7) = (37)

It is possible to gain a semianalytic understanding of this
behavior by building a formal equation for the evolution of
c2, as detailed in Appendix B. To account for such an

enhancement, we adopt the following prescription:
Ak.r) = A1+ (1-26)T(k/ky)]. (38)

where the function 7'(x) = 0.24/x has been fitted to the
sound speed obtained using the full Boltzmann hierarchy,
for the parameter values € = 0.5, 0.1, 0.01, 0.001 and
I'/Hy = 0.1, 1, 10. The factor (1 — 2¢) is inserted to make
the k-dependent correction vanishingly small close to the
relativistic limit, where ¢ ~ ¢2 ~1/3.

In order to trace the evolution of the shear 6,4, one
could follow a similar approach to that of Ref. [76], where
the authors obtained a dynamical equation for the neutrino
shear by means of an improved truncation scheme at
max = 2. We tested the implementation of a generalization
of that equation suitable to the decaying case, but we found
it to be only relevant close to the relativistic case € ~ 1/2,
when it reduces to the DR shear equation from Ref. [26]. In
this regime, the dynamics of the daughter particles do not
significantly impact the CMB and matter power spectra; we
thus decided to not include any dynamical equation for the
shear of the WDM species, when switching to the fluid
approximation. In practice, we simply set oyq, t0 a
constant value, obtained via integration of the second
PSD multipole in the Boltzmann hierarchy [see Eq. (9)].
We explicitly checked that this approach yields better
results rather than simply setting o4, = 0 in the fluid
equations, or than using the DR shear equation of Ref. [26]
when ¢ = 1/2.

Finally, let us recall that, strictly speaking, these equa-
tions are valid in the synchronous gauge comoving with the

123533-6



LINEAR COSMOLOGICAL CONSTRAINTS ON TWO-BODY ...

PHYS. REV. D 104, 123533 (2021)

DCDM. In practice, however, the synchronous gauge in
CLASS [75] is coded with respect to the CDM. Nevertheless,
for adiabatic initial conditions, one can choose € geqm =
Oini.cam = 0, such that the gauge comoving with CDM is
also comoving with DCDM at all times [65]. Hence,
hereinafter we neglect this irrelevant complication.

D. Dynamics of perturbations

Before discussing the signatures of varying the param-
eters I and ¢ on the relevant cosmological observables, it is
worth having a look at the linear perturbations of the
mother and daughter particles. In Fig. 2 we show the
evolution of the linear density perturbations for the DCDM,
WDM, and DR species, corresponding to a mode that
enters the horizon very early (i.e., k = 1 Mpc™!). To clarify
the impact of the two extra free parameters, the perturba-
tions are shown for DCDM lifetimes similar and smaller
than the age of the universe (I'"! = Hy' ~ 14.5 Gyr and
! = (10H,)~' ~ 1.5 Gyr), and for massive daughters
behaving either as warm or cold particles (¢ = 1072 and
e=107%).

One can see that initially, the perturbations of the
daughter species always track those of the mother, because
the coupling term dominates the dynamics (i.e., the ratios

k=1 Mpc?!
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FIG. 2. Time evolution of the linear density perturbations of the
DCDM, WDM, and DR species, corresponding to a wave number
k =1 Mpc~!. Each panel displays the perturbations for a differ-
ent combination of the parameters I" and e. The black dashed and
solid lines indicate the times of horizon crossing [at H(7) = k]
and WDM free-streaming scale crossing [at kg (7) = k], respec-
tively. The purple dotted line indicates the characteristic decay
time, given by #(7) =T\

Pacdm/ Pwdm aNd Pacam/Par are large). When a mode crosses
the free-streaming scale, the pressure support of the
daughter particles becomes important and the perturbations
develop oscillatory features. For the DR species, the free-
streaming scale simply corresponds to the horizon
(k¢ ~ H,) while for the WDM it corresponds to a larger
value, given by k¢ ~ H/c, [see Eq. (37)]. This time- and
scale-dependent power suppression, together with the
different background dynamics, leads to key signatures
on the CMB and matter power spectra, as we discuss later.
By comparing upper and lower panels of Fig. 2, it is clear
that the value of the WDM free-streaming scale is essen-
tially determined by the value of ¢, as expected. On the
other hand, by comparing left and right panels, one notices
that the intensity of the oscillations due to the pressure
support can be compensated by the coupling to the DCDM
if the lifetime is long enough, as the daughter particles keep
being produced.

Interestingly, the decoupling time of the daughter per-
turbations from the mother perturbations is always set by
the free-streaming crossing time, and not by the character-
istic decay time. In order to illustrate that, in Fig. 3 we show
perturbations corresponding to a smaller wave number,
k=102 Mpc‘l, that enters the horizon much later. For
this mode, the WDM species does not have time to cross
the free-streaming length (the crossing will occur in the
future), so that dy.qn and d,4, remain equal, even if the
lifetime is smaller than the age of the universe. This can be
understood from the fluid Eqgs. (33) and (34): when the

k=10"2 Mpc~!
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FIG. 3. Same as in Fig. 2, but corresponding to a wave number

k=102 Mpc~!. In this case, the WDM perturbations never
cross the free-streaming scale.
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(Left) Residuals of the linear matter power spectrum at z = O (upper) and z = 2 (lower) for several values of the lifetime

I'!' = 10,30, 100, 300 Gyr and a fixed DR energy fraction & = 0.1. Residuals are taken with respect to our baseline ACDM model.
(Right) Same as in the left, but for several DR energy fractions € = 0.5, 0.1, 0.01, 0.001 and a fixed lifetime I'"' = 30 Gyr.

decay term that includes I' is relevant, 8,4, is driven by
Odcam- Therefore, the WDM density perturbation 4, Will
continue to track the behavior of Jy.4,, as long as the
free-streaming scale is not crossed, i.e., as long as the
pressure term, containing c2k>dqy,, is small compared to

Swdm ~ 5wde2 .

III. OBSERVABLE IMPACT OF DARK MATTER
DECAYS WITH WARM DAUGHTERS

A. The linear matter power spectrum

Firstly, we focus on describing the effects of the two-
body decay on the linear matter power spectrum, since this
will allow to better understand some of the effects on the
CMB spectra. In this section, we use the same ACDM
parameters as in Sec. I A, except for fixing 1000, =
1.04217 instead of H, to better connect with CMB
observations, that accurately pin down 6,. In Fig. 4, we
compare the residual differences in the linear power spectra
(at redshifts z = 0 and z = 2) with respect to our baseline
ACDM. The left panel shows several lifetimes and a fixed
DR energy fraction ¢ = 0.1, while the right panel shows a
fixed lifetime I'"! = 30 Gyr and several values of the DR
energy fraction e.

One important feature of the C + WDM scenarios, such
as the one considered in this work, is that they are expected
to produce a suppression in the linear matter power
spectrum at scales smaller than a “cutoff scale,” with a
nontrivial shape [78—81]. The cutoff scale is determined by
the free-streaming scale of the WDM species, kg, given by
Eq. (37). On scales k > kg, pressure becomes important

and WDM particles cannot stay confined in gravitational
potential wells, which inhibits structure formation.

Figure 4 clearly illustrates that, while the parameter ¢
fixes the value of the cutoff kfs,s the lifetime I'~! essentially
determines the depth of the suppression at very small
scales. This is to be expected, since the amount of power
suppression grows with the WDM abundance, which
increase for smaller lifetimes. In a similar way, the effects
of decay become less important when considering the
matter spectrum at a higher redshift z =2, since the
abundance of WDM was smaller in the past.

In general, for late-time decay scenarios (well after
recombination) as the one studied in this work, it is possible
to distinguish three different regimes depending on the
value of ¢, as it is shown in the right panel of Fig. 4:

(i) Nonrelativistic decay: if € < 0.001 (black curve), the
WDM leaves the expansion rate unaffected, since its
contribution to the matter density, pyqm(1-3m)~
DPwdm» compensates the reduction in the DCDM
density, pycqm- In addition, the WDM free-streaming
length is very small, inducing a power suppression at
k=1 hMpc~'. Such scales are beyond the range of
scales probed by the observables considered in this
work, so in this regime the WDM is almost degenerate
with standard CDM.

(i) Relativistic decay: if € ~ 0.5 (red curve), the WDM

component acts as DR, which can appreciably

5By looking at Egs. (36) and (37), we see that for small
values of &, the cutoff approximately satisfies the scalings

kg o cpt w2 el
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(Left) Residuals (with respect to our baseline ACDM model) of the CMB lensed TT (upper), EE (middle), and lensing

potential (lower) power spectra for several values of the lifetime ['™! = 10, 30, 100, 300 Gyr and a fixed DR energy fraction & = 0.1.
(Right) Same as in the left, but for several values of the DR energy fraction ¢ = 0.5, 0.1, 0.01, 0.001 and a fixed lifetime I'"! = 30 Gyr.

reduce the expansion rate.’ Moreover, the free-
streaming length kg gets as large as the horizon,
so that the WDM does not cluster at all. The
reduction in the Hubble friction is balanced by a
reduction in the clustering density of the daughter
particles, 0pyam = dpgr =~ 0, inducing a very little
overall suppression of the growth of fluctuations.
However, there is an impact coming from another
background effect: the significant decrease in the
comoving matter density, a’p,,, leading in turn to an
increase of the angular diameter distance, thereby a
reduction of 6,. This effect can be compensated by
increasing H,, which shifts the location of the peak,
keq/(agH,), towards smaller k in the matter power
spectrum—since we are keeping the matter-radiation
equality era fixed. The net effect on the residuals is
twofold, a large-scale enhancement and small-scale
suppression of power.

Warm decay: For intermediate values of ¢, namely
0.001 < e £0.5 (green and blue curves), the WDM
component partially contributes to the matter energy
density, leaving to an expansion rate almost un-
changed. However, the values of kg, that determine
the cutoff scale in the matter power spectrum are not
as small as in the case of nonrelativistic decay,
leading to dpyqm ~ 0 for k > kg. Hence, on scales
k > k¢ the Hubble friction gets enhanced with
respect to the clustering density dp,,, slowing down

(iii)

®Note that since now we are fixing 1000, instead of H, the
Hubble rate H(z) can increase with respect to ACDM at z < 1,
once dark energy starts to dominate. However, this effect is small
for long lifetimes, and at early times the Hubble rate is still
smaller than in ACDM.

the growth of DCDM perturbations. The net impact
on the matter power spectrum is thus a suppression
on intermediate scales, somewhat similar to that
induced by massive active neutrinos [82—84].

B. The CMB angular power spectrum

We now discuss the impact of the two-body decay
scenario on the CMB anisotropy temperature and polari-
zation angular power spectra, as well as on the lensing
potential power spectrum reconstructed from the CMB
4-point correlation function. In the left panel of Fig. 5 we
report the residuals of the (lensed) TT, EE, and lensing
potential power spectra with respect to our baseline
ACDM, for different lifetimes I'"! and a fixed DR energy
fraction ¢ = 0.1. The effects, more and more pronounced as
the lifetime decreases, can be understood as follows:

(i) At the background level, the decay decreases the
value of Q, with respect to ACDM. This is
compensated by an increase in 2, (earlier beginning
of A domination) and thus an enhancement in the
late integrated Sachs-Wolfe (LISW) effect, leaving a
signature in the low-£ TT power spectrum. Fur-
thermore, a modified background history alters
quantities integrated along z, such as 7., which
impacts the multipoles £ ~ 10 in the EE power
spectrum.

(i) At the perturbation level, the late-time reduction of
@*P gearm implies a reduction of the quantity a>8pgedm,
which acts as a source of gravity through the Poisson
equation. This induces a damping in the metric
fluctuations, and hence yields a further enhancement
of the LISW effect. Furthermore, the suppression in
the matter power spectrum and in €, lowers the
amplitude of the lensing potential power spectrum,
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consequently reducing the smoothing of the peaks in
the high-# part of both the TT and EE spectra, as one
can see from the “wiggles” in the correspond-
ing plots.

In the right panel of Fig. 5 we show the CMB residuals
for a fixed I'"! and various values of &. The effects can be
readily understood:

(1) At the background level, smaller values of ¢ weaken
the effects previously discussed, because the decay
product dilutes in a way similar to dark matter.
Namely, the decrease in €, is less prominent due to
the significant WDM contribution (i.e., the increase
in Q, is shallower), and the impact on 7., is
smaller. Therefore, the signatures in the low-Z part
of the TT and EE spectra become less visible.

(i) At the level of perturbations, ¢ leads to some
interesting signatures on the LISW effect and on
the lensing potential. Since the LISW effect is only
relevant for small multipoles ¢ (i.e., very large
scales), one just needs to look at wave numbers
such that k < k;. On these scales, the growth
suppression does not play any role, and the decrease
in a?6p4cam due to the decay gets partially compen-
sated by the increase in a’8py4y,, Which is more
significant for smaller values of e. Thus, the damp-
ing in the metric fluctuations is less relevant for
smaller ¢, reducing the LISW enhancement.

(iii) Regarding the effects on the lensing potential, one
can see that the suppression in the corresponding
power spectrum monotonically decreases for smaller
€. Naively, one might expect the opposite, since we
have argued that the matter power suppression
increases for small e. This can be understood by
looking at the CMB lensing kernel W(z), given by
the following expression [85]:

3Qm H2 X+ _Z(Z)
TWE)(IJFZ)I(Z)T’ (39)

W(z) =
where y, is the comoving distance to the last-
scattering surface. Firstly, the CMB lensing kernel
peaks at z ~ 2, where the suppression is less im-
portant (see bottom panels of Fig. 4). Secondly, it
gets highly suppressed for higher values of ¢, and
this effect can dominate over the effect on the matter
power spectrum. This suppression happens mainly
due to the smaller Q,, as we have verified by
computing W(z) for several ADDM models, with
and without including the factor Q.. Note that
coincidentally, the effects on the lensing power
spectrum at high ¢ are very similar for ¢ = 0.5
and e = 0.1: this is because in the former case €, is
highly reduced and the small-scales power spectrum
is almost unaffected, while the opposite occurs in the
latter case.

Let us finally remark that, even if the effects of varying
either € or I' on the observables are different, one can easily
exploit the degeneracy mentioned at the background level
to get different couples of values (large I and small ¢ or
vice versa) with a similar cosmological signature, espe-
cially on the CMB. We do indeed expect the MCMC
analysis to show a negative correlation in the reconstructed
2D posteriors for € and T

IV. DATA ANALYSIS

A. Data and method

We now confront the ADDM cosmology with a host of
recent cosmological observations. Our goal is to set
constraints on the lifetime of DM and the mass ratio of
the mother and daughter particles. We also wish to check to
what extent the ADDM model can play a role in resolving
cosmological tensions as claimed in the recent literature
[28,73]. To that end, we perform comprehensive MCMC
analyses with the MontePython—v37 [86,87] code interfaced
with our modified version of CLASS, considering various
combinations of the following datasets:

(i) The BAO measurements from 6dFGS at z = 0.106
[88], SDSS DR7 at z = 0.15 [89], BOSS DR12 at
z=10.38, 0.51 and 0.61 [90], and the joint con-
straints from eBOSS DR14 Ly-a autocorrelation at
z = 2.34[91] and cross-correlation at z = 2.35 [92].

(ii) The measurements of the growth function fog(z)
(FS) from the CMASS and LOWZ galaxy samples
of BOSS DRI12 at z = 0.38, 0.51, and 0.61 [90].

(iii) The Pantheon SNIa catalog, spanning redshifts
0.01 <z <23 [93].

(iv) The low-£ CMB TT, EE, and the high-# TT, TE,
EE data® + the gravitational lensing potential
reconstruction from Planck 2018 [1].

(v) The KIDS-1000 + BOSS + 2dFLens [94], DES-Y1
[2], and KIDS-1000 + Viking + DES-Y1 [4] weak
lensing data, compressed as a a split-normal like-
lihood, ie., Sg=0.766700%, Sg=0.773700°,
Sg = 0.755097, respectively.

(vi) The local measurement of the Hubble constant from
SHOES,9 modeled with a Gaussian likelihood cen-
tered on Hy = 74.03 £+ 1.42 km/s/Mpc [10].

We start by performing two distinct sets of studies in
order to illustrate the importance of taking CMB data into
account when studying the ADDM scenarios, even in the
long-lived regime (i.e., when the DCDM decays after CMB
decoupling):

7https://github.com/brinckmann/montepythonfpub]ic.

In our main analysis, we use the “lite” version of the CLIK
likelihood. We verify that this leads to negligible differences
with respect to the full likelihood in Appendix C.

A new version of the SHOES measurement [9] was published
during completion of this work. We do not expect it to have any
impact on our conclusions.
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(i) a background-only analysis against BAO'" and
Pantheon SNIa data;

(ii) full analyses including linear perturbations, where
we combine the dataset used in (i) with CMB TT,
TE, EE + lensing data, with and without including
the aforementioned informative priors on Sg and H,.

In the case of (i), the parameter space is fully charac-

terized by the following free parameters:

{Qam: Hoo T ¢},
whereas in (ii) the whole parameter space is described by

{Q,h?, In(10°A)), n, 7rei0, QM

dedm Ho, F, 5}.
For both (i) and (ii) we adopt logarithmic priors on &
and F,” namely,

—4 <log;pe < log;(0.5),
—4 <log;o(T/Gyr™") <1,

and a flat prior on the initial DCDM abundance:
0 < Qfiyn < 1.

Secondly, we explore the possibility of resolving the
infamous Hubble and Sg tensions, and the “A;.,,” anomaly
that exists within Planck data. We then test the robustness
of our results to various changes in the pipeline, and in
particular to trading the high-£ Planck CMB data for those
from the SPT Collaboration [95], which are known to be
less in tension with local Sg measurements, as well as
ACTPol data [96], which show a level of tension with S
measurements similar to Planck. Finally, we briefly discuss
the viability of the two-body decay scenario as solution for
the XenonlT anomaly [64].

We adopt flat priors on all other parameters, and we set
two massless and one massive active neutrino species with
m, = 0.06 eV, following Planck’s conventions [1]. We
assume our MCMC chains to be converged when the
Gelman-Rubin criterion R — 1 < 0.02 [97]. To extract the
best-fit parameters, we make use of the MINUIT algorithm
[98] through the IMINUIT python package.'* In Appendix D
we report all individual y?’s per each of the analyses
performed.

19As discussed in Sec. I, we calibrate BAO data by imposing
a Gaussian prior on the sound horizon at recombina-
tion ry(z,ec) = 144.7 + 0.5 Mpc, to not spoil CMB data [1].

"For comparisons with previous works, a useful conversion is
the following: logo(T'/Gyr~")~log;o(I"/kms~' Mpc™')—2.991.

Phttps://iminuit.readthedocs.io/.

B. General constraints: Background vs linear
perturbations

In Fig. 6 we show the 2¢ posterior distributions of the
parameters characterizing the ADDM model, log;o(¢) and
log,o(T"/Gyr™") (the results of this analysis are reported in
Table I). Red contours refer to the background-only
analysis (i), while blue contours refer to the full analysis
(i1), at the perturbation level, when CMB data are also added.
From BAO + SNIa and Planck data, the DDM is not
detected. We confirm our expectation from Secs. IT A and
I1I that there is a negative correlation between log;,(¢) and
log,o(I"/Gyr~'), apparent within all datasets: as ¢ decreases,
the 95% C.L. upper limit on I" relaxes. In practice, we find
that for decay rates I' ~ 1073-10~! Gyr~!, our 26 exclusion
curve is roughly described by & ~ 1.6 x 10~*(I'/Gyr~")~-L.
For large I" and small ¢, the factor “1 — e~ in Eq. (18)
reaches 1 faster than “v/1 — 2¢” (assuming 7, ~ 13.8 Gyr),
explaining why our constraint on the DR energy fraction
becomes flat even for very large decay rates. In particular, for
small decay rates log,o(I'’/Gyr~!) < —3 and very massive
daughters log;y(¢) < —2.7 the DCDM behaves like CDM,
leading to departures indistinguishable from ACDM. Of
utmost importance, we find that constraints on the ADDM
free parameters become much stronger when CMB data are
included, increasing by more than one order of magnitude
over the whole parameter space, contrarily to the naive
expectations that CMB data do not weigh in on late-time
decays.

Interestingly, we see that the background-only analysis
predicts a value of H slightly higher than the one inferred
assumed ACDM, though it can be noticed that the standard
ACDM value for H is still perfectly compatible, due to
larger uncertainties with respect to the full analysis, which
anyhow pulls H, back to its standard value. This suggests
that this kind of model is not suitable for relieving the
Hubble tension, contrarily to earlier claims [28], and in
agreement with Refs. [29,30]. However, in contrast to
Ref. [30], we observe a significant decrease in the Sy
contours for & ~0.01 and I'"! ~ 10?> Gyr. We attribute this
disagreement to the fact that Ref. [30] does not include a
treatment of WDM perturbations, which are responsible for
the suppression in the matter power spectrum. Hence, the
two-body decay presented here could potentially reconcile
the inferred value of Sg with its direct measurements from
LSS observations, as pointed out in Ref. [73]. We present
an explicit comparison of our constraints with those from
Ref. [30] in Appendix E.

Finally, in order to compare our constraints on I" with
previous literature, we have carried out a MCMC analysis
including BAO + SNIla + Planck data, but fixing]3

This is not equivalent to directly reading the constraints on I
at e = 0.5 from the I" vs € contours, since the 95% C.L. derived
from a y? distribution with different degrees of freedom corre-
sponds to different Ay?.
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stand for the H, measurement by the SHOES collaboration. Note that the BAO + SNIa analysis is based on background evolution only,
whereas the BAO + SNIa + CMB analysis also includes linear perturbations (see the main text for further details).

e =0.5 (i.e., in the limit in which the daughter particle
behaves as dark radiation). We find a 26 upper limit on the
DCDM decay rate of log,o(I'/[Gyr~!]) < —2.67, corre-
sponding to I'™! > 468 Gyr. Our constraints on DM decays
to DR are three times tighter than those found in works
using older Planck data [27,65] but also ~40% tighter than
Ref. [67] due to the use of a logarithmic prior on I' as
opposed to linear.

C. Implications for cosmological tensions and Xenon1T

1. The H tension

In order to test the implications of the two-body decay for
cosmological tensions, we conduct a run that includes the
local measurement of H, from SHOES [10], CMB, BAO, and
SNIa data. For the sake of brevity we do not report the results
of the runs here. We find that the shape of the posterior
probabilities is almost unchanged, except for a tiny shift in
H, to a higher value, Hy = 68.21 + 0.4 km/s/Mpc. We
thus confirm the inability of this model to resolve the Hubble

tension. This was expected since it had already been shown
through a model-independent reconstruction of the late-time
dynamics of the dark sector that any late-time solution that
does not modify the sound horizon at recombination is
expected to fail when combining BAO with SNIa data (e.g.,
[17,72,99,100]). Although this is not of material importance
in the context of the present work, let us note that recent
Refs. [101,102] emphasized that a more correct way of
combining Pantheon and SHOES is through a prior on the
intrinsic magnitude of SN1a. Yet, this does not affect our
conclusions, as it was explicitly shown in Ref. [103].

2. The Sg tension and the role of priors

As illustrated in Sec. IV B, in a CMB + BAO + SNIa
analysis of the ADDM scenario, not including weak lensing
data, the S tension is only marginally alleviated and DDM is
not detected. On the other hand, in Ref. [73] it was shown
that, by including an Sg prior as measured by KiDS+
BOSS + 2dFLens, the ADDM model can fully resolve the
tension if DM decays with a lifetime of I'"! ~ 55 Gyr and
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converts a fraction € ~0.7% of its rest mass energy into
kinetic energy for the massless component. The reason for
this is explained in detail in the latter reference: it is due to the
fact that the presence of WDM at late times reduce the
amplitude of the matter power spectrum on small scales,
thereby decreasing og, without changing significantly the
value of 2,,,. This results in a smaller Sg without running into
disagreement with measurements from €2,, from BAO and
SNIa data. Moreover, the fact that the decays occurs at late
times leaves the CMB power spectra largely unchanged.

In this former study, a split-normal likelihood on Sy as
determined by KiDS-1000 + BOSS + 2dFLens [94], i.e.,
Sg = 0.76610¢0%, was used. A more accurate approach
would have been to include the full galaxy shear and
clustering power spectra. Making use of the full likelihood
would however require the ability to compute the matter
power spectrum on nonlinear scales in a ADDM universe, a
task that is beyond the scope of this paper. Let us note that it
has been established in various cases that the reconstructed
Sg values only mildly vary from one model to another. In
particular, the KiDS Collaboration has established that the
reconstructed value of Sy is insensitive to the neutrino mass
[3]—a model that has physical effects very similar to the
ADDM model. This provides confidence in making use of
a prior on Sg derived in the ACDM context. Nevertheless,
to highlight the impact of a different Sg measurement, we
replace the Sy prior from KiDS-1000 + BOSS + 2dFLens
by the one determined in the combined analysis KiDS+
Viking + DES-Y1'* [4], S5 = 0.75570017 and with the
DES-Y1 data only [2], Sg = 0.773709%°. The results of
these analyses are reported in Table II, and shown in Fig. 7,
where we directly compare the results of the three different
runs."> From the reconstructed parameters

logo(T/[Gyr™']) = —1.891082  KiDS1000
log)o(e) = —2.2870%  +BOSS + 2dFLens
Sg = 0.7951 0%,
log,o(T/[Gyr™']) = —1.621081  KiDS + Viking
logjo(e) = —2.23704  +DES—Y1
Sg = 0.778100%,
log;o(I'/[Gyr™]) = =2.15%4"  DES — only

logjo(e) = —2.52473°
Sg = 0.8097 09!,

“Note that this combined analysis includes a photometric
redshift correction applied to DES result, slightly lowering the
Sg value compared to what is advocated by the DES Collabo-
ration [2].

""The mean 16 errors, and the best fit of the cosmological
parameters in the KiDS-1000 4+ BOSS + 2dFLens analysis are
reported in the first column of Table III.

TABLE I. The mean (best-fit) 1o errors of the cosmological
parameters from our ADDM analyses against BAO + SNIa and
BAO + SNIa + Planck. For each dataset, we also report the
best-fit y2.

Parameter BAO + SNIa +Planck
100w, 2.243(2.244) 70014
Qini 0.2529(0.2532) 0098 0.2606(0.2619) 300!
Hy/[km/s/Mpc|]  68.48(68.44) 058 67.71(67.71) 05
In(10'04,) : 3.051(3.052) 0014
ng e 0.9674(0.9672) 106058
Treio e 0.0576(0.0582) 10005
log,o(I'/[Gyr™']) unconstrained(0.09) unconstrained(—3.86)
logo(¢) unconstrained(—2.89)  —2.69(-2.97)"{3?
Qn 0.299(0.2992) 10913 0.3102(0.3109) F9:003¢
Sg e 0.821(0.828) 03]
o 1036.6 2053.4

one can see that the level of preference is higher for the
KiDS + Viking + DESY1 case while it is lower in the
DES-only case. In the former case, we nevertheless note a
slight degradation of y2. ~ +1 compared to the “baseline”
analysis of Ref. [73], while in the latter case the y2, does
not sensibly change. This explicitly demonstrates that the
statistical significance of the DDM “detection” is strongly
driven by the level of tension of the Sg value used in the
analysis (see the values of Ay? with respect to ACDM
reported in Table II). If the Sg tension increases in the
future, the preference for ADDM over ACDM would likely
increase. On the other hand, if the Sg tension disappears,
cosmological data would not favor the ADDM scenario
compared to the standard ACDM scenario.

3. The A.,s anomaly

Another well-studied “curiosity” in the recent literature
consists of anomalous amount of lensing estimated
from the smoothing of the acoustic peaks at high ¢’s
within Planck data, as quantified by the A, parameter
[1,104-106]. However, this anomalous lensing is not
supported by the lensing power spectrum reconstruction,
such that it is now commonly admitted that this tension
(oscillating between the 2-3¢ statistical level) cannot
originate from a true lensing effect. On the other hand,
it has been understood that this anomaly can be easily
resolved if the universe is closed [107-109], in certain
modified gravity theories [110], or in early-universe sce-
narios inducing a pattern of primordial oscillatory features
[111-114]. Here instead, we wish to check whether this
anomaly could impact constraints on the ADDM model,
and conversely if the ADDM model could help explain the
existence of such anomalies. In fact, it has already been
noted that this anomaly could be related to the Sg tension:
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TABLE II. The mean (best-fit) +1c errors of the cosmological parameters from our BAO + SNla + Planck + Sg, the latter being
from KiDS + BOSS + 2dFLens, DES-Y 1, and KiDS-1000 + Viking + DES-Y 1 analyses. For each dataset we also report its best-fit y2,

and the Ay? with respect to the analogous ACDM best-fit model.

Parameter w/KiDS + BOSS + 2dFLens w/DES w/KiDS + Viking + DES
100w, 2.246(2.241) £0.013 2.245(2.241)7 301 2.246(2.244) 0014
Qi 0.2581(0.2606) 73003, 0.2585(0.2610) 10002, 0.2585(0.2603) 100053
H,/[km/s/Mpc] 67.92(67.70)104 67.88(67.66)0:41 67.89(67.73)70:42
In(10'04,) 3.048(3.052) 9014 3.048(3.054) 70014 3.050(3.047) 9012
ng 0.9682(0.9673) + 0.0037 0.9681(0.9671) 09937 0.9681(0.9671) 0 505°
Treio 0.0570(0.0582) 36077 0.0568(0.0590) F3:00%° 0.0578(0.0554) 73007,
log,(T'/[Gyr™1]) —1.89(—1.74) 1082 —-2.15(-1.97)10¢! —1.62(—1.08) 18!
logo(e) —2.28(-2.16)19% < =2.14(-2.10) —2.23(-2.52) 1048
Qn 0.3071(0.3099) 3005 0.3078(0.3107) 0005 0.3073(0.3085) 10 0058
Sg 0.795(0.767) 50 0.809(0.784) 507! 0.778(0.763) 5923
P 2055.0 2054.8 2055.9
Xin(ADDM) — 2. (ACDM) -5.7 -23 -8.6

indeed, once including Ay, as an extra free parameter in
the analysis, it has been shown that the reconstructed
cosmology has a smaller A; and @4, (as well as a higher
H,), showing no Sg tension, but a remnant ~3.5¢ Hubble
tension [115—117]. To do so, we follow the approach of the
SPTpol Collaboration and implement two new parameters

Bl baseline+KiDS-1000+BOSS+2dFLens
EEl baseline+DES-Y1
Bl baseline+KiDS-1000+Viking+DES-Y1

n h
0.30 0.32
Qu

P L L L
-3 -2 -1 0 -3 -2 -1
Logy,(I/Gyrs ™) Logy,(€)

FIG. 7. 2D posterior distribution of a subset of parameters from
analyses performed by imposing three different priors on Sg,
based on the three sets of weak lensing measurements considered,
whose mean values are shown as a solid, dashed, and dotted line,
for KiDS + BOSS + 2dFLens, DES, and KiDS + Viking+
DES, respectively. Note that all the three analyses also include
our baseline dataset, i.e., Planck + BAO + SNIa.

in CLASS that allow to (roughly) marginalize over the lensing
information in Planck. The parameter AL TEEE rescales the
amplitude of the lensing power spectrum entering in the high-

¢ part of the CMB TT,TE,EE spectra, while the parameter

Aﬁ’s rescales the amplitude of the lensing power spectrum
reconstruction. We present the result of a MCMC analysis
including Planck high-£ TT, TE, EE + lensing + BAO +
SNIa + Sg data—with the two extra lensing parameters—in
Table III and in Fig. 8. One can see that the Sy parameter
reconstructed once marginalizing over the A,.,; anomaly is
lower by ~0.5¢ than in the baseline analysis. However, the
preference for ADDM decreases, with log; (&) now uncon-
strained. Note also that the ATTTEEE is still more than 26 away

lens

than the fiducial value ALTTEEE — 1. We can therefore
conclude that the ADDM model cannot explain this anomaly
and that the preference for ADDM would likely disappear if
the Sg tension turns out to be explained by a systematic in
Planck data leading to the anomalous value of the A,

parameters.

4. Connections with the recent XenonlT anomaly

Following our work [73], let us further study the
implications of the ADDM model for the excess of events
in the electronic recoils recently reported by the XenonlT
Collaboration [64]. It has been pointed out that this excess
could potentially be explained by the elastic interactions of
electrons with a fast DM component of mass m 2 0.1 MeV
and velocities 0.05 < v/c < 0.13 [43,61,62] (see also [63]
for an alternative decaying scenario). Interestingly, the
WDM daughter species in the ADDM scenario could in
principle play the role of such a fast component, since our
results indicate that the 1-o range for the speed of the
daughter particle extends up to v/c ~ ¢ ~(0.05. In order to
test this hypothesis further, we perform another MCMC
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TABLE III.  The mean (best-fit) ==1¢ errors of the cosmological

parameters from our

BAO + SNIa + Planck + Sg  (from

KiDS + BOSS + 2dFLens) analysis performed by marginalizing
over the amplitude of the lensing potential Aj.,s. We also report

the best-fit y2.

Parameter W/ Asens

100w, 2.262(2.260) 9916
o 0.2506(0.2526)+0.9049
HoJ [km/s/Mpc] 68.56(68.38) 3
In(10°4.) 3.025(3.032) 1092
" 0.9725(0.9718)*00042
. 0.0474(0.0506) 9.9
logo(L/ [Gyr-1]) —2.10(—1.49) 0%
logyo (e) unconstrained (—2.47)
Q. 0.2991(0.3009)+0.0053
5 0.784(0.768) 10018
ATTTEE 1.208(1.192) 10066
At 1.086(1.072) 190
Py 2043.2

analysis including Planck high-¢£ TT, TE, EE + lensing+
BAO + SNIa + Sg, with the DR energy fraction now fixed
to e = 0.05. This serves as a proxy for taking into account
XenonlT measurement (alternatively, one could enforce
e > 0.05). The results are summarized in Fig. 9 and

W/ A

: (//’// // \\

11 12 13 14 10 11 12
TTTEEE A

3 -2 -1 0 -3 -2 -1 075 080
Logyo(I'/Gyrs ") Logio(e) S8 A

fens

FIG. 8. 2D posterior distribution of a subset of parameters from
our BAO + SNla + Planck 4+ Sg (from KiDS + BOSS+
2dFLens) analysis, with and without including the extra
ATTTEEE 4,4 A%%

lens lens to marginalize over CMB lensing information.

Hl baseline+Sg

0.84

0.80 F

0.30 0.32
Logyo(I/Gyrs™) Sg On

FIG. 9. 2D posterior distribution of a subset of parameters
in our BAO + SNIla + Planck + Sg (from KiDS + BOSS+
2dFLens) analysis when fixing the DR energy fraction to a
value motivated by the recent XenonlT anomaly (e = 0.05).

Table V. We find best-fit values log(I'/Gyr™!) ~ —2.4
and Sg =~ 0.784, at the cost of a mild degradation in the fit to
Planck data (Ay* ~+1.7), indicating that the two-body
decaying scenario has indeed the potential to provide a
common resolution to the Sg and XenonlT anomalies. We
leave the construction of a realistic model and study of the
subsequent cosmological implications beyond the effect the
decay to another study (see [43,62] for examples).

TABLE IV. The mean (best-fit) =10 errors of the cosmological
parameters from our Planck high-¢ TT, TE, EE + lensing +
BAO + SNIa + Sy analysis, when fixing the DR energy fraction
to € = 0.05. We also report the best-fit 3.

Parameter ADDM (e = 0.05)
100w, 2.244(2.245) 10014
Qi 0.2597(0.2595) 10,0054
Ho/ [km/s/Mpc] 67.76(67.78) 3¢
In(10'94.) 3.050(3.047) 0015
n 0.9674(0.9674) +0.0042
. 0.0573(0.0559)+0.9073
togio(T/ Gy~ 27224455
o 0.3093(0.3090) 00057
S, 0.794(0.786) 0021
ey 2057.6
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V. DETECTING DDM IN THE CMB: IMPACT OF
CURRENT AND FUTURE DATA

In this section, we confront the DDM model to additional
CMB data from current ground-based surveys and perform
forecast for future surveys. In addition to Planck, we consider
first the high-# CMB EE and TE (50 < # < 8000) [95]
measurements and the reconstructed gravitational lensing
potential (100 < # < 8000) [118] from the 500 deg SPTpol
survey [119]. We then include the high-Z CMB TT, EE, and
TE (350 < #Z < 4125) data from the DR4 of the ACTPol
survey [96,120]. Finally, we demonstrate that an experiment
like CMB-S4 can unambiguously detect the DDM model.

A. Confronting ADDM to SPTpol data

It is interesting to test the robustness of the DDM
“detection” to a change of CMB datasets, especially given
the impact of marginalizing over the A, anomaly as
discussed in the previous section. We thus confront the
ADDM scenario under study against a set of CMB data
constituted by low-# temperature and polarization as well as
high-# temperature data from Planck, in combination with
high-£ polarization data from SPTpol (see Sec. IVA for
further details and references). It has been shown indeed that
such a joint analysis predicts an amount of CMB lensing
consistent with the ACDM expectation [119], i.e., no Ay
anomaly, and no Sg tension. This is manifestin Fig. 10, where
we compare predictions from the ACDM and the ADDM
models, the latter both with and without including informa-
tion on Sg from KIDS1000 + BOSS + 2dFLens. As one can

BN ADDM w/o0Sg
BN ACDM w/0Ss
BN ADDM w/ Sg

-3 -2 -1 0 -3 -2 -1 0.75 080 0.85 0.30 0.32
Log;,('/Gyrs™') Logio(€) Ss Q,

FIG. 10. 2D posterior distribution of a subset of parameters in
the joint BAO + SNla + Planck + SPTpol analysis, with and
without imposing a prior on Sg from KiDS 4 BOSS + 2dFLens,
compared to the ACDM scenario.

TABLE V. The mean (best-fit) =10 errors of the cosmological
parameters from our BAO + SNla + PlanckTT + SPTpol
analysis, with and without imposing a split-normal likelihood
on Sg (from KiDS + BOSS + 2dFLens). For each dataset, we

also report the best-fit y2.

Data BAO + SNIa + PlanckTT + SPTpol
Parameter w/o Sg w/Sg

100w, 2.239(2.2378)10010  2.241(2.247)%901¢
Qi 0.2544(0.2557) 30057 0.2514(0.2532) 100054
Hy/[km/s/Mpc]  68.15(68.03)934 68.39(68.25) 7047
In(10'04,) 3.031(3.026) 3016 3.026(3.018) 0017
n, 0.9701(0.9695)*99%41 0.9712(0.9707)*9:9937
Treio 0.0509(0.0481) 99974 0.0494(0.0457) 05952

log;o(I'/ [Gyr™"])
logyo(e)

—2.38(—1.73)1038
unconstrained(—2.73)

—2.25(—1.35)104
unconstrained(—2.57)

Qn 0.3033(0.3046) 70994 0.2999(0.3013) %3005
Sg 0.799(0.798)%992  0.787(0.767)991¢
e 1816.3 1816.8

easily see, both cosmological models predict an Sg value
in excellent agreement with the KIDS1000 + BOSS +
2dFLens measurement, displayed as a green horizontal band.
Our results regarding the ADDM model are also reported in
Table V.

In Fig. 11, instead, we report a comparison between our
baseline ADDM analysis and the Planck + SPT one. First
and foremost, SPTpol appears in very good agreement with

B baseline+SPTpol+Sg
Il baseline+Sg

-3 -2 -1 0 -3 -2 -1 0.75 0.80 0.30 0.32
Log;(I/Gyrs™") Logyo(e) Ss Q

FIG. 11. 2D posterior distribution of a subset of parameters
in our BAO + SNIa + Planck + Sg (from KiDS + BOSS+
2dFLens) analysis, compared to the joint BAO + SNla +
Planck + SPTpol + Sg analysis.
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I baseline+Sg
E +ACTPol

Logo(I'/Gyrs™1)

FIG. 12. 2D posterior distribution of a subset of parameters in
the case BAO + SNla + Planck + Sy (from KiDS + BOSS+
2dFLens), with and without the inclusion of ACT data.

the ADDM model resolution of the Sg tension required by
Planck. However, the ADDM parameters are largely uncon-
strained in that case and no deviations from ACDM are
visible, which further establishes that if the Sg tension turns
out to be explained by a systematic in Planck high-¢
polarization data, the preference for ADDM is likely to
vanish.

B. Confronting ADDM with ACTPol data

Second, we confront the ADDM model with the combi-
nation of Planck and ACTPol data, to test whether more
accurate measurements at high # can further constrain the
model. Within ACDM, it has been found that ACTPol data
(when combined with WMAP) also favor relatively high
Sg, in 2.10 tension with KiDS1000 4+ BOSS + 2dFLens
[96]. To limit double counting of information, we follow
the procedure of the ACT Collaboration and truncate
multipoles # < 1800 in the ACT TT data. The results of
this analysis are presented in Fig. 12 and Table VI.
Interestingly, the ADDM parameter ¢ is more precisely
measured with the inclusion of the ACTPol data, while the
mean value is barely affected. Compared with ACDM, the
Ay? in favor of ADDM is now —6.7, and the level of tension
between Planck + ACT 4+ BAO 4 SNla and Sg from
KIDS1000 + BOSS + 2dFLens is 1.36. We conclude that
ACT data are in very good agreement with the ADDM
model, slightly increasing its preference over ACDM.

C. Towards detecting the ADDM model with CMB-S4

As we have extensively discussed, current CMB data are
not sensitive enough to detect DDM, so that the preference
for nonstandard values for € and I" is fully driven by the
inclusion of the Sg measurement from weak lensing data in
the analysis. To further stress this aspect we have performed
additional analyses fitting a set of mock CMB data
generated starting from our reference best-fit ADDM model
(i.e., that from the Planck + BAO 4 SNIa + KiDS +
BOSS + 2dFLens run, reported in the first column of
Table II). The resulting contour plots are shown in
Fig. 13, where we compare the constraints that Planck
would obtain if the “true” cosmological model actually

TABLE VI. The mean (best-fit) =1 errors of the cosmological parameters from our BAO + SNla + Planck +
ACTPol analysis, with and without imposing a split-normal likelihood on Sg (from KiDS + BOSS + 2dFLens). For
each dataset, we also report the best-fit y* and the Ay?(ACDM) = y2. (ADDM) — 2. (ACDM).

Data BAO + SNIa + Planck + ACTPol

Parameter w/o Sg w/Sg

100, 2.245(2.242) £0.013 2.243(2.243) £0.012
Qi 0.26(0.261) £ 0.005 0.2583(0.2591) 10 05
Ho/[km/s/Mpc] 67.77(67.73) 933 67.92(67.84) + 0.40
In(10'04;) 3.058(3.054) £ 0.015 3.056(3.061) £ 0.015
ng 0.9703(0.9697) 10 003" 0.9708(0.9706) + 0.0036
Treio 0.0571(0.0549) 10 6057 0.0567(0.0592) 5007
logo(I'/[Gyr™"]) 0.92(-2.92)"033 1.43(1.89)1-40
log;o(¢) unconstrained (—3.88) —2.34(-2.54) £ 0.65
Qn 0.3094(0.3108) £00021 0.3069(0.3068) £J:000
Sg 0.822(0.829) 5018 0.792(0.772)-50%
P 2294.54 2296.20
Ay*(ACDM) -0.12 -6.7
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B ADDM vs fake Planck
Il ACDM vs fake Planck
Il ADDM vs CMB-54
I ACDM vs CMB-54

% 0.80

031

-3 -2 -1 0 -3 -2 -1 0.75 0.80 0.85 0.30 0.32
Logy(I'/Gyrs ™) Logy(€) Ss [om

FIG. 13. 2D posterior distribution of a subset of parameters
reconstructed from a fit to simulated Planck and CMB-S4 data. The
fiducial model has log,(e) = —2.16 and log,,(I'/[Gyr™!]) =
—1.74, as denoted by the gray dotted lines.

contained DDM with those that a future-generation CMB
survey (CMB-S4) would get. Concretely, this task was
pursued by using the “Planck-fake-realistic” and “CMB-
S4” likelihoods available in MontePython-v3. The former
allowed us to generate synthetic Planck data, whereas
the latter includes multipoles ¢ from 30 to 3000, assuming
a sky coverage of 40%, uncorrelated Gaussian error on each
agy’s, uncorrelated temperature and polarization noise, and
perfect foreground cleaning up to z,”max.m All details about
the likelihood can be found in Table 1 of Ref. [121].

As expected, from Fig. 13 it is manifest that Planck alone
could not detect DDM even if its signature was truly
imprinted in CMB data. Note indeed that the red contours
barely features an overlap at 26 in Sg, and only upper limits
on log;,I', log;ye. This, as we explained earlier, is a
consequence of the degeneracy that exists within ACDM
and leads to a bias in the Bayesian analysis. Therefore, the
information that matters in quantifying the success of the
resolution is rather contained in the y? values: just like in
the analysis of real data, we find that, when testing the
ACDM model against the mock data that contain the
ADDM signal, the y* in the ACDM model is identical
to that of the ADDM model. This clearly shows that Planck

16To overcome the lack of low-# data in the CMB-S4 analysis,
we have imposed a Gaussian prior on the optical depth to
reionization, centered on its best-fit value from our reference
Planck +BAO + SNIa + KiDS + BOSS + 2dFLens analysis,
namely 7., = 0.0582 £ 0.008.

cannot disentangle between ACDM and ADDM, while the
Sg measurements favor ADDM (in terms of y?). This is not
the case for CMB-S4, contours of which are overplotted in
blue: if the real Universe contains DDM, CMB-S4 would
unequivocally detect its signature, finding € # 0 at 220
level. The Ay? in favor of the ADDM model from (mock)
CMB-S4 data alone is in fact ~ + 8.

VI. CONCLUSIONS

In this paper, we have performed a comprehensive
cosmological study of the CDM two-body decay scenario
dubbed “ADDM,” whereby decays are characterized both
by the decay rate I' and energy fraction converted to
radiation ¢, including a fully consistent treatment of the
linear perturbations of the WDM daughter component. To
that end, we have made use of a new approximation
scheme, introduced in Ref. [73], that allows to accurately
and quickly compute the dynamics of the WDM linear
perturbations by treating the WDM species as a viscous
fluid. Close to the best-fit values, our approximation
scheme is accurate at the O(0.1%) level in the CMB
power spectra and O(1%) level in the linear matter power
spectrum (see Appendix A).

We have then discussed in detail the dynamics of linear
density perturbations of the mother and daughter particles, as
well as the physical effects of the ADDM model on the CMB
and matter power spectra. We have shown that accurate CMB
(Iensing in particular) and matter power spectrum measure-
ments have the potential to detect both the decay rate I" and
energy fraction converted to radiation e.

In a second part, we have performed a set of MCMC
analyses of the ADDM model against a suite of up-to-date
low- and high-redshift datasets. We have compared the
constraints obtained from BAO and SNIa data, thereby
solely based on background effects, to those obtained from
the full Planck dataset, that require instead an accurate
description of the WDM linear perturbations. We find that
Planck CMB data constrain the ADDM model ~1 order of
magnitude better than current BAO + SNIa data. However,
we also show that despite these constraints, the ADDM
model provides a promising possibility to resolve the Sg
tension, as detailed in a previous paper [73].

We have then tested the robustness of the ADDM
resolution to the Sg tension to a number of change in the
analysis. We show that the mild preference for the ADDM
model over ACDM is tied to the Sg value chosen in the
analysis. Concretely, the Sg value from the KiDS +
Viking + DES analysis, which has a higher level of tension
with the Planck ACDM prediction than the baseline KiDS +
BOSS + 2dFLens value, leads to a stronger preference in
favor of the ADDM model. However, the DES-only result,
which is in reasonable agreement with Planck, leads to a
weaker preference of the ADDM model. Similarly, once
marginalizing over the lensing information in Planck through
the Ay, parameter (we used two extra parameters in practice
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describing the normalization of the lensing power spectrum
and the normalization of the lensing smoothing effect in the
high-Z TT,TE,EE power spectra), or when trading the Planck
high-# TE,EE power spectra for the SPTpol ones, the
preference for the ADDM model decreases. This is because
in these two cases the inferred ACDM model has a smaller Sg
value, showing less of a tension with the weak lensing
surveys. This indicates that if the Sg tension ends up coming
from an unknown systematic within weak lensing surveys or
within Planck data, the preference for the ADDM model
would likely disappear. On the other hand, when combining
Planck with ACTPol the mild preference for ADDM
increases, and the remaining “tension” with Sg is now only
~1.30.

We have also tested the intriguing possibility that the
recent XenonlT excess is due to the ADDM model. To that
end, we have performed an additional MCMC analysis fixing
& = 0.05 as required by XenonIT. We find that it is easy to
resolve the Sg tension in that case, pointing to a DCDM
lifetime of log,o(I'/[Gyr™']) = —2.7270%]. Interestingly,
this comes at the cost of a very minor degradation in
Planck fit (Ay? ~ +1.7), indicating that Planck, BAO, and
SNIa data are in good agreement with this model.

Finally, by performing an analysis where we artificially
introduce a DDM signal in a set of mock CMB data, we
explicitly demonstrate that while current CMB data alone
are not sensitive enough to distinguish between standard
CDM and DDM, next-generation CMB experiments
(CMB-S4) can unambiguously detect its signature.

It will be very interesting to go beyond the linear aspects
discussed in this work and study the nonlinear evolution of
density perturbations, in order to be able to make use of the
full power of the KiDS, BOSS, and DES likelihoods. This
could for instance be done with N-body simulations, as in
Refs. [122-124], or via the effective theory of LSS
[125,126]. This will be even more crucial with upcoming
surveys such as Euclid [127], LSST [128], and DESI [129],
which will measure the matter power spectrum and the
growth factor with great accuracy up to z ~ 2. It might also
be possible to test the ADDM model with current Lyman-a
forest flux power spectrum data [24,78-80,123,130]. We
plan to study nonlinear aspects and the discovery potential
of these surveys in an upcoming work.
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APPENDIX A: NUMERICAL IMPLEMENTATION
AND ACCURACY OF THE WDM FLUID
APPROXIMATION

In order to solve the cosmic evolution equations derived
in Sec. II, we modified the publicly available numerical
Boltzmann solver CLASS [75,76]. We now briefly illustrate
our implementation of the ADDM model.

First let us notice that, when solving the background
equations for all cosmological species, the DE abundance is
iteratively derived through the budget equation, Q) = 1—
> ; Q;, where the sum includes the current abundance of all
other components, which are not known a priori.

We thus applied a shooting method for the aforemen-
tioned parameter, i.e., we guess an initial Q,, we solve the
system of background equations to obtain ), Q;, and
recompute €,. The procedure is iterated until convergence
is achieved. The WDM density is computed by solving
Eq. (15) in 2800 momentum bins, approximately as many
as the time steps used to describe its background evolution.

At the linear perturbation level, we truncate the hierarchy
of the PSD multipole equations for both the daughter
particles at a £,,,, = 17. We set the initial conditions for the
WDM species following the same procedure of [69].

On conformal times 7 < z,, we set all Afgm, =0,
since no daughter particle with comoving momentum ¢
could have been produced. On the crossing time 7 = 7,

one should be more careful, as the terms with fyq, in
Egs. (20) and (22) contain a Dirac delta and, when
integrated, a Heaviside function. Thus, the corresponding
initial conditions for A f\4mo(7,) and Afyq4m2(7,) are not
vanishing. We set them according to the analytical formulas
(A5) and (A7) from [69].

Finally, on times 7 > 7,4, We treat the WDM component
as a massive neutrino species, and we solve the corre-
sponding hierarchy of equations in 300 momentum bins.
This number of bins is chosen simply because it gives a
good compromise between speed and accuracy: it is large
enough to accurately describe the super-Hubble and
Hubble-crossing scales, where the dynamics is relatively
simple, and small enough to not become too computation-
ally expensive.'” On sub-Hubble scales, when k7 is larger
than a threshold value (k7)g,q, We switch on the fluid
approximation described in Sec. II C. The WDM dynamics

"Note that the number of bins used at both the background and
perturbation level is much larger than the one typically used in
standard CLASS analysis for massive active neutrinos, given that
the time dependence of the background PSD of the WDM
requires a finer momentum resolution. Regarding the momentum
spacing, we have considered a logarithmic Simpson quadrature
instead of the Gauss-Laguerre quadrature typically used in
standard CLASS analysis.
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FIG. 14. Residuals of the lensed CMB TT power spectrum
(upper) and EE power spectrum (lower) in the WDM fluid
approximation, with respect to the full hierarchy calculation, for a
grid of values covering most of the parameter space: I'/H, = 0.1,
1, 10 and € = 0.5, 0.1, 0.01, 0.001. The gray shaded regions
indicate Planck 1o errors, while the pink shaded areas indicate
cosmic variance up to £ = 3000.

is now described by Egs. (33)-(36) and (38). We have
chosen (k7)g,q = 25 to provide the speed yet accurate
enough for the purposes of the current analyses.

In Figs. 14 and 15 we explicitly compare the novel
approximation scheme with the results of the “exact”
computation for the WDM species. For the latter, we solve
the full Boltzmann hierarchy using 10* momentum bins
and 7, = 17. In Fig. 14 we show the residuals of the
lensed CMB TT and EE power spectra in the WDM fluid
approximation, with respect to the full computation, for a
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011 _oa
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|
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FIG. 15. Residuals of the linear matter power spectrum (at

z = 0), with respect to the baseline ACDM model, for the same
grid of parameter values considered in Fig. 14, both from the full
hierarchy calculation (solid lines) and the WDM fluid approxi-
mation(dashed lines).

grid of parameter values given by I'/H, = 0.1, 1, 10 and
e = 0.5, 0.1, 0.01, 0.001. These values span most of the
parameter space in the ADDM framework, and for none of
them the residuals exceed the Planck 1o uncertainties,
which are indicated by the gray shaded regions, nor the
error bars for a cosmic-variance-limited experiment (close
to CMB-S4 errors), indicated by the pink shaded regions.

The predictions for the linear matter power spectrum P (k)
are less accurate than for the anisotropy spectra, because the
former is more sensitive to the dynamics of the daughter
particles. Close to the best-fit parameter values, and in
general close to ACDM, the residual errors between the full
and the fluid calculations in P(k) are O(1%), but they can
become higher far away from the best fit. In particular, we
have verified that inside the parameter region delimited by
log,oe € [-2.3,-0.7] and log,o(I'/Gyr~!) € [-1.3, 1], the
residual errors are typically larger than 10%, so the fluid
approximation should be used with caution in this region.
However, this portion of the parameter space is deeply inside
the 20 exclusion region, as one can check by looking at
Fig. 6. In addition, given that current data are mostly sensitive
to integrals over P(k) (e.g., Sg, CMB lensing), we are mainly
interested in getting accurate predictions for the departures
from ACDM (rather than the exact shape of the matter
spectrum itself). To illustrate that, we have computed the
residuals of the linear matter power spectrum (at z = 0) with
respect to our baseline ACDM model, for both the fluid and
the full hierarchy calculations. The results are shown in
Fig. 15, where we have spanned the same parameter values as
in Fig. 14. We can see that, for all the ADDM models, the
shape of the power suppression (that is, the depth and the
cutoff scale) is excellently well captured by our fluid
prescription. Furthermore, we verified that the residuals in
the structure growth parameter Sg = 05(€,,/0.3)"> are
always smaller than the ~1.8% relative error of the Sg
measurement from [94]. We thus conclude that the new
WDM viscous fluid approximation is accurate enough for
our analyses.

APPENDIX B: SEMIANALYTIC
UNDERSTANDING OF THE WDM SOUND SPEED

Here we obtain a formal equation that dictates the
evolution of the WDM sound speed in the synchronous
gauge, c2. The first natural step is to write a dynamical
equation for the normalized pressure perturbation,
Myqm = 0Pwdm/Pwdm- This can be achieved by multiplying

Eq. (20) by 474> % a~*, integrating over ¢ and then using
Eq. (14). By doing so, two higher velocity-weight integrals
appear, namely

4r [ q°
5pwdm = /0 dq o3 Afwdm.O ’ (B 1)

3a* &3

wdm

and
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_ - 4rk [ 7
(Pwdm + Pyim)Owam = ?A dqu—Afwdm,l- (B2)

wdm

The variable ® was already discussed in Ref. [76] in the
context of massive neutrinos. In the relativistic limit 6Py g,
and O,4,, become equal to the standard variables 6P, and
Owam [Egs. (7) and (8)], while in the nonrelativistic limit they
are suppressed by a factor (¢/Eyqm)? With respect to them.
This means that one can write 6Py = 6Pygm3®, and
Owdam = Owam3wy, Where w,, and wy are arbitrary functions,
going from 1/3 in the relativistic limit, to O in the non-
relativistic case. In terms of these functions, the equation for
I, reads

. 2
dem = _3Hdem (g - (!)p - 0))

h
— 0p(1 + ©)0y g — ?‘” [5 - ;;ij]

+ arpdcdm |: 52 5dcdm
(

Pwam [(1—€) 3 _(1_€)dem]. (B3)

One can convert this into an equation for the sound speed
by noting that Iy, = ¢Z8yam, and using the continuity
equation (33). The final result reads

2
ocs

ot

2 Ouion
= —3Hc? <§ -w, — cg) - (1+w) 5wj (wy — 2)

h w pwdm 2
- D5 Pwam) 2y
Wuam [3 < Pwdm> (1 +o)

ﬁdcdm 6dcdm 82
+ al'= [ —(1-¢ cz] .
Pwdm 5wdm 3(1 - 8) ( ) ’

(B4)

We remark that the previous equation is highly nonlinear in
the perturbed quantities, so it can easily give rise to
numerical instabilities. In addition, there is no closed
expression for computing w, and wy. If these functions
were scale independent, one possible approximation would
be to trade them for some background functions, such as w
or cg. However, calculations using the full hierarchy show
that w, and wy exhibit a k dependence similar to that of c2.
For these reasons, we do not implement Eq. (B4) in
our code.

Nonetheless, by making some simplifying assumptions,
Eq. (B4) allows to qualitatively understand why there is a
particular k dependence of ¢? in the decaying scenario that is
not present in the case of massive neutrinos. Let us consider
the nonrelativistic limit of Eq. (B4), since data favor in
general very small DR energy fractions, € < 1. This also

implies thatw,, c2,w < 1. Letus further assume that wy and

c? behave similarly, so that the difference @y — ¢ can be

neglected. Finally, let us also restrict to sub-Hubble scales,
for which the term h/dy4y is very small and can be also
neglected. In this case, Eq. (B4) reduces to

oc? p 1)
s —27'(63 _ arp_dcdm dcdm Cg‘
ot Pwdm 5de

(BS)

In absence of the decay term, we see that the sound speed
dilutes as ¢Z o a~2, which is a well-known result for massive
neutrinos. This dilution can be compensated by the presence
of the decay term, leading to a c2 ~ cte, as long as the ratio
Sdedm/ Owam does not change. In practice, for scales and times
suchthatk < kg (7), we have Sycqm/Swam = 1. In this regime,
the sound speed c¢? is well approximated by the adiabatic
sound speed c2. However, when k > kg (), Syqm oscillates
and starts to become suppressed with respect to §4.4m, Which
leads to oscillatory features and a small enhancement in the
evolution of ¢2. This is visible in Fig. 16, where we have
plotted ¢? and S4cim/Swam in the k — 7 plane using the full
Boltzmann hierarchy, for the best-fit parameters from the
combined analysis of Ref. [73] (i.e., setting & = 0.007
and I'"! = 55 Gyr).

One can see that this k-dependent effect appears only
because of the coupling term in Eq. (B5), which is not present
for massive neutrinos. This also justifies why the sound speed
c2 is well approximated by a background function such as cf]
in the case of massive neutrinos. In the case of the WDM
daughter species, the approximation ¢? ~ cg will only work
when k < kg (7). This motivates the use of the fitting formula
introduced in Eq. (38), that accounts for the small enhance-
ment at scales smaller than the free-streaming scale. While
this simple fitting formula is not able to capture the
oscillatory features described previously, it leads to results
that are accurate enough for all the observables analyzed in
this work.

Logio(c2) L0g10(bdcdm/Owdm)
-4.85
k=aH
—
—4.90
10
—495
g 50 g
o o
Z / =
Ld k=ks_ [ -
10° \, -5.05
b7
-5.10
IsAls

107!
k [h/Mpc]

107!
k [h/Mpc]

FIG. 16. (Left) The sound speed of the WDM species in the
synchronous gauge, as a function of conformal time and wave
number. (Right) The ratio between the perturbed densities of the
DCDM and the WDM components, as a function of conformal
time and wave number. The black solid and dashed lines indicate
the horizon and free-streaming crossing scales, respectively. We
have set e = 0.007 and I'"! = 55 Gyr.
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FIG. 17. 2D posterior distribution for a subset of parameters
obtained by using the Planck “full” likelihood, compared to those
from the Planck “lite” analysis.

APPENDIX C: CONSISTENCY BETWEEN THE
USE OF THE Planck TTTEEE LITE AND FULL
LIKELIHOODS

Given that for all our analyses we made use of the lite
version of the Planck likelihood, in Fig. 17 and Table VII
we show that our conclusions are not affected by such a
choice, by comparing the results from our main run with the
predictions from a full Planck analysis.

TABLE VIIL

TABLE VIIL

The mean +1¢ errors of the cosmological param-

eters from our BAO + SNIla + Planck + Sg analysis, obtained
by using both the Planck full and lite likelihoods.

Parameter Planck full Planck lite
100w, 224315001 2.246 £0.013
Qfiam 0.258550045 0.25815 005
H,/[km/s/Mpc] 67.8870:3¢ 67.9270:H
In(10'04;) 3.0461 0013 3.048%001e
ng 0.9667-3003¢ 0.9682 + 0.0037
Treio 0.0562105573 0.0570% 03071
log,o(T'/[Gyr™']) -1.841], ~1.8917%
log;o(e) 226108 —2.2870%
Q 0.3075%) 563 0.3071 50057
Sg 0.79410:9%% 0.795" 000

APPENDIX D: BEST-FIT x* PER EXPERIMENT

In Table VIII we report all y2.°s obtained with the
MINUIT algorithm [98] through the iIMINUIT python package
for the various model and dataset combinations considered
in this work.

APPENDIX E: COMPARISON WITH THE
PLANCK CONSTRAINTS FROM REF. [30]

Here we carry out an explicit comparison of our
constraints with those of Ref. [30], which performed an
analysis of the ADDM model against Planck data, neglect-
ing the perturbations of the warm daughter particles.

Best-fit > per experiment (and total) for all the ADDM analyses performed in this work.

BAO -+ SNIa +Planck

~+Planck w/Sg +SPTpol +ACTPol

w/o Sg W/Aens € =0.05 w/o Sg w/Sg w/o Sy w/Sg
Pantheon SNIa 1026.9 1028.2 1027.5 1026.8 1029.2 1028.0 1027.1 1027.0 1026.9 1027.0 1026.84
BAO + FS BOSS DR12 e 6.63 706 693 7.11 6.14 6.59 594  6.17 6.78 6.66
BAO BOSS DRI12 3.52
BAO BOSS low-z 1.84 1.20 122 1.18 124 1.83 1.28 158 1.79 1.17 1.34
BAO eBOSS DR14 4.29 4.94 491 494 483 452 4.88 468 453 497 4.77
Planck high-¢ TT,TE,EE ‘lite’ 584.8 5859 5853 586.9 5777 5875 - 589.216 590.545
Planck high-¢ TT ‘lite’ e e e e e e 207.8 207.8 e
Planck low-¢ EE 3969 3969 3972 3963 3957 3963 3958 396.1 3962 397.15
Planck low-¢ TT e 23.1 231 232 230 221 23.0 223 221 226 2246
Planck lensing e 8.78 9.12 888 947 853 9.83 e e 8.8 8.94
SPTpol high-Z TE,EE . e . e .. . e 1459 145.6 .
SPTpol lensing 543 593 e
ACTPol e e e . 238.235 237.359
KiDS + BOSS + 2dFLens 0.0003 0.0097  0.98 0.0015
DES e 019 .-
KiDS + Viking + DES 0.20
Total 2 1036.6 2053.4 2055.0 2054.8 2055.9 2043.2 2057.6 1816.3 1816.8 2294.8 2296.2
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FIG. 18. Comparison between the 2¢ exclusion bounds (solid

lines) from the Planck analysis of Ref. [30] and our Planck +
BAO + SNIa analysis. In each case, the dashed line indicates
a fit that roughly describes the 2¢ limit in the range
I'~1073-10"" Gyr~'.

As shown in Fig. 18, we find that the constraints on the
ADDM models are up to (roughly) one order of magnitude
stronger when our improved treatment is considered.

APPENDIX F: RESULTS WITH A LINEAR PRIOR
ONT AND ¢

In our baseline analysis we have made use of log prior on
e and I', to ease comparison with earlier works [28,30]
which adopted the same choice. Here we present results
using linear priors on the DDM parameters. Let us however
stress that the use of a linear prior is less informative than
adopting a logarithmic one. That is because a linear prior
carries a scale (due to the large error bars used in the
proposal distribution of the MCMC sampler), so that it is
hard for the sampler to detect fine structure over 4 orders of
magnitude by using a linear scale, in particular at very small
values. In other words, given the difference between the
scale of the upper limit on I'/Gyr~! and & (~107") and that
of the lower limit (~1073), it is very difficult to accurately
reconstruct the parameter space with a linear prior. Such a
difficulty is illustrated in Fig. 19, where we provide the
results of two linear-prior analyses: the upper panel
corresponding to the original prior range, the lower panel
corresponding to a more restricted range: ¢ € [0.0001,
0.015] and T'/Gyr~! € [0.0001,0.05]. While in the latter

Il BAO-+SN+Planck+S8

0.02 0.05 0.08 0.1 02 03 04 0.75  0.80 0.30  0.32
I/Gyrs™ e Ss Qn

0.02 0.04 0.005 0.010 0.75 0.80 0.30 0.32
T/Gyrs™ 3 Ss Qm

FIG. 19. Reconstructed 2D posteriors of a BAO + SNIa +
Planck + Sg (from KiDS + BOSS + 2dFLens) analysis, with
linear priors and sampling either with the original prior range
(upper panel) or within a restricted prior range (lower panel).

case € and I' are detected at the 20 level—similarly to the
log-prior results—the former case weighs in favor of larger
€ values, so that one would incorrectly deduce an upper
limit only.
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