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We update cosmological constraints on two decaying dark matter models in light of BOSS-DR12 data
analyzed under the effective field theory of large-scale structures (EFTofLSS) formalism, together with
Planck, Pantheon and other BOSS measurements of the baryonic acoustic oscillation (BAO). In the first
model, a fraction f 4.4, of cold dark matter (CDM) decays into dark radiation (DR) with a lifetime 7. In the
second model (recently suggested as a potential resolution to the Sg tension), all the CDM decays with a
lifetime 7 into DR and a massive warm dark matter (WDM) particle, with a fraction € of the CDM rest mass
energy transferred to the DR. Using numerical codes from the recent literature, we perform the first
calculation of the mildly nonlinear (matter and galaxy) power spectra with the EFTofL.SS for these two
models. In the case of DR products, we obtain the constraints fy.qm < 0.022 (95% C.L.) for lifetimes
shorter than the age of the Universe, and 7/ f geqm = 250 Gyr in the long-lived regime assuming f geqm — 1-
We show that Planck data contributes the most to these constraints, with EFTofBOSS providing a marginal
improvement over conventional BAO and redshift space distortions (fog) data. In the case of DR and
WDM decay products, we find that EFTofBOSS data significantly improves the constraints at 68% C.L. on
the CDM lifetime with a Sg prior from KiDS-1000. We show that, in order to fit EFTofBOSS data while
lowering Sg to match KiDS-1000, the best-fit model has a longer lifetime 7 = 120 Gyr, with a larger kick
velocity vye/c = €~ 1.2%, than that without EFTofBOSS (r = 43 Gyr, € = 0.6%). We anticipate that
future surveys will provide exquisite constraints on such models.
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I. INTRODUCTION

The A cold dark matter (ACDM) model provides out-
standing explanation for a wide variety of early universe
data, such as cosmic microwave background (CMB) and
big bang nucleosynthesis (BBN), as well as late universe
observations of large scale structure (LSS) including the
baryon acoustic oscillation (BAO), and uncalibrated lumi-
nosity distance to supernovae of type la (SNIa). Despite
this remarkable success, the ACDM model does not teach
us about the intrinsic nature of its dark sector, made up of
both cold dark matter (CDM) and dark energy (DE). In
addition, as the accuracy of cosmological observations has
improved, the concordance cosmological model starts
showing several experimental discrepancies. The most
famous and important cosmological puzzle, the so-called
Hubble tension [1], corresponds to a large discrepancy
(~4-50) between the local determination of H, from a
variety of methods—and in particular the cosmic distance
ladder based on cepheid-calibrated SNIa by the SHOES
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team [2]—and its determination using CMB data under the
assumption that the Universe is described by the ACDM
model [3]. Another intriguing cosmological conundrum,
the one at the heart of this study, is a less significant but
older tension (~2-30¢) between the weak lensing] [6-9] and
CMB [3,10] determinations of the amplitude of the local
matter fluctuations, parametrized as Sg = 631/9Q,,/0.3,
where Q,, is the current total matter abundance, and oy
corresponds to the root mean square of matter fluctuations
on a 8h~! Mpc scale, with & = H/(100 km/s/Mpc), and
is defined as follows:

3
o2 = /Zk—ﬂsz(k)Wé(k)dlnk. (1)

Here P,,(k) is the linear matter power spectrum, and Wy (k)
is a window function describing a sphere (in Fourier space)
with a (historically chosen) radius of 84~! Mpc.

'More precisely, there even exists a “lensing is low” anomaly
when comparing galaxy clustering and weak lensing data within
the ACDM cosmology [4-6].

© 2022 American Physical Society
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Barring unknown systematic errors (see e.g., [2,6,11] for
discussion), these discrepancies might be the first clue
about the intrinsic nature of the ACDM dark sector. On the
one hand, the resolution of the Hubble tension most likely
involves new physics in the pre-recombination era,”
through a decrease of the sound horizon before recombi-
nation [14-19], such as a model involving dark radiation
and/or new neutrino properties [20-29], early dark energy
[30-35], modified gravity [36-55] or exotic recombination
[56-60] (for review, see Refs. [19,61]). On the other hand,
the resolution of the Sg tension requires a suppression in the
matter power spectrum for k ~0.1-12 Mpc~! in order to
reduce the value of the o3 parameter [see Eq. (1)], which
can be achieved through a number of models that take into
account new hypothetical properties of dark matter (DM)
and/or DE [60,62-72].

Decaying cold dark matter (DCDM) models, in which
dark matter is unstable on a cosmological timescale and
decays into invisible products, have been proposed as
potential resolutions to cosmic tensions [70,73-77]. In
the past it was found that DM models with purely radiation
decay products can neither resolve the Hubble tension nor
the Sg tension [78-84], while DM models with massive
decay products can resolve the Sg tension, as the massive
particle produced during the decay acts as a WDM
component, reducing power on scale below the free-
streaming length at late times [70,77]. Beyond recent
observational tensions, the study of these models is
important from the particle physics point of view, as it
addresses the question of the stability of DM on long
cosmological timescales. In the literature, there are many
models involving the existence of DM decays at late times,
such as models with R-parity violation [85,86], super
weakly interacting massive particles [87-90], sterile neu-
trinos [91,92], models with an additional U(1) gauge
symmetry [93-96], or more recently a model of decaying
warm dark matter [97]. Besides cosmic tensions, some
DCDM models were proposed as a way to explain the
excess of events in the electronic recoils reported by the
XenonlT collaboration [70,77,98—-100]. In addition,
DCDM models with massive daughters have also been
suggested as a potential solution to the small (subgalactic)
scales structure problem of CDM (e.g., [95,101-108]).

In this article, we deal with DCDM with two types of
decay products: (i) the DCDM — DR model, where the
decay products is only composed of a (massless) dark
radiation (DR) component, and (ii) the DCDM — WDM -+
DR model, where the decay products are one massive
WDM component and one DR component. Previous works
have limited themselves to the impact of DCDM decay at

*We note that recent analysis based on the equality scale kg
seems to disfavor some of the most extreme models suggested to
resolve the tension and could eventually provide a challenge to
early-universe models [12,13].

the background and linear perturbations level, deriving
constraints (and hints) on these models from a combination
of Planck CMB, BAO and uncalibrated luminosity distance
to SNla data. Here, we go beyond previous works by
making use of the effective field theory of large scale
structures (EFTofLLSS) to describe the mildly nonlinear
regime of the galaxy clustering power spectrum and derive
improved constraints thanks to the EFTofLSS applied to
BOSS data. The main objectives of this paper are: (i) per-
form the first-ever computation of the mildly nonlinear
regime in DCDM models with massive and massless decay
products through the EFTofL.SS; (ii) test whether current
BOSS data can lead to stronger constraints on these
models; and (iii) check whether these constraints can put
pressure on DCDM models that resolve the Sg tension.

Our paper is structured as follows: in Sec. I, we briefly
review the EFTofLLSS formalism, the observable at hand and
the public codes available to perform our analyses; in Sec. III,
we introduce the models and present the nonlinear power
spectrum computed with the EFTofLSS; in Sec. IV, we
present the results of comprehensive Monte Carlo Markov
chain (MCMC) analyses of the DCDM model and discuss
the implications of these constraints for the Sg tension; we
eventually conclude in Sec. V. Appendix A is dedicated to
comparing results of the EFTofL.SS with N-body simulations
in the DCDM — DR model, while Appendix B details the
scope of our computation in the DCDM — WDM + DR
model. Finally Appendixes C, D and E present additional
results of the MCMC analyses for completeness.

II. THE GALAXY POWER SPECTRUM
FROM THE EFTofLSS FORMALISM

Although an exhaustive review of the EFTofLSS is
beyond the scope of this paper,” in this section, we briefly
discuss the software tools that are available in the literature
making use of the EFTofL.SS to analyze the full shape of
the galaxy clustering power spectrum as measured by
BOSS. The relevant observables are the multipoles of
the galaxy power spectrum, which are obtained through
Legendre polynomials (£;) decomposition:

20+1 (1
P = 5= [ diliwPyckp. @)

where z is the redshift, y = Z - k is the angle between the
line-of-sight z and the wave vector of the Fourier mode k,

The first formulation of the EFTofLSS was carried out in
Eulerian space in Refs. [109,110] and in Lagrangian space in
[111]. Once this theoretical framework was established, many
efforts were made to improve this theory and make it predictive,
such as the understanding of renormalization [112,113], the IR
resummation of the long displacement fields [114—119], and the
computation of the two-loop power spectrum [120,121]. Then,
this theory was developed in the framework of biased tracers
(such as galaxies and halos) in Refs. [122-127].

023516-2



CONSTRAINING DECAYING DARK MATTER WITH BOSS DATA ...

PHYS. REV. D 106, 023516 (2022)

and Py, (z.k,u) is the redshift-space (nonlinear) galaxy
power spectrum at one-loop order (see the appendix of
Ref. [128] for the formal expression). This expression
includes the “Alcock-Paczynski transformation” which
takes into account the fact that the observation uses
artificial cosmological parameters to convert redshifts as
well as celestial coordinates into Cartesian coordinates. The
two main contributions to ng(z,k,y) are the monopole
(I =0) and the quadrupole (I = 2). Currently, there are
two codes in the literature that model nonlinear effects
on the power spectrum at one loop [including a proper
infrared resummation (IR) [114-119] and a number of
observational systematics corrections beyond the Alcock-
Paczynski effect [129], such as window functions [130] and
fiber collisions [131] ] through the EFTofLL.SS method and
which allows us to determine the monopole and the
quadrupole of the galaxy power spectrum: (i) the PyBird”
code [128]—a python module that determines the nonlinear
matter power spectrum from the linear one returned by a
Boltzmann code such as CLASS’ [132] or camB® [133], and
(i1) the CLASS-PT’ code [134]—which is a stand-alone
extension of the CLASS code. Both codes take into account
the same effects with respect to a standard linear Boltzmann
code, and in particular make use of the “FFTLog method”
[135,136] to compute the one-loop power spectrum and the
IR resummation. Given that our DCDM — WDM + DR
study makes use of an independent extension to the CLASS
code, we will rely on the pyBird code. We provide a
comparison between the two codes in the context of the
DCDM — DR model (already implemented in CLASS-PT)
in Appendix A. One might wonder whether the EFTofLL.SS
formalism must be extended to properly described the
models under consideration. In Appendixes A and B, we
argue that the current formalism (and the codes in their
standard form) is sufficient to describe the DCDM models
given present constraints and precision of the data. Yet, we
anticipate that the formalism will need to be developed
further for future surveys such as Euclid [137] and the
LSST/Vera Rubin Observatory (VRO) [138], which will
reach subpercent precision.

The data we use, in order to confront the nonlinear
galaxy power spectrum forecasts with the observations,
are made of three different sky-cuts from BOSS DR12
[139-141]: LOWZ NGC, CMASS NGC and CMASS
SGC. LOWZ corresponds to the BOSS DR12 data includ-
ing the BAO postreconstruction for 0.2 < z < 0.43 and has
an effective redshift z.qowz = 0.32, while CMASS cor-
responds to the BOSS DRI12 data also including the BAO
postreconstruction for 0.43 < z < 0.7 and has an effective
redshift z.¢r cpmass = 0.57 (see Ref. [142]). This dataset will

4https://github.c:om/pierrexyz/pybird.
5https://lesgourg. github.io/class_public/class.html.
(’https://camb.info/ .

7https:// github.com/Michalychforever/CLASS-PT.

be called, in the following, “EFTofBOSS data.” Finally, it is
worth noting that the EFTofLLSS method has been tested
against various simulations ([128,143-145]), and it has
been highlighted that the BOSS full shape can only be
evaluated up to Kk, ~0.2h Mpc™', where the BOSS
full shape corresponds to the combination of the mono-
poles and quadrupoles of the power spectra of LOWZ
NGC, CMASS NGC and CMASS SGC. To be more
precise, we consider that k. owz = 0.22 Mpc~™! and
Kmax.cmass = 0.23h Mpc™!. Finally, we mention that the
pyBird code makes use of ten additional nuisance parameters
per sky-cut to describe various aspects of the EFTofLL.SS
(for more details see e.g., [126]):

(i) four parameters b; (i =1, 2, 3, 4) to describe the
galaxy bias at one-loop order;

(ii) three parameters c,;, c,;, and c¢,, corresponding
to counterterms. c¢., is a linear combination of a
higher derivative bias and the dark matter sound
speed, while ¢,; and c,, are the redshift-space
counterterms;

(iii) three parameters c.g, ¢.; and c., which describe
stochastic contributions.

In practice, we make use of the analytical margi-
nalization of Ref. [146] (Appendix C)* such that only
two extra parameters per sky-cut are required in the
analysis.

III. NONLINEAR POWER SPECTRUM
IN DCDM COSMOLOGIES

In this section, we review the models of decaying dark
matter considered in this work, and present the first
computation of the nonlinear power spectra in these
cosmologies. We consider two different DCDM models
(both are limited to decay into the dark sector): one in
which a fraction of dark matter decays into massless
particles, and the second one in which all of the dark
matter experiences two-body decay into massive and
massless particles.

A. Dark radiation decay products
(DCDM — DR model)

1. Presentation of the model

In the first model we consider, the cold DM sector is
partially composed of an unstable particle (denoted as
DCDM) that decays into a noninteracting relativistic
particle (denoted as DR). The rest of the DM is considered
stable and we refer to it as the standard CDM. In addition
to the standard six ACDM parameters, there are two
free parameters describing the lifetime of DCDM 7 (or

*When discussing best fits however, we also optimize the
nuisance parameters that are analytically marginalized in the
MCMC.
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equivalently the decay width I'=771), as well as the
fraction of DCDM to total dark matter at the initial time
Qi — 0

wdcdm(aini)
Sfdeam =———,"7+, 3
ded Wit dm (aini ) ( )

With @ gm = @gedm + Oeam- With these definitions, in the
limit of large z and/or small fi.4n,, One recovers the
ACDM model.

The evolution of the homogeneous energy densities of
the decaying dark matter and dark radiation is given by (see
e.g., Refs. [80,147,148])

lbdcdm + 3decdm = _arpdcdm’ (4)

/;)dr + 4der = arﬁdcdm7 (5)

where ‘H is the conformal Hubble parameter,

() = 20 S 0 (a), (©

with
Z/_)i(a) = /_)cdm(a) + pdcdm(a) + pdr(a)

1+ 2,(a) + @) + pyla) +pre (7)

To describe the evolution of the linearly perturbed
universe, we consider the usual synchronous gauge,
where the scalar part of the perturbed metric is written
as [149]

ds? = a*(7)[—d7* + (8;; + hyj(x.1))dx'dx/].  (8)

Here 7 is the conformal time, and h;;(x,7) is defined as
hij(x, T) = /d?’keik'x [/Aclicjh(k, T)
PN 1

h denotes the trace of h;;, while  corresponds to the
other traceless scalar degree of freedom of the metric
perturbation in Fourier space. Additionally, we consider
the frame comoving with the DCDM (and CDM) fluid,
such that Qyegm = 0,04y = 0, Where Oy is the diver-
gence of the DCDM velocity ). As a result, the
energy density perturbation of the DCDM component,
Sdcdm = Pdcdm/Pdeam — 1, follows the same evolution as
standard CDM:

: h
Odcdm = _5‘ (10)
The evolution of the linear perturbations of the DR

integrated phase-space distribution multipoles is governed
by the following hierarchy of equations [80,147,148]:

Fdr,O = —kFg4, _grdrh + FarOdcdms (11)
Foy = ngr.O - %Fdr,b (12)
Fys :%der,l _%derj +14_5rdr(l:l+6i7)’ (13)
Far = P2 [(Fars1 = (€ + DFarn] (£23).
(14)

In the previous equations we have introduced rg =
a*pa:(a)/p.o following Ref. [80], where p,  is the critical
density today. In the scenario under study, we have

idr = ar(pdcdm/ﬁdr)rdr- (15)

We also note that the first three multipoles are simply
related to elements of the perturbed stress-energy tensor as
Far0 = TarSars Far1n = (4741/3k)0q;, and Fyep = 204,74 In
order to truncate the hierarchy of Egs. (11)—(14) at some
max = 17, we adopt the scheme proposed in Ref. [149] for
massless neutrinos (and extended in CLASS to include
nonzero curvature [150]) in order to limit the propagation
of the error from Z,,,, to £. We extrapolate the behavior of
Fg ¢, +1 thanks to the recursion relation:

28 ok + 1
Forr1® 4m:;

Fosre = Fartpe1- (16)

These equations have been implemented in the
Boltzmann code cLASS, and the impact of DCDM —
DR decay on the (linear) CMB and matter power
spectrum has been studied in detail in the literature
[80,147,148]. In Appendix A we present a comparison
of the EFTofLSS calculation with N-body simulations
performed in Ref. [151]. The results obtained from these
two methods agree up to subpercent difference for k <
0.2h Mpc™! and z =0, justifying that one can safely
analyze the (mildly) nonlinear galaxy power spectrum
with the EFTofLSS.

2. The nonlinear power spectrum

Thanks to the PyBird code, we plot in Fig. 1 the residuals
of the nonlinear matter power spectra of the DCDM — DR
model with respect to that of the ACDM model at z = 0.

023516-4



CONSTRAINING DECAYING DARK MATTER WITH BOSS DATA ...

PHYS. REV. D 106, 023516 (2022)

0.0 1 fdcdm =1
—02N\
ot —04
HE
8% 06
NN —— ©=100Gyr
—— 1t=10Gyr
—0.8 1 —— 1=1Gyr
—_ t=0.1Gyr —____ ooeeeSssss—o—o oo
-1.0 T ; .
0.05 0.10 0.15 0.20

k[h/Mpc]

FIG. 1.
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—1

Pu.pcpm(k)
Buacpm (k)

—— Non-linear
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0.05 0.10 0.15 0.20
k[h/Mpc]

Left: residuals of the linear (dashed lines) and nonlinear matter power spectrum (solid lines) for fy.qm setto 1 and z = 0.1, 1,

10, 100 Gyr. Residuals are taken with respect to the ACDM model at z = 0. Right: the same, but this time 7 is set to 1 Gyr and

Sfacam = 0.1, 0.4, 0.7, 1.

We also represent the associated linear matter power
spectra obtained from the CLASS code. In addition, we
plot in Fig. 2 the residuals of the monopole and quad-
rupole of the galaxy power spectra of this model. In
these figures, we set the ACDM parameter59 to their best-
fit values from the analysis of Planck + Pantheon +
EFTofBOSS + Ext-BAO (as described in Sec. IV).
Finally, we simply vary the two parameters fy.q, and
7 to isolate their cosmological effects: in the left
panels, we fix fyqm = 1 and vary 7 € [0.1,1000] Gyr,
while in the right panel we fix 7 =1 Gyr and vary
fdcdm € [01’ 1]

From Figs. 1 and 2, one can see that the monopole of the
galaxy power spectrum shows a behavior very similar to
that of the linear matter spectrum. For a realistic choice of
EFT parameters, it shows an almost scale-independent
power suppression due to two main reasons [80,147].
First, the decay of DCDM decreases the duration of the
matter dominated era (and at fix %, a smaller Q,,/larger Q, ),
implying a shift of the power spectrum towards large scales,
i.e., towards small wave numbers. Second, DCDM models
involve a larger ratio of wy, /.4, compared to the ACDM
model due to the decay. Both effects manifest as a strong
suppression of the small-scale power spectrum, and the
latter effect leads to an additional modulation of the BAO
amplitude visible as wiggles in Figs. 1 and 2. Moreover, we
note that the nonlinear matter power spectrum shows a
stronger scale-dependent suppression compared to the
linear power spectrum at k > 0.1h Mpc~'. There is an

°For completeness, note that the shape of the residuals of the
galaxy and matter power spectra depend on the values of the EFT
nuisance parameters, especially at large k. According to the
notation of Ref. [128], for the numerical evaluation we set the
effective dark matter sound speed ¢, = 1 for the matter power
spectra, and by =2, b, =1, b3 =0.5,b,=0,¢,=05,¢,; =
2and c,; = ¢ = c.1 = ¢, = 0 for the galaxy power spectra.
In practice, these parameters are optimized when quoting best
fits, to ensure that they take realistic values.

intuitive explanation as to why the nonlinear power
spectrum is further suppressed, very similarly to what
happens for standard neutrinos or warm dark matter, as
reviewed e.g., in [152]. In general, nonlinear growth is
faster than the linear growth, and the impact of non-
linearities is typically to enhance the power spectrum (this
is famously the case in ACDM). In the DCDM case, modes
that are suppressed will enter the nonlinear regime later,
and therefore start experiencing their enhanced growth due
to nonlinearities later. This delay leads to a further
suppression of the power spectrum compared to ACDM
when nonlinear effects are included. We checked that the
amplitude of the deviation from scale-independent sup-
pression at k > 0.1h Mpc™! is tied to the value of the
effective dark matter sound speed c;, and can vary a few %
for ¢, € [1,5] k2, - (Mpc/h)?, where k; corresponds to the
nonlinear scale and determines the cutoff scale of the
theory. On the other hand, the power suppression gets less
strong with larger k in the monopole of the galaxy power
spectrum, an effect indicating an additional degeneracy
with other EFT parameters. Finally, and as expected,
deviations with respect to ACDM increases as 7 decreases
and/or f4.qm increases for the monopole as well as for the
quadrupole.

3. Preliminary study

To gauge the impact of using the EFTofBOSS data in our
analyses of the DCDM — DR model, we first perform a
preliminary study in which we consider a set of DCDM
parameters laying at the 95% C.L." derived from Planck
data, and compute the y? of the EFTofBOSS data after
optimizing the EFT nuisance parameters. The goal is to
check the extent to which EFT nuisance parameters can
lead to effects degenerate with those of the DCDM with
a quick analysis. We set all ACDM parameters to their

%From here on, we quote one-sided bounds at 26 (95% C.L.)
and two-sided bounds at 16 (68% C.L.).
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FIG. 2. Left: residuals of the monopole and the quadrupole of the galaxy power spectrum for f .4y, setto 1 and z = 0.1, 1, 10, 100 Gyr.
Residuals are taken with respect to the ACDM model at z = 0. Right: the same, but this time 7 is set to 1 Gyrand f .4y, = 0.1,0.4,0.7, 1.

best-fit values from the analysis of Planck + Pantheon +
EFTofBOSS + Ext-BAO (see Sec. IV). We perform two
analyses: (i) we set 7 = 0.1 Gyr and take the upper bound
on fyam from our Planck + Pantheon 4 Ext-BAO (no
Ly-a), i.e., fqcam = 0.0203 (see Table V), and (ii) we set
Sfdeam = 1 (.e., all the dark matter decays), while we take
the lower bound of 7 from our Planck + Pantheon +
Ext-BAO (no Ly-a) analysis, i.e., 7 =248.4 Gyr (see
Table V). We show in Table I the y? associated to the
EFTofBOSS data, and we plot in Fig. 3, using the PyBird
code, the residuals (with respect to ACDM from the
Planck + Pantheon + EFTofBOSS + Ext-BAO analysis)

TABLEL 4 of each sky-cut of the EFTofBOSS dataset for our
DCDM — DR preliminary study. We also indicated the Ay? with
respect to the analogous ACDM best-fit model (EFTofBOSS
analysis in Table VII).

Sacam = 0.0203  fyeqm = 1 and

Parameter and 7 = 0.1 Gyr 7 =248.4 Gyr
Z(z:MAss NGC 41.3 40.7
XCMASS SGC 43.9 44.0
Xiowz NGe 334 33.6
XEFTofBOSS 118.6 118.3
Xain(DCDM) — 72, (ACDM) +0.8 +0.5

of these studies. To gauge the impact of EFT nuisance
parameters, in this latter figure, we show residuals with and
without the optimization procedure (in the latter case, we
simply set the EFT nuisance parameters to those of
ACDM). This preliminary study allows us to highlight
two important points. First, the optimization procedure
has washed out the suppression due to decay, which
implies that the effect of the EFT nuisance parameters
are (at least partly) degenerate with that of the decay.
Second (and consequently), for these two analyses where
we have chosen DCDM parameters that are excluded
at 95% C.L., we obtain a y> very close to that of the
ACDM best-fit model of the full analysis, suggesting that
EFTofBOSS data may not provide strong additional con-
straints to this model. Naturally, it does not prevent the
model to potentially yield an improved fit over ACDM
once all (cosmological and nuisance) parameters are
optimized against the data, and we will check our naive
results against a full analysis in Sec. IV.

B. Warm dark matter decay products
(DCDM — WDM + DR model)
1. Presentation of the model

We now turn to a DCDM model where the entirety of the
DM sector is considered unstable (i.e., fgqcqm = 1 in the
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FIG. 3. Residuals of the monopole and the quadrupole of our DCDM — DR preliminary study with respect to the ACDM model

(EFTofBOSS analysis in Table III) for the three sky-cuts of the EFTofBOSS data. For the solid lines we optimized the EFT nuisance
parameters, while for the dotted lines we set the EFT nuisance parameters to those of the ACDM (EFTofBOSS analysis in Table III).

language of the first model), decaying into dark radiation
and a massive particle, which will act as WDM. As before,
we assume the decay products do not interact with the
standard model particles. The DCDM sector is now
described by the DCDM lifetime 7, and the fraction ¢ of
rest-mass energy carried away by the massless particle
given by [153]

2
Mydm

- b
m dcdm)

2 (17)

where mg.qy, and m,,q,, are the mother and daughter particle
masses respectively. The accurate computation of the
cosmological impact of the DCDM sector requires to
follow the evolution of the phase space distribution of
the warm particle produced during the decay. The full set of
equations is described in Refs. [77,154]. We summarize
here the sets of equations describing the evolution of the
background energy densities of the dark components, as
well as the linear perturbations in a fluid approximation,
valid well within the horizon.

The background energy densities evolve as follows [154]:

Pacam + 3HPacam = —al Pacam: (18)

/;)wdm + 3(1 + W)H,Dwdm = (1 - 8>arpdcdm’ (19)

ﬁdr +4Hpyr = el'apycam, (20)
where w = P4/ Pwam 1S the equation of state of the massive
daughter particle. In the limit of large z or small &, one
recovers the ACDM model, while setting e = 1/2 leads to a
decay solely into massless particles.

In the synchronous gauge comoving with the DCDM
fluid, the linear perturbation equations for the parent particle
and DR daughter is still given by Eq. (10) and Egs. (11)—(14),
respectively. However, the quantity r4q. now satisfies

Far = el (Pacam/Par) Tars (21)
where the parameter € now affects the amount of energy
transferred to the DR. Regarding the WDM linear perturba-
tions, it is unfortunately not possible to integrate out the
dependency on momenta as it is done for the DR species. In
general one has to follow the evolution of the full phase-space
distribution, which becomes very computationally demand-
ing (see Ref. [77] for the expression of the full Boltzmann
hierarchy). Nevertheless, it was shown in Ref. [77] that, well
within the horizon, the dynamics of the WDM perturbations
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can be well approximated by the following set of fluid
equations:

) h
éwdm = _3H(C% - a))5wdm - (1 + a)) <6wdm + )

2
+ (1 - e)aF —dCdm (5dcdm - 5wdm)’ (22)
Pwdm
. C2
Owam = _H(l - 305)9wdm + 1 ﬁa)k25de - k2Gde
1 + 2 =
- (1 - e)aF Cg/dedm 9wdm7 (23)
l+w Pwdm

where c, is the WDM sound speed in the synchronous gauge,
i.e., ¢; = 6Pyam/ 8P ywam- and ¢, is the WDM adiabatic sound

speed, i.e., ¢2 = Pygm/Pwam, Which one can write in the
following form:

2= w<5 _ Pudm _ Pdcam _al’ & >

’ Pwdm ﬁwdm?’WHl_g
ﬁdcdmar -
x 3(14+w) ———— l—8i| . 24
30w -2

In this latter equation, P4, 1S the pseudo-pressure (intro-
duced in the context of the fluid equations for massive
neutrinos [155]), which corresponds to a higher momenta
integral of the WDM homogeneous phase space distribution,
reducing to the standard pressure in the relativistic limit.
Solving the fluid equations requires specifying the sound
speed c¢,, which was found to be well described by the
following formula:

ci(k,7) = cg[1 + 0.2 x (1 —2¢)\/k/ke),  (25)

where the free-streaming scale ky of the WDM is
computed as

3H(z)
2¢,(7)

kis(7) = (26)
The free-streaming scale corresponds to the scale at which
pressure (coming from the “velocity kick™ received during
the decay process) suppresses perturbations of the WDM
compared to those of the DCDM. In other words, on scales
k < kg, one has dyqm = d4cam» While on scale k > kg, the
WDM perturbations are suppressed and exhibit oscillations
over time.

To obtain the linear CMB and matter power spect-
rum, we make use of an extension of the CLASS code!!
described in Ref. [77], and we determine the nonlinear
galaxy power spectrum using the PyBird code. We have
argued in previous section and in Appendix A, through
direct comparison with N-body simulations, that PyBird can

"https://github.com/PoulinV/class_decays

safely be used to describe DM decays with massless decay
products. Unfortunately, we do not have access to such
N-body simulations in the case of massive decay products.
A priori, the problem is not the decay per se (as we have seen
for the massless decay products). Rather, contrarily to the
case of massless daughters, the massive daughter may
develop perturbations whose contribution to the total matter
power spectrum can be highly nontrivial. In Appendix B,
following Refs [156,157], which treated the similar case of
massive neutrinos, we argue that the corrections to the
EFTofLSS necessary to fully capture the model-specific
effects can be neglected for most of the parameter space of
interest, as the fractional contribution of the WDM to the DM
density is small (in particular for the best-fit model that we
derive), or the free-streaming scale exceeds the scale cut
considered in the analysis.

2. The nonlinear power spectrum

We plot in Fig. 4 the residuals of the nonlinear matter
power spectra of the DCDM — WDM + DR model with
respect to that of the ACDM model at z =0. We also
represent the associated linear matter power spectra
obtained from the CLASS code, exactly as in Fig. 4 of
Ref. [77]. In addition, we plot in Fig. 5 the residuals of the
monopole and quadrupole of the galaxy power spectra of
this model. In these figures, the cosmological parameters
are taken from the DCDM — WDM + DR best-fit model
of Ref. [70], while the nuisance parameters are set as in
Figs. 1 and 2. In the left panels, we fix ¢ = 0.1 and vary
7 € [10,300] Gyr, while in the right panel we fix 7 =
30 Gyr and vary ¢ € [0.001,0.5].

As for the case of the DCDM — DR model, we obtain a
very similar behavior between the linear matter power
spectrum and the monopole of the galaxy power spectrum,
except for a mild monotonic reduction of the power sup-
pression at larger k’s in the monopole of the galaxy power
spectrum (due to the choice of EFT parameters, this reduction
of the suppression may change for different values). The
presence of a warm dark matter component which does not
cluster on small scales suppresses the matter power spectrum
as well as the galaxy power spectrum, and z—which sets the
abundance of the WDM species today—controls the ampli-
tude of the power suppression, while & controls the cutoff
scale. One can see in Fig. 5 that the suppression of the galaxy
spectrum increases as t decreases (left panel), while the
suppression starts to occur on larger scales as ¢ increases
(right panel). Once & = 0.5, the free-streaming scale kg,
becomes equivalent to the Hubble horizon, and the effects
become identical to that of the DCDM — DR model
presented before. Note that because of the effect of the
WDM, the € = 0.1 case has a stronger suppression than the
e = 0.5 (pure dark radiation) case. Moreover, we find (see
Fig. 4) that the nonlinear correction slightly modulates the
slope of the power suppression compared to the linear matter
power spectrum. It always leads to a stronger suppression
than the linear one at large enough k (for € =2 0.1, the
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FIG. 4. Left: residuals of the linear (dashed lines) and nonlinear matter power spectrum (solid lines) for € set to 0.1 and = = 10, 30,
100, 300 Gyr. Residuals are taken with respect to the ACDM model at z = 0. Right: the same, but this time 7 is set to 30 Gyr and

e =0.001, 0.01, 0.1, 0.5.
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Left: residuals of the monopole and the quadrupole of the galaxy power spectrum for € set to 0.1 and = = 10, 30, 100, 300 Gyr.

Residuals are taken with respect to the ACDM model at z = 0. Right: the same, but this time 7 is set to 30 Gyr and ¢ = 0.001,

0.01, 0.1, 0.5.

modulation occurs atk > 0.12 Mpc~!). However, for smaller
€ (see the € = 0.01 case for example), the modulation can
appear as a milder power suppression compared to the linear
one in the range of validity of the EFT at one-loop order.

3. Preliminary study

Similarly to the case of the DCDM — DR model,
we perform a preliminary study to test whether the

EFTofBOSS data can further constrain the DCDM —
WDM + DR model that resolves the Sg tension. We fix
cosmological parameters12 to those obtained from the

The analysis performed in Refs. [70,77] made use of a Sg
prior that includes information from BOSS [158]. For consistency
and to avoid double counting information, we reperformed the
analysis (see Sec. IV) with a prior derived from KiDS-1000 data
alone.
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TABLEIIL.  y? of each sky-cut of the EFTofBOSS dataset for our
DCDM — WDM + DR preliminary study. We also indicated the
Ay? with respect to the analogous ACDM best-fit model
(EFTofBOSS + Sy analysis in Table VII).

Parameter Best fit
)((zZMASS NGC 41.2
X gMASS SGC 44.5
XLOWZ NGC 34.4
X IZEFTofBOSS 120.1
;{ﬁlm(DCDM) - ;(Iznin(ACDM) +3.1

joint analysis of Planck data, Pantheon SNla data, a
compilation of BAO data and the S5 measurements
by KiDS-1000 [7]. We optimize the EFT nuisance
parameters of the galaxy power spectrum to check
the extent to which they can lead to effects degenerate
with those of the DCDM. We show in Table II the y?
associated to the EFTofBOSS data, while in Fig. 6,
using the PyBird code, we plot the residuals with res-
pect to the best-fit ACDM model from the analysis
of Planck + Pantheon + EFTofBOSS + Ext-BAO (see
Sec. IV). In this figure, we represent residuals with

and without the EFT optimization procedure (in the
latter case, we simply set the EFT nuisance parameters
to those of ACDM). As before, one can see that the
effects of the DCDM are strongly reduced once EFT
nuisance parameters are optimized, suggesting a strong
degeneracy between the DCDM and the EFT parame-
ters. Nevertheless, for this preliminary study, the y? is
degraded by +3.1 compared to the best-fit y?> obtained
in the ACDM model for the full analysis. Contrary to
the preliminary study of the DCDM — DR model for
which we obtained a y? close to that of the ACDM
model, we anticipate that the EFTofBOSS data can
provide additional constraining power to this model.

IV. A COMPREHENSIVE MCMC ANALYSIS
OF THE DCDM MODELS

A. Data and method

We now perform a Monte Carlo Markov chain (MCMC)
analyses, confronting these two DCDM models with recent
cosmological observations. To do so, we make use of
the MONTEPYTHON-v3 code [159,160] interfaced with our
modified CLASS version. We perform various analyses from
a combination of the following datasets:
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0.021 0.02+ 0.02+
|
V§\§ 0.001 '/ 0.00+ ://2 0.001 :/" S
3| £ S
Ll .
—0.021 ==r —0.021 —0.02+ Ay
after optimisation ~ \\\\
=== before optimisation \‘\ ‘\\
—0.04 T T T T —0.04 T T T T —0.04 T T T =
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
0.10 0.10 T 7 0.10 7
W ,, I
0.05- ¥ 0.05- b 0.05-
| _‘—”’,/ ”” ’,/ ——”"’/
I 0004 p=F SHEd 0.004 £r13d - 0.00{ =1 HEEEEEE
88
3l 2
QL\I Q(:I
—0.051 —0.05+ —0.05+
—-0.10 | T T T T —0.10 T T T ; I —0.10 ; ; T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
k[h/Mpc] k[h/Mpc] k[h/Mpc]

FIG. 6. Residuals of the monopole and the quadrupole of our DCDM — WDM + DR preliminary study with respect to ACDM model
(EFTofBOSS analysis in Table III) for the three sky-cuts of the EFTofBOSS data. For the solid lines we optimized the EFT nuisance
parameters, while for the dotted lines we set the EFT nuisance parameters to those of the ACDM (EFTofBOSS analysis in Table III).
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TABLE III.

The mean (best-fit) £1¢ errors of the cosmological parameters from our Planck + Pantheon +

EFTofBOSS + Ext-BAO and Planck + Pantheon + EFTofBOSS + Ext-BAO + Sg analyses for the ACDM

model. For each dataset we also report its best-fit y2.

ACDM
Parameter w/EFTofBOSS w/EFTofBOSS + Sg
100w, 2.242(2.245) 9012 2.247(2.248) £ 0.014
Dedm 0.1191(0.1191) % 0.00095 0.1184(0.1184) % +0.00089
H,/ [km/s/Mpc] 67.76(67.80) 042 68.05(68.07) £ 0.41
In(10'04,) 3.048(3.049) 70015 3.043(3.043) 9013
ng 0.9666(0.9676) + 0.0039 0.9680(0.9687) + 0.0039
Treio 0.0571(0.0574) +0.0075 0.0555(0.0549) 0 067¢
Qn, 0.3098(0.3093) %0 s02a 0.3057(0.3055) + 0.0053
o3 0.8097(0.8102) 0 ez 0.8056(0.8055) + 0.0062
Ss 0.82(0.82) +0.01 0.813(0.813) 00006
i 3927.0 3933.0

Opmapr = V2 in(W/Ss) — 12 (W/0 Sg)

2.40

(1) Planck: The low-/ CMB TT, EE, and the high-/ TT,
TE, EE data, as well as the gravitational lensing
potential reconstruction from Planck 2018 [3,161].

(i) Pantheon: The Pantheon SNIa catalog, spanning
redshifts 0.01 < z < 2.3 [162].

(iii) Ext-BAO: The BAO measurements from 6dFGS at
z=0.106, SDSS DR7 at z =0.15 [139,163,164],
and the joint constraints from eBOSS DR14 Ly-a
absorption autocorrelation at z = 2.34 and cross-
correlation with quasars at z = 2.35 [165,166].

(iv) BOSS BAO/fog: The measurements of the BAO
and the redshift space distortion fog(z) from the
CMASS and LOWZ galaxy samples of BOSS DR12
at z = 0.38, 0.51, and 0.61 [139].

(v) Sg: The KIDS-1000 cosmic shear measurement
of Sg=0.7597092}, modeled as a a split-normal
likelihood [7].

(vi) EFTofBOSS: The CMASS and LOWZ datasets of
the EFTofBOSS data (see Sec. II).

Our analyses always includes Planck, Pantheon and
Ext-BAO data. However, we quantify the impact of
EFTofBOSS data and the Sg prior by performing analyses
with and without these data. When not including the
EFTofBOSS data, we make use of the conventional
BOSS BAO/fog data. We use Planck conventions for
the treatment of neutrinos and include two massless and
one massive species with m, = 0.06 eV [3]. We impose a
large flat prior on the dimensionless baryon energy density
wy,, the Hubble parameter today H,, the logarithm of the
variance of curvature perturbations centered around the
pivot scale k, = 0.05 Mpc~! (according to the Planck
convention), In(10'°A,), the scalar spectral index n,,
and the reionization optical depth 7.;,. We assume our
MCMC chains to be converged when the Gelman-Rubin

criterion R — 1 < 0.05 [167]. Finally, we extract the best-fit
parameters from the procedure highlighted in the appendix
of Ref. [19].

B. Dark radiation decay products

Let us recall that in the case of the DCDM — DR model
we have two additional parameters: I' = 77!, the decay rate
of DCDM, and f 4.qm, the fraction of DCDM with respect to
the total DM. In the MCMC analyses, we impose flat priors
on I" and f:

0 <I'/Gyr™! <10,
0 < faeam < 1.

Our results for the analyses with and without Sg prior are
presented in Table IV, while the results of the analyses
of ACDM against the same datasets are given in Table III.
The y? of the EFTofBOSS data are reported in Table VII.
In Fig. 7, we display the 1D and 2D posteriors of
{T/Gyr™!, facams Ho Sg» ., } for the DCDM — DR model
with and without the EFTofBOSS dataset. In Appendix C,
we represent the same figure, but this time with and without
the Sg prior (and with the EFTofBOSS dataset for both).
Without the Sg prior, the Ay? with respect to ACDM is
compatible with zero" (see Table IV), implying that the
data does not favor the DCDM — DR model. From
Fig. 7, one can see that the inclusion of the EFTofBOSS
data does not improve the constraint on this model,

“The improvement is below the precision of O(0.1) that we
estimated on the minimization, and we therefore simply quote
Ay? = 0.0. Hereafter, we follow the same approach when
reporting other Ay?.
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FIG.7. 2D posterior distributions of the DCDM — DR model with and without the EFTofBOSS dataset. The gray shaded bands refer
to the joint Sg measurement from KiDS-1000 + BOSS + 2dFLens [158].

which is consistent with the naive analysis presented in
Sec. III A 3. Moreover, we show that when adding the Sg
prior, the Ay? with respect to ACDM is still compatible
with zero (and the model does not provide a good fit to the
Sg prior) while the constraints on I and fj.q, are largely
unaffected. We conclude (as in past studies) that this model
does not resolve the Sg tension.

To summarize our results, and present the most up-to-
date constraints on DCDM with massless decay products,
in Table V we compare the 95% C.L. limits obtained for
fdeam @and 7 when successively adding datasets. To obtain
the bounds on fy.4, (in the “short-lived” regime), we
marginalize over the parameter I" in the range described
above. On the other hand, to obtain the z limits (in the “very
long-lived” regime), we fix fygm =1 in our MCMC
analyses, i.e., we assume that all DM decays. Note that,
for f4.am — 1, One can interpret our constraints as a limit on

the ratio 7/ f geqm» as discussed in Ref. [80]. From Table V,
one can deduce the following:

(i) The strongest constraints are obtained when con-
sidering Planck + Pantheon + BOSS BAO/ fog +
Ext-BAO (no Ly-a). In that case, we find fycqm <
0.0190 (in the short-lived regime), and 7/fgeqm >
260.4 Gyr (for fyecqm — D).

(i) On the other hand, the inclusion of Ly-a BAO data
slightly reduces the constraints. This is consistent
with the fact that these data are compatible with
ACDM only at the 1.7¢ level [165,166], favoring
lower energy density at high-z [168]. Additionally,
we find that constraints with the EFTofBOSS data
are the same as those with the standard redshift space
distortion fog information. Our fiducial constraints,
including all data, are therefore fy.4, < 0.0216,
and 7/f > 249.6 Gyr.
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DCDM — DR
Parameter w/EFTofBOSS w/EFTofBOSS + Sg
I'/[Gyr™] Unconstrained (4.8) Unconstrained (5.8)
Jdeam <0.0216(1.62 x 107%) <0.0242(1.67 x 107%)
1000, 2.236(2.244) £0.015 2.241(2.248)1 0018
Ocdm 0.1187(0.1191) + 0.0010 0.1180(0.1184) %0 (003
H,/ [km/s/Mpc] 67.98(67.77) 1 04¢ 68.30(68.10) 04
In(10'0A,) 3.051(3.049)j8§£§42 3.047(3.045)j3§é§44
n, 0.9650(0.9671) %0 004 0.9660(0.9687) 0504
Treio 0.0577(0.0572) 3007 0.0562(0.0557) 5077
Q, 0.3069(0.3097) + 0.0061 0.3026(0.3050) 109952
o5 0.8110(0.8101)%0.9063 0.8071(0.8061) 0003
Ss 0.82(0.82) £ 0.01 0.811(0.813) %0067
P 3927.0 3933.0
Opmap = \/szin(W/SS) —Zﬁlm(w/o Ss) 240

TABLE V. The 95% C.L. limit on f .4, for the standard DCDM — DR analysis, and the 95% C.L. limit on 7 for
the DCDM — DR analysis where fy.qm is fixed to the unit. Let us recall that “Ext-BAO” refers to the BAO
measurements from 6dFGS, SDSS DR7, and the joint constraints from eBOSS DR14 Ly-a autocorrelation and
cross-correlation. For some datasets we removed the Ly-a constraints (“no Ly-a”) to explicitly show its impact.

DCDM - DR
Datasets Jfdedm 7 (for fyeam = 1)
Planck <0.0205 >246.3 Gyr
Planck + Pantheon + Ext-BAO (no Ly-a) <0.0203 >248.4 Gyr
Planck + Pantheon + BOSS BAO/ fog + Ext-BAO (no Ly-a) <0.0190 >260.4 Gyr
Planck + Pantheon + BOSS BAO/ fog + Ext-BAO <0.0219 >250.0 Gyr
Planck + Pantheon + EFTofBOSS + Ext-BAO <0.0216 >249.6 Gyr

(ii1)) Our constraints are somewhat different than those
derived in Ref. [83], which considering Planck
2018 + BAO data (see Table 2 of this reference)
found fgeqm <0.0262 at 95% C.L. and 7/f 4eqm>
268.8 Gyr. Our constraints are stronger on fgeqm.
compatible with the fact that we include more data,
but weaker on z, which may be explained by the fact
that their posteriors never quite reach fy.qm ~ 1, as
necessary to derive constraints in the very long-lived
regime.

C. Warm dark matter decay products

We now turn to the case of the DCDM — WDM + DR
model, described by the parameters I" = 7!, the decay rate
of DCDM, and &, the fraction of DCDM rest mass energy
converted into DR. Note that in this section, we trade the
density of DM today, @ g, for the initial density of DM

(before decays occur) at a — 0, @', . For a stable particle,
we simply have @l = w4y, as defined previously. In the
MCMC analyses, we imposed logarithmic priors'* on & and
I, and a flat prior on 'l -

—4 <logo(T/[Gyr™']) < 1,
—4 <log)(¢) < log;o(0.5),
0<wl <I1.
We present our results for the analyses with and without
Sg prior in Table VI, while the y?> of the EFTofBOSS

data of these analysis are reported in Table VII. All relevant
x* per experiment are given in Appendix D. In Fig. 8,

“For discussions about the impact of prior choices, see the
appendix of Ref. [77].
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TABLE VI. The mean (best-fit) 1o errors of the cosmological parameters from our Planck + Pantheon + EFTofBOSS + Ext-BAO
and Planck + Pantheon + EFTofBOSS + Ext-BAO + Sg analyses for the DCDM — WDM + DR model. For each dataset we also

report its best-fit y2, and the Ay? with respect to the analogous ACDM best-fit model.

DCDM — WDM + DR

Parameter w/EFTofBOSS w/EFTofBOSS + Sg
logyo(I'/[Gyr~']) Unconstrained (—2.98) 2.21(-2.08)7 13
logy(¢) Unconstrained (—3.84) ~2.30(—1.92) 1084
100, 2.242(2.245)53914 2.245(2.242) 10014
wimi 0.1192(0.1190) 50005 0.1188(0.1192) 50004
H,/ [km/s/Mpc] 67.78(67.82) 041 67.97(67.73) 04
In(10'°A)) 3.049(3.051) 002 3.046(3.052) 10012
ng 0.9668(0.9679) + 0.0039 0.9676(0.9670) + 0.0039
Treio 0.0571(0.0584) 957! 0.0564(0.0584) %0 5077
Qn 0.3090(0.3089) 50023 0.3064(0.3094) 5002
oy 0.806(0.811) 3012 0.790(0.763) 503
Sg 0.818(0.823)7201¢ 0.798(0.775)75:9%3
prm 3927.0 3929.3
Xmin(DCDM) = z7... (ACDM) 0.0 -38

Opmap = Vi ain(W/Ss) = 12 (W/0Ss)

1.5¢

TABLE VII. x> of each sky-cut of the EFTofBOSS dataset for our Planck + Pantheon 4+ EFTofBOSS + Ext-BAO and
Planck + Pantheon + EFTofBOSS + Ext-BAO + Sg analyses for ACDM, DCDM — DR and DCDM — WDM + DR models.

ACDM DCDM — DR DCDM — WDM + DR
w/EFTofBOSS w/EFTofBOSS + Sg w/EFTofBOSS w/EFTofBOSS + Sg w/EFTofBOSS w/EFTofBOSS + Sg
)((EZMASS NGC 40.3 39.2 404 39.2 40.2 40.8
;((Z:MASS SGC 44.0 443 44.0 443 44.1 43.8
X oWz NGC 335 335 335 335 335 33.7
XEFTofBOSS 117.8 117.0 117.9 117.0 117.8 118.3
p-value 0.54 0.56 0.49 0.51 0.49 0.47

we display the 1D and 2D posteriors of {log,,(I"/[Gyr~!]),
logo(€), Hy, Sg, Q,, } for the DCDM — WDM + DR model
with and without the EFTofBOSS dataset, always including
the Sg prior. Posteriors without the Sg prior are shown in
Appendix C.

1. Estimating the tension with the Sg measurement

Without the Sg prior, the total y> does not show
any improvement (see Table VI) and the data do not
favor the DCDM — WDM -+ DR model. In fact, in the
absence of the Sg prior, it seems that one could derive
apparently strong constraints on these models.”  Yet,

"In Ref. [77], it was shown through a mock data analysis that
Planck data alone could not detect the best-fit model required to
explain the Sg tension, artificially leading to strong constraints on
the DCDM model.

once the Sy likelihood is included, we find Ay*> = —3.8
(for 2 extra degrees of freedom) at virtually no cost in
x* for other likelihoods (see Appendix D): the inclusion
of the Sg prior helps in opening up the degeneracy with
the DCDM parameters, without degrading the fit to the
host of cosmological data, as stressed in Refs. [70,77].

Nevertheless, the DCDM model is not statistically
favored over ACDM, as the preference over ACDM is
currently solely driven by the low Sg prior, for which
we have used a value only in mild ~2.4¢ tension with
the ACDM prediction.16 We can estimate the residual
tension between datasets within the various models by
computing the “difference in maximum a posteriori”

"*Different Sg priors would lead to different preferences.
The preference could also be made stronger at fixed & (see
Ref. [77]).
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B Planck + Pantheon + BOSS BAO/fog + Ext-BAO + Sy
IEE Planck + Pantheon + EFTofBOSS + Ext-BAO + Sy

log;(T'/Gyr™) logyy(¢)

FIG. 8.

-3 -2 -1 0 -3 -2 -1 67

2D posterior distributions of the DCDM — WDM + DR model with and without the EFTofBOSS dataset. We took into

account the Sg prior from KIDS-1000 for these two MCMC analyses. The gray shaded bands refer to the joint Sg measurement from

KiDS-1000 + BOSS + 2dFLens.

(Opmap statistics [169]) between the y? obtained with
and without the Sg prior. The tension estimator'” at their
MAP point gives Qpmap = 1.5¢ in the DCDM —
WDM + DR model, as compared to 2.4¢ in the ACDM
and DCDM — DR models.

"In general, Qpyap is computed as the difference of effective
7% = —2LogL(OMAP), where L(OMAP) is the likelihood evaluated
on the maximum a posteriori OMAT | between the y* obtained in
the combined analysis and the sum of the y?> obtained in the
individual analyses. For Gaussian £, it is distributed as a ;{2
distribution with N; + N, — N, degrees of freedom (d.o.f.),
where N; refers to the number of d.o.f. in the individual (i = 1, 2)
and combined analysis (i = 12). In the case of the combination of
Planck and a Gaussian prior on Sg, it follows a y? distribu-
tion with one d.o.f., and the tension can be evaluated as

Opmap = V2 hin(W/Ss) = xmin(W/0 Sg).

2. Impact of EFTofBOSS data

Comparing to results without the EFTofBOSS data, for
which we get'® Ay? = —4.4, we find that the Ay? is only
mildly degraded by the inclusion of EFTofBOSS data.
More precisely, the y? of the total EFTofBOSS data for the
DCDM — WDM + DR model, given in Table VII, is only
slightly larger than that for ACDM (Ay? = 1.3) despite a
much lower Sg ~ 0.775 (at the best fit) which yields a very
good fit of the KiDS-1000 prior. Comparing to the analysis
with the BAO/ fog measurement from BOSS-DR12 (also
presented in Appendix D), we note that these “compressed”
data already showed a minor degradation of > compared to

8This number is different from that quoted in Refs. [70,77]
because we recall that we make use of a different Sg prior from
KiDS-1000 alone, which does not include information from
BOSS data and therefore has larger error bars.
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ACDM (Ay? = 1.1). We conclude that BOSS-DR12 data
are in good agreement with the DCDM — WDM + DR
model, but have a non-negligible impact, as the naive
analysis presented in Sec. III B 3 suggested.

More precisely, one can see in Fig. 8 that the main impact
of EFTofBOSS data is to cut in the log;o(I'/Gyr™!) —
logio(¢) degeneracy, excluding too large values of
log,o(I'/Gyr™"). In Appendix E we show that including
the EFTofBOSS data does not shift the ACDM parameters.
Therefore, the EFTofLSS significantly improves the con-
straints on the 7 = I'"! parameter at 1o:

1.61 < log(z/Gyr) <3.71 (w/EFTofBOSS),

to be compared with

1.31 <log;o(z/Gyr) <3.82 (w/o EFTofBOSS).

Additionally, we observe a notable evolution of the
DCDM parameters of the best-fit model compared to the
analysis without EFTofBOSS (and with the BAO/fog
measurement from BOSS-DR12 instead): the best-fit
model, with the inclusion of the Sy likelihood, now has
I' = 0.0083 Gyr~! (z = 120 Gyr) and & = 0.012, while
previously I' = 0.023 Gyr~! (z = 43 Gyr) and & = 0.006.
This means that EFTofBOSS data favors longer lived DM

models and therefore a smaller fraction of WDM today
fwdm = ﬁwdm/(ﬁdcdm + pwdm) ~ 10% cornpared to fwdm =
27% previously, but a significantly larger kick velocity
Viick/ € =~ € (and therefore a larger free-streaming scale).

It is instructive to compare these numbers with recent
constraints derived from observations of Milky Way sate-
llites by the DES collaboration [170]. These constraints
exclude log;o(T'/Gyr™') > —1.5 for logo(viiek/C) =
log,o(¢) Z —4. The best-fit model of our EFTofBOSS
analysis, and a large fraction of the 68% C.L., lie well
within the allowed region, but these observations certainly
provide a crucial test of the DCDM cosmology, as a deficit
of satellites compared to ACDM is expected in this model.

3. Towards high-accuracy measurements
of the galaxy power spectrum

To gauge the importance of future surveys in con-
straining the DCDM — WDM + DR model, we show in
Fig. 9 the residuals of the monopoles and quadrupoles
of the galaxy power spectrum between the DCDM —
WDM + DR and ACDM models. One can see that there
are subpercent differences between the models that gives us
hope to probe the DCDM model further. Indeed, future
galaxy clustering power spectrum data with higher pre-
cision and measurements at additional redshift bins such as

CMASS NGC CMASS SGC LOWZ NGC
0.04 0.04 0.04 ‘
0.021 0.02+ 0.02
g;% 0.00- | | | \ | ’ | /l 0.001 2 O e e ’ ‘ ' 0.00- Y ’ l ‘ ’ ‘ | u
E AT ‘ ‘ 71 ’ | 11
3| <
<L
—0.021 —0.024 —0.02 1
—— EFTofBOSS
—— EFTofBOSS + S8
—0.04 T T T T —0.04 T T T T —0.04 i T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15
0.10 ‘ 0.10 T T 0.10 ‘
0.051 0.05+ 0.05
|
3 000 B = 0.00] ua = 0.00] =
S
el
—0.05+ —0.051 —0.05 1
—-0.10 | ; T T T —0.10 T T T T | —0.10 ; T T
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FIG. 9. Residuals of the monopole and the quadrupole of the DCDM — WDM + DR model for EFTofBOSS data and EFTofBOSS
data + Sg prior. We normalized these residuals as well as the data with the ACDM best fit (EFTofBOSS data).
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DCDM — WDM+DR bestfit (EFTofBOSS + Sg)

0.00 -
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~~~~~~ —== Linear
I —005{ NIRRT
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FIG. 10. Residuals of linear (dashed lines) and nonlinear (solid
line) matter power spectrum of the DCDM — WDM + DR
model (EFTofBOSS data + Sg prior) for z =0, 0.2 (Euclid
minimal redshift), 0.32 (effective redshift of the LOWZ
sky-cut) and 0.57 (effective redshift of the HIGHZ sky-cut).
We normalized these residuals with the ACDM best fit
(EFTofBOSS data).

Euclid [137], VRO [138] and DESI [171] have an expec-
ted sensitivity that should allow us to detect these mild
differences. In order to estimate the impact of future
observations on the preference of the DCDM — WDM +
DR model with respect to the ACDM model, we plot in
Fig. 10 the residuals of the nonlinear matter power
spectrum19 between the best fit of the DCDM — WDM +
DR model (for the EFTofBOSS + Sg analysis) and ACDM
model (for the EFTofBOSS analysis). We represent it for
different redshifts, starting at the minimal redshift probed
by an experiment like Euclid [137]. Note that at the level of
the nonlinear matter power spectrum, the suppression with
respect to the ACDM model at z =0.32 and z = 0.57
corresponding to current observations is more than 1 order
of magnitude stronger than what is seen in the residual of
the monopole and quadrupole of the galaxy power spec-
trum (see Fig. 9). This is due to the impact of the
degeneracy between the DCDM parameters and the EFT
galaxy bias parameters, which can counteract the effect of
the DCDM decay in the galaxy power spectrum. This
shows that current theoretical uncertainties associated with
galaxy bias parameters limit the ability to use galaxy
(clustering) surveys to probe the DCDM model, and
represent a potential challenge to fully exploit future
surveys. Additionally, we observe that as z decreases,
the deviation from ACDM increases significantly because
of the production of WDM through the decay. We keep for
future work to check through dedicated forecasts whether
accumulation of low redshift data, as well as the reduction
of error bars, will allow us to firmly detect or exclude the
DCDM — WDM + DR model that resolves the S tension.

“We set here ¢y, = 1, which is an effective parameter of the
one-loop correction that can be interpreted as the effective sound
speed of the dark matter.

V. CONCLUSIONS

In this paper, we have confronted two models of DCDM
with BOSS DRI12 galaxy power spectrum data [139] as
described by the EFTofLSS from Refs. [122—-128]. We
focused first on a model where a fraction of dark matter
decays into dark radiation, the DCDM — DR model,
and second on a model where all the dark matter decays
into warm massive particles and dark radiation particles,
the DCDM — WDM + DR model. The Ilatter model
was recently suggested as a possible resolution to the Sg
tension, the mismatch between the determination of the Sg
parameter from the Planck CMB power spectrum [3] and
from weak lensing surveys by KiDS [7,158], CFHTLenS
[172] and DES [8]. We presented in Sec. III the first
calculation of the nonlinear (matter and galaxy) power
spectra in DCDM models making use of recent progresses
in the EFTofL.SS. We then confronted in Sec. IV these two
models to a compilation of Planck TTTEEE and lensing
power spectra, BAO data from BOSS and eBOSS (includ-
ing Ly-a data), uncalibrated luminosity distance to SN1a
from the Pantheon catalog [162], as well as measurements
of the monopole and quadrupole of the galaxy power
spectrum for three different sky-cuts of BOSS-DR12 (see
Ref. [142]), namely LOWZ NGC, CMASS NGC and
CMASS SGC [139]. We compared the use of either the
BAO/ fog from that same release, or the full shape of the
galaxy power spectrum. Additionally, we tested the ability
of these models to resolve the Sg tension by performing
analyses with and without prior on Sg as measured by KiDS
[7]. Our results can be summarized as follows:

(i) We have derived the most up-to-date bound on the

fraction of decaying dark matter f 4.4, Which is now
Sfdcam < 0.0216 for short-lived DCDM. We have
also updated constraints on the lifetime of dark
matter for the case where f j.qm — 1, namely 7/ f jeqm>
249.6 Gyr. However, we have found that the EF-
TofLLSS does not provide significantly better con-
straints to the cosmological parameters for the
DCDM — DR model, compared to the use of the
standard BAO/fog data. In agreement with past
studies, we have found that these models do not help
neither for the Sg nor for the H tension, and the
inclusion of EFTofBOSS data does not alter that
conclusion.

(ii)) The DCDM — WDM + DR model can explain the
low Sg value measured by KiDS-1000 while preserv-
ing the goodness of fit to other dataset, including
EFTofBOSS data. The residual tension is 1.5¢ com-
pared to 2.40 in the ACDM model. Nevertheless,
the model is not statistically favored over ACDM
(Ay?> = —3.8 for 2 degrees of freedom, roughly
corresponding to 1.56). The inclusion of EFTofBOSS
data only marginally affects the preference.

(iii) EFTofBOSS data however do significantly improve
the 1-o constraint on the DCDM lifetime for the
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DCDM — WDM + DR model, and when combined
with the Sg prior, we now obtain log,,(z/Gyr) =
2.217)2 compared to log;o(z/Gyr) = 1.92%)2,
without the EFTofBOSS. The constraints on
log;o(e) are however slightly weaker than with
BAO/ fog measurements.

(iv) The EFTofBOSS data also affects the best-fit model
which, with the inclusion of the Sy likelihood, cor-
responds to a longer lived DM with 7 = 120 Gyr
(compared to 7 = 43 Gyr previously) and a larger
kick velocity wvy/c~¢e=1.2% (compared to
Vick/ € = 0.6% previously).

Looking forward, we expect future galaxy clustering
power spectrum data, with higher precision and measure-
ments at additional redshift bins such as Euclid [137],
VRO [138] and DESI [171], to provide us with exquisite
sensitivity to DM decays into an invisible sector whether
massive or massless. Moreover, as the error bars decrease,
it will likely be necessary to identify and account for the
corrections to be made to the EFTofLSS in order to
capture all the specific effects of the DCDM — WDM +
DR model. Following Ref. [156] for the case of massive
neutrinos, it will be important to determine the one-loop
terms and associated counterterms of the mildly nonlinear
galaxy power spectrum caused by the WDM contribution
to the linear matter power spectrum (which we have
argued in Appendix B to likely be small compared to
current error bars). We keep for future work to test
whether these surveys will be able to firmly detect or
exclude the DCDM — WDM + DR model that resolves
the Sg tension.
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APPENDIX A: COMPARISON BETWEEN
THE EFTofLLSS AND N-BODY METHODS FOR
THE DCDM — DR MODEL

In this Appendix, we compare the nonlinear matter
power spectrum obtained through the EFTofLSS method
with the results of dedicated N-body simulations performed
in Ref. [151]. The authors of Ref. [151] have determined
a fitting formula which describes the correction to the
nonlinear matter power spectrum due to the DM decay
compared to the ACDM model, as a function of 7, fgcqm»
and the redshift z. In Fig. 11, we compare this fitting
formula, where we set 7 =32 Gyr and z =0 and vary
fdeam € [0, 1], with the linear matter power spectrum of the
CLASS code (left panel), and with the nonlinear matter
power spectra from both the CLASS-PT and PyBird codes
(right panel). Here, we set the ACDM parameters to the
values used in Ref. [151]. The left panel of this figure is
intended as a reproduction of Fig. 1 of this reference for
direct comparison, while the right panel presents the
comparison of interest. Indeed, from the right panel of
Fig. 11, one can clearly see that (i) the CLASS-PT and
PyBird codes give very similar power spectra for the

T =32 Gyr (non linear)

* CLASS-PT
—— PyBird
=== N-body

10!
k [1/Mpc]

Comparison between the residuals of the nonlinear matter power spectra predicted by the N-body simulation and the residuals

of the linear matter power spectra predicted by the CLASS code on the one hand (left panel), and the residuals of the nonlinear matter
power spectra predicted by the CLASS-PT and PyBird codes on the other hand (right panel). We compute these power spectra for z = 0 and
for © = 32 Gyr, while we varied fycqy from O to 1 with a step of 0.2.
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FIG. 12. Ratio between residuals of the nonlinear matter power
spectra obtained from the N-body simulation and those obtained
from the cLASs-PT and the PyBird codes for z = 0, 7 = 32 Gyr and
fdeam varying from O to 1 with a step of 0.2.

DCDM — DR model,” and (ii) the deviation from ACDM
predicted in these two EFTofLLSS codes is very close to that
obtained through N-body simulation. In order to determine
more precisely the deviations between the EFTofLSS and
the N-body methods, we plot, in Fig. 12, the ratio between
the residuals obtained with the N-Body simulation and
those obtained with the CLASS-PT and PyBird codes. One can
see that the difference is below the ~1% level until k ~
0.2h Mpc™! (the maximum k at which the EFTofLSS is
valid at one-loop order for a small 7). Let us note that
the difference between the N-body simulation and the
EFTofLSS power spectrum for k < 0.02h Mpc™' is not
relevant; it is merely due to the fact that the N-body fitting
formula does not encode this behavior for low k (see [151]),
but this k range is well within the linear regime and does
not necessitate a correction. Let us also remark that the
lower f4.qm (or the longer ), the smaller the differ-
ence between the residuals from the N-body and those
from the EFTofLSS method. Since current constraints
only allow small values of fj.qm < 2.5% or large lifetime
7 2 240 Gyr, it is safe to use the PyBird (or CLASS-PT) code
in their current form to describe the DCDM — DR model.
This good agreement between the EFT approach and the
N-body simulation, despite having made no change to the
EFT modeling, may appear surprising at first sight.
However, there is a fairly intuitive argument as to why
the DM equations (and therefore the EFT formalism)
should receive only minor corrections from the presence
of a nonzero decay term. This is because, in the synchro-
nous gauge at linear order, the DCDM equations are strictly
identical to that of CDM: the effect of the decay is
happening exactly at the same rate everywhere in space,
and therefore cancels out the perturbed continuity and Euler

2We set, in the pyBird and CLASS-PT codes, ¢, = 1, which is an
effective parameter of the one-loop correction that can be
interpreted as the effective sound speed of the dark matter.

equations which drive the DCDM perturbed dynamics.
Although strictly speaking, the contribution of the decay
term may appear at higher order, as we treat the mildly
nonlinear regime, it will be subdominant. This explains
why we find such a good agreement between N-body
simulations and the EFT computation despite not modify-
ing the master equations, the expansion nor the counter-
terms. Note that this argument is valid irrespective of the
mass of the daughter particles as far as the mother particle is
concerned. Similarly, corrections to the massless daughter
equations may appear, but will likely have only a small
impact on the observables given that the massless daughter
quickly redshift away compared to other species for decays
happening at late times (at times relevant for galaxy
surveys).

APPENDIX B: ASSESSING THE VALIDITY
OF THE EFTofLSS IN THE
DCDM — WDM + DR MODEL

In this Appendix, we discuss the validity of the
EFTofLSS in the DCDM — WDM + DR model. In
Ref. [156], the EFTofLSS was extended to describe
massive neutrinos, an extension to ACDM with properties
similar to that of the DCDM — WDM + DR model.
Indeed, the main issue with employing the EFTofLSS to
describe the DCDM — WDM + DR model does not lie in
the effect of the decay itself (the effect of the decay on the
perturbed equations of the DCDM is identical to that of the
DCDM — DR model, which is captured by our formalism
as discussed in Appendix A), but rather in the production of
a warm massive species which may contribute in a non-
trivial way to the power spectrum of galaxies. At the linear
level, it was found the massive decay products behave
similarly to CDM at wave numbers smaller than the free-
streaming scale kg [with kg approximately given by
Eq. (26)], but is strongly suppressed due to pressure terms
at larger wave numbers similarly to WDM and hot DM
such as neutrinos. In Ref. [156], the contribution of
neutrinos to the total one loop power spectrum was
computed, and it was found that the dominant effect is a
correction to the dark matter power spectrum that scales
like 16f,, where f, = p,/(p, + Peam) ~ 1%, at k > k¢, and
roughly half of that at k < kg. The naive O(f,) contribu-
tion is enhanced by twice the logarithm of the redshift of
matter-radiation equality, as neutrinos are present from
early times. The log-enhanced contribution represents
about 70% of the contribution to the total one loop power
spectrum. Additionally, at leading order, counterterms can
be captured by simply rescaling the effective DM sound
speed ¢2 and do not necessitate adding new parameters to
the dark-matter-only calculation. In the case of the DCDM
model, the WDM is produced at much later times. We plot
in Fig. 13 (right panel) the redshift z;¢, at which the WDM
contribution fy4m = Pwdm/ (Pwam + Pdcam) Treaches ~1%.
We also represent the limit at 68% C.L. derived in our
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Values of the WDM fraction at z = 0.32 (left panel) and the redshift at which the WDM fraction becomes 1% (right panel),

in a region of the log(e)—log,o(I'/Gyr™!) plane. The ACDM parameters are fixed to the best fit from the
Planck + Pantheon + EFTofBOSS + Ext-BAO + Sy analysis. The black lines indicate the 1o limits of this analysis, while the point
highlighted in purple indicates the best fit. All the points below the yellow and red lines correspond to models having a WDM free-
streaming wave number kg, larger than k,,, = 0.2k Mpc™! and k,; = 0.7h Mpc~!, respectively.

work. For the best-fit model (shown in purple in the figure),
Z19 ~ 5. The log enhancement from the ratio of scale factor
between z ~ 5 and Zggr 1 owz = 0.32 is log[(1 + z14,)/(1 +
29)] & 1-2 compared to the log[(1 + z¢q)/(1 +z9)] # 8 in
the neutrino study in Ref. [156] that gives the 16f, factor.
We therefore expect the WDM correction to be comparable
to the massive neutrino case even if the energy density
(today) ratio is =10 times larger than neutrinos.

We plot in Fig. 13 (left panel), the fractional contribution
of WDM at z = 0.32 (the effective redshift of the low-z
surveys) as a function of I and . We also represent the limit
at 68% C.L. derived in this work. One can see that it
is under ~15% as long as log,o(I'/[Gyr™!']) < -1.8.
Additionally, we show the value of ¢ —I" for which the
free-streaming scale kg is equal to the maximum k mode
relevant for our analysis of BOSS data (k. =0.22 Mpc™")
and the maximum scale considered in the EFT computation
(ky = 0.7h Mpc™"). In a large part of the parameter space
favored by our analysis for which fq, is not small, kg
exceeds k,,,, and therefore corrections should also be minor.
An improved EFT treatment including the effect of the
massive decay product would be necessary however to
describe the power spectrum up to k,. Given current
precision of the data and the large theoretical uncer-
tainty already present, the corrections to our calculation

should be negligible, but more work needs to be done to
accurately describe the part of the parameter space with
large I (and leading to large f,qm), in particular for future
surveys which can reach subpercent precision at larger wave
numbers.

APPENDIX C: THE ROLE OF THE Sg PRIOR

In this Appendix, we present 2D posterior distributions
obtained with and without the Sg prior (but with the
EFTofBOSS data) in both DCDM cosmologies. In the
case of the DCDM — DR model, represented in Fig. 14,
the impact of the Sy prior is minor. However, in the case of
the DCDM — WDM + DR model, represented in Fig. 15,
it opens up a degeneracy with {I', ¢} which can lead to low
Sg while preserving the fit to other datasets. Without the
Sg prior, the DCDM model is not favored by Planck data.
As discussed in the main text, when the Sg prior is
included, the fit to Planck data is not affected, while
the DCDM model can accommodate the lower Sg value,
contrarily to the ACDM model. From the Qpyap statistics

[169], we can estimate the residual tension as Qpyap =
Vi (W/Sg) — x2..(W/0Sg) = 1.56 in the DCDM —
WDM + DR model, as compared to 2.46 in the ACDM
model and DCDM — DR model.
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& B Planck + Pantheon + EFTofBOSS + Ext-BAO
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FIG. 14. 2D posterior distributions of the DCDM — DR model reconstructed from an analysis of Planck, Pantheon, Ext-BAO and

EFTofBOSS data, with (blue) and without (red) the Sg prior from KiDS-1000. The gray shaded bands refer to the joint Sg measurement
from KiDS-1000 + BOSS + 2dFLens.
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FIG. 15. 2D posterior distributions of the DCDM — WDM + DR model reconstructed from an analysis of Planck, Pantheon, Ext-

BAO and EFTofBOSS data, with (blue) and without (red) the Sg prior from KiDS-1000. The gray shaded bands refer to the joint Sg
measurement from KiDS-1000 + BOSS + 2dFLens.
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TABLE VIII. 4? of each dataset for our Planck + Pantheon + BOSS BAO/ fog + Ext-BAO + Sg, Planck +
Pantheon + EFTofBOSS + Ext-BAO and Planck + Pantheon + EFTofBOSS + Ext-BAO + Sy analyses for the
ACDM model. Since we rounded the y? of each experiment, the total y? is only equal to the sum of each y2 at O(0.1)

precision.

ACDM
Dataset w/BAO/ fog + S w/EFTofBOSS w/EFTofBOSS + Sy
Planck high-I TTTEEE 2349.0 2347.4 2349.3
Planck low-1 EE 396.1 396.7 396.1
Planck low-1 TT 22.8 23.0 22.7
Planck lensing 9.6 8.9 9.6
Pantheon 1027.0 1027.1 1027.0
Ext-BAO 6.3 6.2 6.3
BOSS BAO/ fog 6.0
EFTofBOSS e 117.8 117.0
Sg 53 e 5.0
Total 2., 3821.9 3927.0 3933.0

APPENDIX D: SUPPLEMENTARY TABLES OF
x%:n VALUES PER EXPERIMENT

In this Appendix, we report the best-fit y> per experi-
ment for both ACDM (Table VIII) and DCDM — WDM —+
DR (Table IX) models for our analyses with the
BAO/fog + Sg, EFTofBOSS and EFTofBOSS + Sg data.
To help the reader gauge the goodness of fit, the number
of d.o.f. is estimated to be 2287 for Planck high-/
TTTEEE, 25 for Planck low-l EE, and 25 for Planck
low-l TT [3]. Other experiments do not report the
number of degrees of freedom, but it can be estimated
from the number of data points Ng4,,, assuming uncorre-
lated data points for simplicity, and the number of
free par ameters N param — N. param,model +N param,nuisance as
Naot = Ngata — Nparam- In practice, we have Ng,, = 1048
and Npram nuisance = 1 for Pantheon [162], Ny, = 132 and

N param,nuisance = 6 for the sum of the three sky-cuts of the
EFTofBOSS data including BAO, and Ng,, = 13 for the
BOSS BAO/fog and Ext-BAO (the full BAO dataset).

Finally, we have for each model Npyumacpm =6
and Nparam.ADCDM =38.

APPENDIX E: ACDM PARAMETERS OF THE
DCDM — WDM + DR MODEL

In this Appendix, we compare in Fig. 16 the ACDM
parameters of the DCDM — WDM + DR model obtained
from the analyses with (blue) and without (red) the
EFTofBOSS data, while in Fig. 17 we represent the
ACDM parameters reconstructed from an analysis of
Planck, Pantheon, Ext-BAO and EFTofBOSS data, with
(blue) and without (red) the Sg prior. We also show in this
second figure the standard ACDM posteriors as a reference

TABLE IX. y? of each dataset for our Planck + Pantheon + BOSS BAO/fog + Ext-BAO + Sg, Planck +
Pantheon + EFTofBOSS + Ext-BAO and Planck + Pantheon + EFTofBOSS + Ext-BAO + Sg analyses for the
DCDM — WDM + DR model. Since we rounded the y? of each experiment, the total y? is only equal to the sum of

each y? at O(0.1) precision.

DCDM — WDM + DR

Dataset w/BAO/fog + Sg w/EFTofBOSS w/EFTofBOSS + Sy
Planck high-l TTTEEE 2347.7 23473 2348.0
Planck low-1 EE 397.2 396.9 397.0
Planck low-I TT 23.1 23.0 23.2
Planck lensing 8.9 8.9 9.1
Pantheon 1027.2 1027.1 1027.2
Ext-BAO 6.1 6.2 6.2
BOSS BAO/ fog 7.1 e e
EFTofBOSS e 117.8 118.3
Sg 0.2 e 0.4
Total 2, 3817.5 3927.0 3929.2

023516-23



SIMON, ABELLAN, DU, POULIN, and TSAI PHYS. REV. D 106, 023516 (2022)

I Planck + Pantheon + BOSS BAO/fog + Ext-BAO + Sg
I Planck + Pantheon + EFTofBOSS + Ext-BAO + Sg

2.28
2226
e
S 224
—

2.22

2.20

w
=
S

\‘/@QQQ>

In(10"Ay)
o
5

3.00
0.98

L 0.97
S

0.96

0.08
2 0.06
S

0.04

69

67

0.85

0.80

Ss

0.75

ess\o
ean

0.32
£0.31
e
0.30
0.29 n n [ n n n [ n n n N n n n n n [ n n n n n n h
0.117 0.120 222 225 228 3.02 3.06 3.10 0.96 0.97 0.04 0.06 0.08 67 68 69 0.75 0.80 0.30 0.32
wii 100wy, In(10'0A,) ng Treio Hy Ss Qm

FIG. 16. 2D posterior distributions of the DCDM — WDM -+ DR model with and without the EFTofBOSS dataset for the ACDM
parameters. We took into account the Sg prior from KIDS-1000 for these two MCMC analyses. The gray shaded bands refer to the joint
Sg measurement from KIDS-1000 + BOSS + 2dFLens.
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FIG. 17. 2D posterior distributions of the DCDM — WDM + DR model with and without the Sg prior from KiDS-1000. We also plot
the 2D posterior distribution for the ACDM model without this Sg prior. We took into account the EFTofBOSS data for these three
MCMC analyses. The gray shaded bands refer to the joint Sg measurement from KiDS-1000 4+ BOSS + 2dFLens.

(green). One can see that the ACDM parameters are left  could affect early time physics. This is essentially why
largely unchanged in the DCDM — WDM + DR model.  cosmological data other than those measuring Sg (and
The decay into warm products only affects the growth of  potentially the growth of structure at late times) are
structure at late times with little impact on parameters that  unaffected by the DCDM, despite a lower Sg value.
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