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We study a phenomenological class of models where dark matter converts to dark radiation in the low redshift
epoch. This class of models, dubbed DMDR, characterizes the evolution of comoving dark matter density with
two extra parameters, and may be able to help alleviate the observed discrepancies between early- and late-
time probes of the universe. We investigate how the conversion affects key cosmological observables such
as the CMB temperature and matter power spectra. Combining 3x2pt data from Year 1 of the Dark Energy
Survey, Planck-2018 CMB temperature and polarization data, supernovae (SN) Type Ia data from Pantheon,
and baryon acoustic oscillation (BAO) data from BOSS DR12, MGS and 6dFGS, we place new constraints on
the amount of dark matter that has converted to dark radiation and the rate of this conversion. The fraction
of the dark matter that has converted since the beginning of the universe in units of the current amount of
dark matter, ¢, is constrained at 68% confidence level to be < 0.32 for DES-Y1 3x2pt data, < 0.030 for
CMB+SN+BAO data, and < 0.037 for the combined dataset. The probability that the DES and CMB+SN+BAO
datasets are concordant increases from 4% for the ACDM model to 8% (less tension) for DMDR. The tension in
Ss = 081/m /0.3 between DES-Y 1 3x2pt and CMB+SN+BAO is slightly reduced from 2.30 to 1.90. We find
no reduction in the Hubble tension when the combined data is compared to distance-ladder measurements in the
DMDR model. The maximum-posterior goodness-of-fit statistics of DMDR and ACDM model are comparable,
indicating no preference for the DMDR cosmology over ACDM.

I. INTRODUCTION

Over the past few years, there has been a notable improve-
ment in both the variety and precision of cosmological probes.
Signals predicted long ago, such as gravitational waves and
global 21-cm absorption, were finally observed, providing
new insights and solidifying our understanding of the uni-
verse. The enhanced precision of relatively mature obser-
vational techniques such as measurements of galaxy cluster-
ing, weak lensing, and anisotropies in the cosmic microwave
background (CMB) temperature and polarization fields has al-
lowed us to test the ACDM paradigm to an unprecedented de-
gree.

Recent cosmological observations have revealed a discrep-

ancy in the inferred Hubble constant at 2> 4o level between
early- and late-universe probes [1H3]]. With a strengthening of
the various steps in the local distance-ladder measurements of
Hy, as well as tightening constraints of medium-to-high red-
shift probes such as strong and weak gravitational lensing, the
Hubble tension is becoming more significant [447] and enor-
mous effort has been devoted to understanding its origin. A
number of theories have thus far been proposed to help ame-
liorate or resolve the tension [8-18], but so far none have done
so to a satisfactory degree.

A parallel development over the last few years has been the
consistently lower value of the amplitude of mass fluctuations
og measured in gravitational lensing compared to that mea-
sured by the CMB experiments [19-24]. While not currently
statistically as strong as the Hubble tension, the persistence



of the og measurement discrepancies, as well as their pos-
sible origin as a mismatch between the geometrical measures
and the growth of structure expected in the currently-dominant
ACDM paradigm, deserves special attention. It would be very
exciting, and compelling, if both the H and o tensions were
solved simultaneously, though the success of extant models
on this front is at best mixed [25-30].

One possible explanation for why weak lensing surveys
measure a smaller amplitude of fluctuations than the CMB is
that the present-day matter content has decreased at a higher
rate than predicted by ACDM model. Models where dark mat-
ter converts into a new species with radiation properties that
is not directly detectable (hence ‘dark radiation’) can enable
such a trend. These models also have the potential to reconcile
the Hubble tension, as they predict a smaller matter content as
time evolves. Accordingly, dark energy dominates faster than
in ACDM in these models, giving a larger late-time accelera-
tion rate (indicated by a higher Hy). Therefore, decaying or
annihilating dark matter models, such as those studied previ-
ously in Refs. [31H48]], offer a tantalizing hope of resolving
the Hy and og tensions simultaneously.

In this paper, we are specifically interested in the class of
models where the energy density in dark matter monotoni-
cally converts into dark radiation, with the bulk of the activity
happening at low redshift (late time). Our motivation is to in-
vestigate whether a model where dark matter converts to dark
radiation — henceforth, a DMDR model — can satisfy the
twin requirements of both being favored by the data and help-
ing alleviate the Hubble and oy tensions.

In general, interacting dark matter models have the poten-
tial to resolve some observations in cosmology that might be
otherwise difficult to explain in the standard ACDM model.
Because models with beyond-cold-dark-matter particle con-
tent often wash out small-scale structure [49] 50], they are
well positioned to help alleviate the well-documented chal-
lenges observed on small scales (the core/cusp, missing-
satellites and too-big-to-fail problems of CDM [51]). The
Integrated Sachs—Wolfe (ISW) effect has been measured to
have an amplitude significantly higher than that predicted in
ACDM when stacking large voids in the large-scale structure
[52!153]; the decrease of dark matter would suppress the Weyl
potential on large scales, thus enhancing the ISW effect and
could thus help to explain this. Finally, cosmic rays from
unidentified sources, specifically the galactic positron excess
at ~ 300 GeV [54] and the ~3.5 keV [35] X-ray line from
nearby galaxies, have been hypothesized to be sourced by the
decay of dark matter [56-60] (although they may be inconsis-
tent with some specific dark matter particle models [61} [62]).
All of these lines of inquiry motivate further study of the prop-
erties of, and constraints on, the DMDR conversion classes
of models. For example, Wang et al. [56, |63]] investigated
a decaying dark matter model that could be mapped into the
parameter space of the phenomenological DMDR conversion
scenario studied in this paper, and showed that their model can
mitigate some of the aforementioned small-scale CDM chal-
lenges.

On the theory side, dark matter — dark radiation conver-
sion is predicted in various physically-motivated scenarios

[391164,165]]. In particle-dark-matter theories, an unstable dark
matter component is predicted in various extensions of the
Standard Model. For example, in non-minimal supersymmet-
ric models, the dark sector has a spectrum of particles anal-
ogous to particles in the Standard Model, and heavier parti-
cles can decay into the lightest supersymmetric particle [66]
which could have properties of dark radiation [67]. More gen-
erally, beyond-Standard-Model physics including fifth-force
type additional interactions can naturally accommodate dark
matter and dark radiation couplings. Some have proposed
such coupled models as a mechanism to solve the 21 cm ab-
sorption anomaly seen by the EDGES experiment [68] [69].
Furthermore, inspiraling and colliding primordial black holes
(PBHs) — dark-matter candidates in their own right [70] —
could transfer energy from dark matter to gravitational waves,
which are also a form of dark radiation [42, 71]]. PBHs could
also evaporate into beyond-standard-model relativistic species
through Hawking radiation [[72]]. Various constraints on PBH
abundance were extensively studied by the dynamical, lens-
ing, evaporation and accretion footprints of the PBHs [70}[73]],
but several mass windows remain unconstrained, and previ-
ously ‘closed’ windows sometimes re-open when revisited
with improved analysis tools [[74476].

Any of the aforementioned theoretical models could under-
lie a phenomenological dark matter-dark radiation conversion
model. The key signature of such a model, compared to the
standard ACDM model, is the decreased fraction of dark mat-
ter in favor of both dark radiation and dark energy.

Our goal is to study a phenomenological cosmological
DMDR model using the state-of-the-art cosmological obser-
vations. In this work we utilize the CMB temperature, po-
larization, and lensing potential angular power spectra mea-
sured by Planck [1]], together with type la supernovae from
Pantheon [77]], baryon acoustic oscillations (BAO) from the
BOSS [[78]], MGS [79], and 6dFGS [80] surveys, and tomo-
graphic galaxy clustering and weak lensing measured by the
Dark Energy Survey (DES) [22].

This work is presented as follows. We introduce our
DMDR model in section [[I} stressing its signatures in the
CMB and matter power spectrum. In section we present
the details of our analysis pipeline, including the datasets we
use and the theoretical predictions of the DMDR model. In
section we report combined constraints on the DMDR
model from DES-Y1 and external data, along with model
comparison between DMDR and ACDM. We conclude in sec-
tion[V]

II. THE DMDR MODEL

Our specific implementation of the dark matter — dark ra-
diation conversion model is based on the phenomenological
model studied by Bringmann et al. [42], hereafter B18. We
focus on the case where the conversion process accelerates in
time, and the major departures from ACDM happen at late
times, as shown in figure (I To obtain a phenomenological
model with this behavior, we impose an additional boundary
condition onto the original B18 three-parameter ansatz to ob-



1.10 1

1005 104 103 102 10~!  10°

FIG. 1. Temporal evolution of the comoving dark matter density (in
units of current dark matter density p%,;. The legend shows the as-
sumed values of , the fraction of dark matter that has converted into
dark radiation since the early universe relative to current density, and
K, the conversion rate of dark matter. We fixed the standard cosmo-
logical parameters to their fiducial values as reported in section[[TA]

tain a steeper rate of dark matter conversion in the recent past
(z < 10); see the next subsection. Overall, our DMDR model
introduces two additional parameters compared to ACDM.

We now describe the background equations for the model,
followed by the description of its perturbations.

A. Background Equations

The background evolution of the DMDR model is specified
by the ansatz of the decreasing dark matter density and the
modified continuity equation

_ Pim 1—a"
pam(a) = =3 {1+Cl+caﬁ] (1
1d 1d
E%(agpdm) = —g%( 4Pdr) =-0 )

where pqm and pq, are dark matter and dark radiation energy
densities, pJ,, is the dark matter density today, a is the scale
factor, and we introduce two new parameters{}{

1. ¢, the amount of dark matter that has converted into
dark radiation since Big Bang, in units of present-time
dark matter amount.

I The original ansatz in B18 has three parameters: (, k, at, where the last
parameter is the characteristic scale factor when the conversion happened.
Here we set the mathematical condition pgma® = 0 as a — oo to obtain
an accelerated decreasing curve near a = 1. This condition leads to an
identity among the three parameters, 1 —(aj’ = 0. We then substitute a; =
exp(—log(¢)/k) back into the B18 ansatz, arriving at our equation
which contains the remaining parameters ¢ and . Keeping ¢ or a; in our
model is equivalent; we made the choice based on the fact that ¢ is a more
physically intuitive parameter in this case.

2. k, the parameter characterizing the conversion rate.
The duration of the conversion roughly corresponds to
O(1/k) orders of magnitude change in the scale factor.

Equation (I)) provides an ansatz for the time evolution of the
comoving density of dark matter. In our late-time DMDR con-
version model, the bulk of the conversion occurs around the
present time (¢ ~ 1). Equation {) specifies that the energy
transfers from dark matter to dark radiation. It also determines
the energy transfer flux, @, as a function of the scale factor a,
taking the derivative of equation (I).

Like the original B18 model, our DMDR model has the
generality to cover a wide class of decaying/annihilating dark
matter model. For most of the popular decaying/annihilating
dark matter models with smooth and simple transition curve,
in the @ < 1 region a specific value of « that numerically
mimic the transition curve of the dark matter density can be
found. Note, since the condition of accelerating conversion
rate in the near past is similar to pushing the transition time
(labeled by the maximum dark-matter conversion rate) to the
future, in the single-body decaying dark matter scenario it
suggests a very small decay rate, I' < H, 1

To illustrate the evolution of background quantities, we
first discuss the fiducial cosmological model. We fix the
non-DMDR cosmological parameters to the following values
based on DES-Y1 fiducial values: matter and baryon densities
relative to critical €2,, = 0.3028 and €2;, = 0.04793, scaled
Hubble constant i~ = 0.6818, spectral index and amplitude
of primordial density fluctuations ny = 0.9694 and A, =
2.198 x 1079, physical neutrino density £2,,h? = 0.0006155
(corresponding to the sum of the neutrino masses of 0.058
eV), and optical depth to reionization 7 = 0.06972. These
parameters, which are common to both DMDR and ACDM
models, are also adopted in the illustrations and Fisher fore-
casts throughout the following sections. We stress that the
values of the standard cosmological parameters such as h and
Q. are by definition set at the present time. Thus the high-z
region of the DMDR models in these figures has higher dark
matter density. The detailed effect of the DMDR parameters
¢ and & is illustrated in the first batch of Figures in this paper,
which we now describe.

Figure[I|shows how the density of dark matter evolves with
scale factor, relative to ACDM, for different conversion rates.
Varying ( scales the curves up and down; in the illustrative
plots that follow we choose ( = 0.1. We show the matter
density evolution for four different values of the conversion
rate «; results in figure [T]and subsequent figures shows rapid
changes in the dark matter density in a = 0.1, suggesting
that we may be able to place constraints on such models using
current LSS observations.

Figure [2] shows how the density of dark radiation evolves
with scale factor for different conversion rates, relative to
ACDM. As the conversion rate parameter r increases, the
density of dark radiation in the late universe increases faster.
When the dark radiation is produced in the nearer past (for
higher k), it dilutes less than if produced over a longer span of
time (lower k); thus there is more dark radiation ata = 1 ina
larger-+ universe. One may worry that large-~ models may be
automatically ruled out because they apparently lead to a high
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FIG. 2. Same as figure[T] but now showing the temporal evolution of
the dark radiation density.
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FIG. 3. Same as figure[T] but now showing time evolution in the ratio
between DMDR and ACDM Hubble parameter.

number of effective relativistic species ANog = par/p., but
note that the conversion to dark radiation happens at very low
redshifts in our DMDR model and thus renders a simple com-
parison with A N.g constraints derived from the CMB impos-
sible. Hence a detailed analysis of the combination of CMB,
LSS and geometric probes is necessary. A more direct impact
of dark radiation will be on the expansion history, however,
and this will be constrained by the supernova data in our anal-
ysis. For the hypergeometric function required to calculate the
background density of the dark radiation, we used the special
function routine by Shanjie Zhang and Jianming Jin [81].

Figure[3]shows how the Hubble expansion rate evolves with
scale factor for different conversion rates, relative to ACDM.
Note that we implicitly hold the present-day values of €2,,, and
h constant in this plot. Then, increasing the conversion rate of
dark matter x increases the amount of dark matter at a < 1
relative to today, and hence leads to a more rapid expansion
rate, so that HPMPR(q) /HYCPM(q) > 1 as seen in figure 3]

B. Perturbation Equations

In order to get the matter and radiation perturbation power
spectra, we next need to write down the linear perturbation
equations of motion for both dark matter and dark radia-
tion, then implement them in the Boltzmann numerical solver
CAMB [82]. We adopt the synchronous gauge throughout this
section, following the convention of CAMB. The metric per-
turbation in synchronous gauge is [83]]:

ds® = a*(7)[—dr? + (6 + hi;)da'da?], (3)

where T is the comoving time, and h;; with 4,7 = 1,2,3 is
the metric perturbation.

Most often, dark radiation is treated as a new species of
massless neutrinos (e.g. [42}184]]). This conjecture works fine
in the scenario with no massive neutrinos, but it produces an
incorrect matter power spectrum that evolves discontinuously
away from ACDM when massive neutrinos are present. Such
behavior is expected because dark radiation (unlike the mass-
less neutrinos) does not interact with massive neutrinos nor
does it share the same temperature and entropy with them.
In CAMB, the distribution of the energy between neutrino
species are specified by a set of time-independent degener-
acy numbers, but this is not applicable to the model with en-
ergy transfer from dark matter to dark radiationE] Therefore,
as long as the model does not allow for dark matter to mass-
less neutrino conversion, the two species are physically dis-
tinct and treating dark radiation as a new type of a massless
neutrino is incorrect. Thus we choose to treat dark radiation
as an independent perturbation component in the Boltzmann
equations.

In our model, we assume the dark matter to always be cold,
meaning that the conversion process to the dark radiation does
not provide enough recoil kinetic energy to heat up the dark
matter. At the same time, dark radiation in our model does
not self-interact or dissipate energy via interactions with dark
matter, standard-model particles, or photons after their pro-
duction, so that dark radiation simply free-streams. As a re-
sult, the phase-space perturbation equations for the dark radi-
ation differ from the massless-neutrino ones only by a colli-
sion term. Adopting the perturbation-expansion notation from
[83]], we have

dN = f(2', P, 7)dx'dz*dx>dPidPyd Py (4)

f(ﬂfi,Pj,T) :fO(Q) [1+\Ij(‘riaQ7nj7T)] (5)
- [ ¢*daqfo(q)¥(k,q, 7, 7)
k =
F(k,,7) [ ¢*dgqfo(q) ©

where x! are comoving coordinates, P; are their conjugate
momentum, dN is the particle number in the phase space dif-
ferential volume. Here the momentum variable P; is replaced

2 In the all-massless neutrino case the problem of incorrect time-independent
degeneracy numbers could be hidden, because there is no need to partition
the energy for the massless species sharing the same equation of motion.



by ¢ and n; variables through P; = (d;; + %hij)qnj in the
second equation, and k-space is Fourier transformed from z-
space.

The dark radiation phase-space equation of motion reads

ORlbDT) | ipr (i) = —2i(Fr) g
T

—%WE, 7) + 6i(k, 7)) Py - 72) + (f)Fd(k"T)> 7
C

where (OFu,(k,,7)/07)c is the additional collision term
due to the conversion between dark matter and dark radiation,
to be contrasted with the collisionless massless neutrino equa-
tions.

We adopt a simple form for the collision perturbation equa-
tion involving no dependence on polarization or momentum

J

anisotropy. Specifically,

©

OFa (ki) _ Qaa, . . .

®)
where Q is defined in equation (2). When writing down the
equation (8), we adopted the minimal form for the perturba-
tion variation of the conversion term Q:

6Q = Qdam- ©))

In principle, the form of 4Q is determined by the micro-
physics of the dark matter-dark radiation conversion process.
The minimal form above has been adopted by previous liter-
ature [40, 41} 85]], and B18 has demonstrated that the current
generation cosmology observations do not have high enough
precision to distinguish the detailed § Q perturbation, by carry-
ing out case studies on Sommerfeld enhancement and single-
body decay process.

After harmonic expansion of equation (7), we get the hier-
archy equations for dark radiation. Along with the dark matter
perturbation equations, the full set of perturbation equations in
DMDR model reads [83 84, 186, 87]:

S + k2 = ——(Qbam — 6Q) =0 Dark Matter (10)
d
dm
4
& = _gkg — kqar — %dg (8ar — Odm) [Dark Radiation, ¢ = 0] (11)
k 2
@ = =0ar — —kBomar — £er [Dark Radiation, £ = 1] (12)
3 3 Pdr
2 3 8
Ty = —kqar — fkﬁgJéir + —ko — ?—Qﬁdr [Dark Radiation, ¢ = 2] (13)
5 5 15 Pdr
dr’ _ k ; dr / dr aQ dr S /
Je = m[ JZ*I - B@+1( + 1)J£+1] - EJE 7[Dark Radlatlon, > 2] (14)

where J; are the harmonic expansions of the phase space per-
turbation, Jgr = dqe, I = qar = ggdr/k, Jr = 14, =
I1dr /Par in CAMB convention; Z and o are the metric per-
turbation coefficients, and /3, are the harmonic expansion co-
efficients of the gradient operator defined in reference [84].
Further details of this derivation are included in Appendix B}
The modifications described above are relevant for the con-
tinuity equations. For the Einstein equations, the correction is
rather straightforward: we simply add the dark-radiation per-
turbations to the total energy-momentum perturbations.

C. CMB and Matter Power Spectrum

We now have the ingredients necessary to numerically com-
pute the CMB polarized temperature anisotropies and mat-
ter perturbation power spectra, and thus derive the observ-

(

able quantities that can be compared to data. We implement
the background and perturbation equations in the previous
two subsections in the Einstein—Boltzmann code CAMB [82]]
which is used in the cosmosis pipeline that we discuss in
more detail below[]

Figure [] illustrates the relative differences between the
DMDR and ACDM matter power spectra and their CMB spec-
tra. As with the background-evolution illustrations above, we
fix the parameters common to both DMDR and ACDM model
to their fiducial values listed in section [l A] and we only vary
DMDR-specific parameters ¢ and . This ensures that the

3 DMDR-CAMB using the background and perturbation equations
in this work can be found here: https://bitbucket.org/anqich/ddm-
camb/src/master/. Please email the corresponding author to get access if
it is needed.
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FIG. 4. Relative difference in the matter power spectrum (left panel) and CMB TT spectrum (right panel) between DMDR and ACDM. We
explore the same four sets of ({, k) values as in the previous three figures. In the left panel, the white region (between the two shaded regions)

denotes roughly the scales used by the DES 3x2pt analysis.

two cosmologies always converge at late times (see also fig-
ure [I). In the early universe, DMDR has more dark matter
than ACDM, and this makes the matter and CMB power spec-
tra resemble those in a ACDM cosmology, but with more dark
matter. This, in turn, shows up as the small-scale power en-
hancement, as well as the phase shift in the case of the CMB
power spectrum.

A distinctive feature in DMDR is the dip in the matter
power spectrum at k ~ 1072 h Mpc ™!, the scale correspond-
ing to the horizon crossing at matter—radiation equality. This
feature is mostly due to the different expansion history in a
higher dark-matter density universe in DMDR. Although we
see an increase in the matter power around k ~ 0.1h/Mpc,
and might worry that it could boost the amplitude of mass fluc-
tuations og and thus exacerbate the LSS tension with CMB,
note that this is not the case because we have artificially held
most of the cosmological parameters fixed. In fact, DMDR
can be qualitatively compared and contrasted with the early
dark energy (EDE) models [9} 28]]. While the EDE models
which have a larger dark-matter-to-dark-energy ratio after re-
combination than ACDM, the DMDR model have a smaller
such ratio relative to ACDM. This works in the direction of
reconciling the og tension.

In the CMB temperature power spectrum shown on the
right in figure [ the decreasing dark matter density leads
to an increase in the late integrated Sachs—Wolfe (ISW) ef-
fect caused by the decrease of the gravitational potential as
dark matter converts into dark radiation (an exception is the
k = 2 case which we discuss separately below). Late-
ISW effect is caused by the decrease of Weyl potential in
the dark-energy-dominant epoch as the expansion of universe
accelerates. In ACDM, the decrease of the Weyl potential
only happens in the dark-energy-dominated epoch while the
potential remains constant in dark matter epoch, but in the
DMDR model the late-ISW effect also accumulates in the
dark-matter-dominated epoch. This is because the Weyl po-
tential is mainly contributed to by dark matter and a decreas-
ing comoving density of dark matter leads to a decreasing
Weyl potential even before dark energy takes over. Although
DMDR imprints in the late-ISW effect are probably buried in
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FIG. 5. Relative difference in the CMB lensing potential spectrum
between DMDR and ACDM, as a function of  for ¢ = 0.1.

the cosmic variance, it does gives these models an additional
signature that can be sought in e.g. studies of the ISW imprints
in the large voids [33].

The red curve in figure @] requires further discussion. This
is the case where the dark matter converts at very late times
(z =~ O(1)) and rapidly. Therefore, the increased dark-
energy-to-dark-matter ratio that is characteristic of DMDR
model occurs too late for the late-time ISW to fully benefit
from it. In addition, a DMDR model with the same present-
day Q,,, as a ACDM model has more matter relative to dark
energy at z > 0; therefore, contributions to late-time ISW
occur later in DMDR than in ACDM. These two effects com-
bine to severely suppress the late-time ISW effect in high-x
DMDR models.

Lastly, we also present the DMDR effect on the lensing po-
tential power spectrum for CMB; see figure[5] We observe an
increase of the lensing potential at small scales (large multi-
poles L) that mimics the amplified large & modes of matter
power spectrum seen in figure 4]



D. Nonlinear Matter Power Spectrum Strategies and DES-Y1
Scales Used

Obtaining accurate theoretical predictions for nonlinear
clustering in cosmological models outside of ACDM is typ-
ically challenging, as these predictions require running suites
of cosmological simulations designed specifically for the ex-
tended models. This situation can be contrasted to that in
ACDM (and its simplest extension that assume a free but con-
stant dark energy equation of state, wCDM), where the model-
ing of nonlinear matter power spectrum has been extensively
studied with N-body simulations [88-90] and analytical fits or
models [91H94]]. Limited previous studies of the small-scale
structure formation in DMDR include simulations of a less
general class of decaying dark matter models than the one we
adopt here [40], and the demonstration that relativistic species
have negligible contribution to the gravitational physics of the
small-scale structure formation [95]. One potentially useful
alternative to running simulations is recent work [96] which
proposes to accurately model beyond-ACDM models by suit-
ably rescaling the ACDM result in order to get one into the
desired new model. These results are potentially useful and
we may study and implement some of them in the future, but
they are currently not validated to the level sufficient to enable
us to model the nonlinear clustering in our DMDR cosmolog-
ical model.

We therefore choose to limit our analysis to purely-linear
scales, thus following the same strategy as in the DES-Y1
modified gravity analysis [97] (see also reference [98]). To
summarize, we start with the difference between the nonlin-
ear and linear-theory predictions of the observed data in the
standard ACDM model at best-fit values of cosmological pa-
rameters, dnp, — djin. Using also the full error covariance of
DES-Y1, C, we calculate the quantity

Ax? = (dni — diin)T €71 (dnr — diin) 15)

and identify the single data point that contributes most to this
quantity. We remove that data point, and repeat the process
masking out dyy, < dji, region until Ax? < 1. The re-
sulting set of 334 (compared to the DES-Y1 3x2pt baseline
457) data points that remain constitutes our fiducial choice of
linear-only scales.

E. Expectations and Forecasts

Before analyzing the data, we perform a forecast of the ex-
pected constraints. We do so in order to understand the pa-
rameter degeneracy structure, especially in regards to the new
parameters ¢ and x. We would also like to understand what
constraints are expected on these parameters. However, not
all the likelihoods we plan to use in the real-data analysis have
the corresponding mock likelihoods available. So for the fore-
cast, we only use the DES-Y1 3x2pt and the Planck 2018 TT-
TE-EE-lite data centered at the fiducial ACDM cosmology.
The likelihood of simulated Planck data vector was calculated
by implementing a wrapper of the work of reference [99] in
cosmosis.

To obtain the forecasts on parameter constraints, we adopt
the Fisher matrix methodology. The Fisher matrix is defined
as

ov
1 n 771, 1
lmn o, +[Z745 (16)

8 m —
Fii=Y. 82 c

mn

evaluated at the fiducial cosmology, where v,, are the theo-
retically predicted data values, p; are the cosmological and
nuisance parameters, C;; is the covariance matrix of the data,
and Z;; is the covariance matrix of parameter priors. Fisher
matrix calculations typically incorporate Gaussian priors on
the parameters. Because we have flat priors on some of our
parameters (see table [[), we adopt Gaussian priors of which
the variance scales with the range (hence variance) of the
flat priors that we have. Such Gaussian prior approxima-
tions are illustrated by black lines in figure [ Thus we add
Z;; = 6;;Var[P(p;)], where ¢;; is the Kronecker Delta and
P(p;) any one of the Gaussian approximation of the flat pri-
ors from table [ We center the cosmological parameters at
the values listed in section For the near-fiducial ACDM
Fisher calculation, we adopt the DMDR parameter values of
¢ = 10~* and k = 1.0, where all the cosmological observ-
ables have negligible difference from ACDM due to small ¢
yet is sensitive enough to the two additional parameters. We
use the cosmosi sE] [[LOO]] Fisher sampler to forecast the con-
straints on the DMDR parameters.

In the Fisher forecast results shown in figure[6] we observe
that:

* The DMDR model breaks the tight correlation between
Qum and h for Planck. In ACDM 2y, and h are strongly
anticorrelated because ,,h? is tightly constrained by
the morphology of the acoustic peaks in the CMB spec-
trum. In DMDR, the background evolution has more
freedom given by the variation of  and «, thus weaken-
ing this degeneracy by adding more degrees of freedom
in this 2D space.

* Furthermore, DES has a different degeneracy direction
from Planck in the ,,—h plane, so that when the two
probes are combined the degeneracy in this space is sig-
nificantly reduced. Because ( is significantly correlated
with €, this degeneracy breaking greatly helps in con-
straining (.

¢ In figure [fl we assumed a DMDR cosmology very close
to ACDM (with ¢ = 10™%). In that case, there is ef-
fectively no constraint on the conversion rate x, as ex-
pected.

Note again that the Fisher forecasts above are centered at
¢ = 107%, k = 1.0 (near) ACDM. We have checked that,
as the fiducial values of both ( and x increase away from their
ACDM values of zero, the forecasted constraints strengthen.
Such behavior in Fisher matrix forecasts is not uncommon and

4 https://bitbucket.org/joezuntz/cosmosis/wiki/Home
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FIG. 6. The DMDR Fisher forecasts showing 95% C.L. contours as-
suming simulated DES-Y1 3x2pt data, simulated Planck 2018 data,
and the combination of both, all generated close to ACDM cosmol-
ogy. The forecast is done assuming a Gaussian surface around the
fiducial ACDM cosmology, specified by the same parameters in sec-
tion [[TA] The combined datasets noticeably increased the constraint
power, especially on the fraction of converted dark matter (. The
ACDM model’s degeneracy between h and €2, (note a very thin red
contour in that plane) opened up in DMDR.

occurs when the dependence of the measured quantities on
the parameters of interest is nonlinear. Nevertheless, the con-
straints presented in figure [6] give us a rough idea of what to
expect from the real data. We have also checked that increas-
ing the fiducial converted fraction to ( = 0.1 only modestly
strengthens constraints on .

We now proceed to describe our data and methodology.

III. METHODOLOGY

We follow the general scheme for the ACDM extension
model analysis of the DES-Y'1 3x2pt combined probes, which
was described in detail in the DES-Y1 extensions paper [97].
In this section we will mainly focus on the methodology and
systematics tests results specifically for the DMDR model, for
full details, see references [22,97].

A. Theory Prediction Pipeline

Our theory predictions for the DES 3x2pt data vector are
derived from the 2D projection of the 3D matter and Weyl
potential power spectra, incorporating complexities like non-
linear physics, galaxy bias, intrinsic alignments, photo-z bias,

and shear calibration bias. The detailed derivation of 3x2pt
theory prediction were described in Sec. IV.A of Ref. [22].
Here we only go through the procedures that are specifically
modified for the DMDR model.

We first modify the Boltzmann code CAMB by imple-
menting the equations described in section and refer to
this modified version as DMDR-CAMB. We also add a flag
on og to ensure numerical stability in the nonlinear subrou-
tine of DMDR-CAMB by attributing zero likelihood to mod-
els with og > 1.4 or 05 < 0.4. The resulting filter prior
os € [0.4,1.4], is about ~ 100 wide on each side of the
fiducial value (relative to the DES-Y1 ACDM analysis [22],
og = O.807f8:82§), and thus not expected to affect the overall
constraints.

Next, the relation between the different cosmological quan-
tities in the flat universe is enforced differently in DMDR
comparing to ACDM because of a larger fraction of radiation
density. The flat-universe relation is
Specifically, while in ACDM the flatness condition implies
Qp = 1—Qy, in flat DMDR we enforce Q) = 1 —Q,,, — Qq;
instead.

Finally we improve upon the usual assumption that the
Weyl potential ¢ is completely contributed by matter in the
late universe, ® = 2, HZ0y, /ac?®. Recall the Weyl potential
defined via the metric potentials ¢ and ¢) in Newtonian gauge:

= (¢+1)/2
) (18)

ds? = a®(—(1 4 2)dt* 4 (1 — 2¢)dz?).

The assumption that the & power spectrum is proportional
to the matter power spectrum is only reliable for negligible
amounts of relativistic species in the late universe, which
holds in ACDM but can break in DMDR models with large
¢. At super-horizon scales, ® diverges from the local mat-
ter perturbation. Our strategy is to take the appropriate ratio
between the linear Weyl potential power spectrum PiI and
the linear matter power spectrum P}, and then modify the
shear clustering, galaxy clustering, and galaxy—galaxy power
spectra. The Weyl-corrected (WC) power spectra are:

PY¢ = Rwey Pxx (19)
PXC = Ry{2 Pyx., 20)

with the dimensionless Weyl-correction factor defined as

pin 1
[%QmHg(z + 1)2/02]2 P

2y

RWeyl =

where X € {v,IA} is a component of the correlation func-
tion that needs the Weyl correction (specifically, the shear and
intrinsic alignments), and g stands for the galaxy position.
Hence P)V(V)(g, P;/g(c are building blocks for the corresponding
projected (two-dimensional) angular correlation functions; for

example Py C is used for the calculation of 2D lensing shear



power. The physical reason that the IA and shear compo-
nents require the gravitational potential correction is that these
processes are directly determined by the gravitational field;
galaxy shear is formed by the bending of light in the gravita-
tional field, and IA is induced by the tidal gravitational field
generated by nearby mass.

The Weyl potential and Newtonian potential in principle
differ because they depend on different gravitational fields.
In practice, we find that their relative difference is < 1%
throughout the expansion history in a not-strongly-anisotropic
metric in both DMDR and ACDM. We are thus justified in cal-
culating the correction ratio in equation (ZI)) from the Weyl-
potential power spectrum. We further assume that Weyl po-
tential correction is linear and commutes with intrinsic align-
ments and galaxy bias (this dramatically simplifies the imple-
mentation in the code). While this is not guaranteed to be true,
given the current linear modeling of intrinsic alignments and
galaxy bias any leading-order adjustment is likely absorbed
by the nuisance parameters. Any scale-dependent caveats of
this assumption should be further suppressed by the fact that
we adopt conservative scale cuts to limit the impact of uncer-
tainties in the modeling of nonlinearities,

Lastly, as discussed in section [[TD] we adopt Takahashi et
al. halofit prescription [93] which is fitted from ACDM sim-
ulation as the nonlinear module, in addition to cutting out
data on nonlinear scales. Hence we should be unbiased from
the possible special features in nonlinear power spectrum of
DMDR model.

In Appendix [A] we include a comparison between Y1 anal-
ysis pipeline and our DMDR pipeline when both are applied
to the ACDM mock data vector. It illustrates that the pipeline
modifications do not induce noticeable bias (< 0.10).

B. Parameters and Priors

The DES 3x2pt data analysis applied to the DMDR model
includes a total of 28 parameters; they are listed in table
There are eight cosmological parameters and 20 nuisance pa-
rameters. DMDR introduces two additional cosmological pa-
rameters to the usual six (Qum, k, Qp, ns, Ag, Q,h3): the frac-
tion of the converted dark matter ¢ and the dark matter con-
version rate k. When combining DES 3x2pt data set with
the external data sets, three more parameters, the reionization
optical depth 7, supernova absolute magnitude M, and the
Planck-lite likelihood nuisance parameter apjanckx are added
into the variables. Their priors are presented in table[I]

The prior on ¢ is flat in the range ¢ € [0.0, 1.0]. This range
is bounded by the limit when there is no dark matter conver-
sion, and the limit when half of the dark matter has converted
since the primordial time. The latter choice is based on the fact
that the early-time Planck measurement of the matter density,
Qmn = 0.3166 4= 0.0084 [1]], is within 20% of the late-time
DES measurement, (2,,, = 0.2647 003 Hence, there is no in-
dication that a large fraction of the dark matter has converted
at z < 1000; this conclusion is also in line with previous work
(40, 41} 146l [101].

The prior on the conversion rate « is also flat, with the range
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TABLE I. Cosmological and nuisance parameters in DES-Y1 3x2pt
analysis, and their priors.

Parameter Prior
Cosmological

Qm flat (0.1, 0.9)

h flat (0.55,0.91)

O flat (0.03,0.07)

N flat (0.87, 1.07)

A flat (5 x 1071%,5 x 1079)

Q,h3 flat (0.0006, 0.01)

¢ flat (0.0, 1.0)

K flat (1 x 1077, 2.0)

os (derived) €(04,1.4)
Lens Galaxy Bias

bi, (i =1,...5) flat(0.8, 3.0)

Intrinsic Alignment
Ara(z) = Aral(1+ 2)/1.62]n1a

Ara flat (-5, 5)
1A flat (-5, 5)

Lens photo-z shift (red sequence)
Azl Gauss (0.008, 0.007)
AZ? Gauss (-0.005, 0.007)
Az} Gauss (0.006, 0.006)
Az} Gauss (0.00, 0.01)
Az} Gauss (0.00, 0.01)

Source photo-z shift
Az} Gauss (-0.001, 0.016)
Az2 Gauss (-0.019, 0.013)
AZS Gauss (0.009, 0.011)
Az Gauss (-0.018, 0.022)

‘ Shear calibration
m', (1 =1,..4) Gauss (0.012, 0.023)

k € [1077,2]. We set the lower bound very slightly above
zero in order to ensure numerical stability of the modified
code, and checked that in this small-x limit the observables
agree with those of ACDM. The upper prior limit is deter-
mined by the fact that neither the matter power spectrum nor
the CMB angular power spectrum varies at a detectable level
when s > 2. This, in turn, can be understood from the evolu-
tion of the dark matter density illustrated in figure[I] When the
conversion rate is as high as 2, new physics happened well af-
ter recombination and in the late stages of structure formation,
allowing the DMDR model to mimic a ACDM universe with
a higher density of dark matter. Thus models with x = 2 dis-
play a strong degeneracy between the new parameters ((, k)
and €),,,, and are difficult to constrain tightly. It is important
to keep this in mind when interpreting the « posterior when it
is pushed to the upper prior bound.

The cosmological parameters have flat priors that are nearly
the same as in DES-Y1 (there are a few very minor differences
between the two), and the nuisance parameters that model
tomographic intrinsic alignments effect, photo-z uncertainty,
shear calibration, and galaxy bias have the same Gaussian pri-
ors as in the DES-Y1 3x2 analysis [22]. We also impose a
hard filter on the derived parameter o within [0.4, 1.4] as de-
scribed in section [ITAl



TABLE II. Additional parameters used in the analysis with external
datasets, along with their priors.

Parameter Prior
Cosmological
T flat (0.01, 0.2)
Supernovae Parameter
M flat (—20.0, —18.0)
Planck-lite Nuisance Parameter
Gauss (1.0, 0.0025)

APlanck

C. Datsets

Our cosmological parameters analysis will be performed on
DES-Y1 3x2pt datasets, external datasets, and the combina-
tion of all datasets separately.

We first describe the DES-Y1 "3x2pt" measurements; here
3x2pt refers to three sets of two-point correlation functions as
follows. Let 7 and j denote source-redshift bins (out of four
total), and a and b denote the lens bins (out of five total). The
correlation functions that form a set of observables that we
call the "data vector" are:

. gjg (0), the correlation between galaxy shear measured
in source bins ¢ and j;

* 7i%(#), the cross correlation between the galaxy shear
in source bin ¢ and the galaxy positions in lens bin a;

* w*(0) the correlation between galaxy positions in lens
bins a and b.

The five redshift bins of the lens galaxy catalog are processed
using redMaGiC [102]]

2 =[(0.15 ~ 0.3), (0.3 ~ 0.45), (0.45 ~ 0.6),
(0.6 ~ 0.75), (0.75 ~ 0.9)],

while the four redshift bins of the source galaxy catalog, ob-
tained using the process called METACALIBRATION [103],
are

2 =1[(0.2 ~ 0.43), (0.43 ~ 0.63), (0.63 ~ 0.9), (0.9 ~ 1.3)].

Each tomographic two-point correlation function has 20 log-
spaced angular bins in the range 2.5’ < 6 < 250, and a
total of 45 tomographic angular correlation functions in each
theta-bin, for a total of 20 x 45 = 900 data points. Cutting
out small angular scales to avoid uncertainties with modeling
nonlinearities (see section[[I D) leaves 334 measurements. We
refer the reader for other details, including those of theoretical
modeling, to [22]. Treatment of some details specific for the
DMDR is discussed in section [ITAl

Now we describe the external datasets that we adopt; they
are:

* Cosmic microwave background (CMB): Planck 2018
high-¢ TT, TE, EE, polarization modes temperature
spectra with ¢ > 30 from Plik-lite likelihood, and TT,
EE of the low-/¢, ¢ < 29 from Commander and SimAll
likelihood, plus lensing potential Cyps with multipoles
8 < L <400 from SMICA likelihood. [1}[104]
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* Type la supernovae: we adopt the Pantheon dataset [77]
with 1048 objects covering the redshift range 0.01 <
z < 2.3.

* Baryon acoustic oscillation (BAO): we adopt the BOSS
DR12 [78] measurements of Hr/rid, D,,rfid/r  at
redshifts [0.38, 0.51, 0.61], the SDSS-MGS [79] mea-
surement of @ = (Dy /D) (rfid /r,) at redshift 0.15,
and the 6dFGS [80] measurement of /Dy at redshift
0.106. The BOSS DR12 data come with a full covari-
ance matrix, while all other data points only have diag-
onal uncertainties.

We do not include the redshift space distortion (RSD) mea-
surements that we previously used in the DES+External data
analysis [97]. We make this choice because DMDR allows
for a scale-dependent growth of linear density perturbations,
and the bias on fog measurements could be significant when
the default ACDM templates are used in the compression of
RSD information in the presence of a scale-dependent growth
[[LOS} 106].

D. Samplers

For our principal results — constraints in the multi-
dimensional parameter space — we use Polychord [107].
Polychord is a nested sampler with outstanding perfor-
mance on Bayesian evidence estimation, which is useful for
tension and model comparison analysis. We set Polychord
live_points = 250, num_repeats = 60, and tolerance = 0.1.
This combination of settings was optimized to obtain precise
and accurate results — especially in regards to the Bayesian-
evidence computation — given our available CPU time.

We also need to run a number of chains for our systematic
tests (shown further below in figure [7). High-quality nested-
sampler runs are too time-consuming to be used for these runs.
We thus make use of a couple of alternative numerical tools.
First, we use the Multinest [108] sampler, which is faster
than Polychord. We use the Multinest sampler with
settings live points = 250, efficiency = 0.3 and tolerance =
0.01. Second, we adopt our own importance sampler.

We use these two in conjunction as follows. We first run a
baseline chain on uncontaminated theory predicted data vec-
tor, and save 334 3x2pt data points for each sample in the
chain file. For the importance sampling, we re-weight the
samples by a factor wyew = [Lnew/Lold]Wold, Wwhere Lo1g is
the old likelihood from the MCMC chain, and £, is the new
likelihood calculated using the systematics contaminated data
vector and the theory 3x2pt saved for the MCMC samples.
In this way, the importance sampler can produce a chain for
certain systematic tests in minutes, as opposed to days which
running the theoretical pipeline at each sample would take.
This process is therefore very CPU-time-efficient, but is only
valid in cases when importance sampling is representative on
the baseline samples, and when the parameter space remains
the same. Because sample systematics considered in our tests
happen to lead to small deviations from the fiducial model
— thanks to our adoption of linear-only scales and nuisance



parameters to model general systematics — this assumption
is justified. Quantitatively, the criterion for the effectiveness
of the importance sampling is given by the effective sample
size (ESS) given by ESS = (5" w)?/ >~ (w?). We regard im-
portance sampling as trustworthy if post-importance sampling
ESS preserves ; 0.8 of the baseline ESS, and this is satisfied
for all of our systematic tests that use importance sampling.

In summary, for the real data chains we used Polychord
as the sampler. The systematic tests using the importance
sampler are the baryonic, non-Limber, magnification and RSD
non-Limber effects. The IA systematics are modeled by nui-
sance parameters, so they cannot use importance sampling.
We run multinest chain for the two [A systematics valida-
tion.

Now we proceed to the validation of pipeline robustness
against systematics.

E. Systematics Tests

Systematic errors, both theoretical and observational, are
always a worry for large-scale structure analyses. To address
this, we adopt a two-pronged strategy. First, we restrict our-
selves to linear scales only, as described in section [[TD] Sec-
ond, we perform a battery of validation tests by adding various
systematic effects to the data and monitoring how the results
on the key cosmological parameters change. We now describe
this latter strategy.

We start from a noiseless ACDM mock data vector for DES
and Planck; that is, corresponding power spectra that contain
no stochastic noise and are centered on the concordance the-
ory model. The Planck mock likelihood is based on the com-
pressed likelihood work [99], centered at ACDM fiducial cos-
mology. The DES likelihood is identical to the one adopted in
this analysis, using theory predicted mock data files. We cal-
culate the cosmological constraints from this baseline case.
We then add the systematic effects described in Sec. IV.A of
DES-Y1 extended-models paper [97], corresponding to bary-
onic effects, Limber approximation, magnification bias, Lim-
ber approximation with redshift space distortion, two intrinsic
alignment models and nonlinear galaxy bias, to generate sys-
tematics contaminated data vectors. In each of those cases,
we redo the cosmological analysis and evaluate the errors on
the key parameters.

The results are shown in figure[7]for the DES-only case (up-
per panel) and DES+EXTERNAL dataset (lower panel). We
see that the systematics are causing at most 0.5¢ bias in dark
matter converted fraction ¢ in DES-only analysis, and no no-
ticeable bias is observed when for the combination of DES
and External dataset. The slight deviation (~ 0.20) between
the best-fit value of ¢ and the assumed ACDM input ¢ = 0.0
is most likely due to the fact that we ran this test with synthetic
DES likelihood but real BAO and supernovae data, and the lat-
ter two are not enforced to recover the input-model parameter
values.

Because the fiducial simulated data vector is at the ACDM
cosmology,  is not constrained and no interesting conclusion
could be made on systematic bias. We therefore conclude that
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FIG. 7. The effect of different systematics biases on ¢ for DES-only
(top) and DES+EXT (bottom) analysis. The only systematics that
show a visible impact are the magnification and intrinsic alignments
for the DES-only data, causing a ~ 0.5¢ bias on (. All other sys-
tematics studied here lead to negligible biases.

our results are robust to some of the key systematic errors,
at least to the extent that our systematic models represent the
real-world errors.

F. Blinding

We blinded our real data analysis in the following way. Af-
ter obtaining the MCMC chain on the real data, before un-
blinding the cosmological results, we added a random num-
ber scaled by the variance of the parameter to the MCMC
samples. During the blinded stage of the analysis, we car-
ried out the postprocesses including 2-D contour plots and
marginalized parameter constraints on these shifted samples.
Our blinding preserves the shape of the contours with random
shifting. Thus before proceeding to unblinding, we checked
that the contour shapes are reasonable for the data constrain-
ing power, and the last few samples have the likelihoods at
correct order of magnitude (they are usually not the MAP). In
the end we unblinded the cosmological results by resuming
the raw samples of the real data MCMC chain. No change
to the pipeline was done after unblinding, for the results re-
ported in the next section. The real data analysis pipeline is
completely consistent with the systematics test in the above
subsection.
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FIG. 8. Constraints by DES-only, External-only, and DES+External data on the converted dark matter fraction ¢ and rate x, along with those

on Qy,, Sg, and h.

IV. RESULTS

We now present our constraints on DMDR cosmology, fol-
lowed by the tension and model-comparison results.

A. Constraints on DMDR model

The constraints on DMDR parameters ¢ and « are shown in
figure [8] and their 1D marginalized statistics summarized in
table [[II} For the converted dark matter fraction ¢, we find:

(<032 DES-only (22)
< 0.030  External-only (23)
< 0.037 DES+External. 24)

Note that we see a slightly looser constraint on ¢ with
DES+External dataset than External-only dataset. This is
somewhat counter-intuitive, as our forecast predicted that
weak lensing and galaxy clustering would tighten the con-
straint on ¢ by anchoring the matter density at low redshift.
However the Fisher forecast of course assumes Gaussian like-
lihood in all parameters. In the presence of non-Gaussianities,
especially in a high-dimensional space, combined constraints
are often (slightly) worse than those from individual probes.

No constraint on conversion rate x is obtained; see the bot-
tom right of figure [§] This agrees with the expectation that
K is unconstrained in the limit when the amount of converted
dark matter, ¢, is very small.

We can see a raising posterior profile towards the upper
bound of the « prior. Although not statistically meaningful,
such posterior profile suggest that we possibly underestimated
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TABLE III. 1D marginalized statistics of cosmological parameters. The means of the marginalized 1D posteriors and 1o confidence levels are
reported, with global maximum posterior sample in the parenthesis. The dashed lines mean that there is no constraint on the parameter (but we
report the global posterior maximum), while the N/A means that the parameter is not relevant to the model studied. For the DES-only DMDR
constraint, the global best fit of {2y, is about 20 away from the mean value, possibly due to the (-2, degeneracy. The degeneracy is broken
for the External and DES+External datasets, when information from a wide redshift range is taken into consideration.

h Qm SS C K

DES (DMDR) < 0.68 (0.64) 027675932 (0.346)  0.729 4 0.040 (0.700) < 0.32 (0.01) — (1.38)
DES (ACDM) < 0.69 (0.72) 0.31075:9%5 (0.306)  0.726 + 0.039 (0.723) N/A N/A
EXT (DMDR) 0.6794 + 0.0046 (0.6767) 0.302575:599% (0.3113) 0.812 £ 0.013 (0.829) < 0.030 (0.028) — (0.0033)
EXT (ACDM) 0.6786 & 0.0046 (0.6783) 0.3085 + 0.0059 (0.3093) 0.819 4 0.011 (0.826) N/A N/A
DES+EXT (DMDR) 0.6830 + 0.0045 (0.6822) 0.297010 502} (0.2994)  0.80315 013 (0.808) < 0.037 (0.020) — (1.90)
DES+EXT (ACDM) 0.6822 = 0.0043 (0.6825) 0.3038 + 0.0054 (0.3036) 0.80915:519 (0.808) N/A N/A
SHOES 0.740 + 0.014 N/A N/A N/A N/A

the prior upper bound. Other explanations include the IA sys-
tematics and high-dimensional parameter space geometry. In
any case, higher s, namely even faster conversion that hap-
pens at extremely low-z is still open for investigation. How-
ever exploration of this avenue requires a more specific analy-
sis, similar to one in models with a late dark-energy transition
[109] in order to take the distance-ladder calibration into con-
sideration. Hence we leave this for future work.

Other cosmological parameters that are of interest because
they are tightly constrained or exhibit tensions between sur-
veys — h, 0, and Sg = 054/, /0.3 — are also illustrated
in the triangle plot figure[8] and summarized in table [[TI]

B. Model Comparison and Tensions

As the tension between early and late universe surveys
draws more and more attention in the cosmology commu-
nity, there has been increasing number of works dedicated to
quantify the concordance and discordance into statistical met-
rics [110H112]]. In this work, we quote Bayesian evidence
and maximum a posteriori (MAP) x? difference as the model-
comparison metrics, and use the "suspiciousness" metric de-
fined in reference [111]. We also report the one-dimensional
differences in units of error bars for the parameters suspected
to be tension, i.e. h,{), and Sg. We stress that we avoid
combining any datasets that are known to be in tension, such
as Planck and distance ladder (for h) or Planck and DES (for
Ss).

We now report the model-comparison results.

» x? at MAP Cosmology. A very traditional criterion
of the goodness of a model is the x? evaluated at the
maximum a posteriori parameter values x3;,p = (d —
M)TC~1(d — M)|map, where d is the full dataset, M
is the theory prediction evaluated at the maximum pos-
terior sample, and C' is the covariance matrix of the full
dataset. A preferred model should have smaller MAP
X2, and be punished by the number of extra parameters.
Due to the non-gaussianity and the different normaliza-

tion scheme of different survey likelihoods, we choose
to report the effective x? defined as:

3ap = —2log L|map. (25)

We ran an optimizer three times, adopting the scipy
optimizer with Nelder—-Mead method to calculate the
MAP from the Polychord chain samples; from these
we report the best final MAP value. The x? difference
between the DMDR and ACDM model is

Axiiap = —0.6 DES-only
= +0.8  External-only (26)
= +0.1 DES+External.

as summarized in table[IV] Therefore our DMDR model
does not give a substantially better global fit to the data
than ACDM.

Bayesian Evidence Ratio. Bayesian evidence Z is de-
fined as

z- / L(d|0)TI(0)d0 27

where L is the likelihood, d is the data vector, and 0
are the model parameters. We report Z reported by
the nested sampler Polychord, with statistics done
by Anesthetic [113]E] The evidence ratio could be
interpreted as the probability of two models given data
through [[114]:

P(DMDR/d, I)
P(ACDM]d, I)

_ P(DMDR|I) Z(DMDR) ”
~ P(ACDM|I) Z(ACDM) (28)

where [ is the prior that these two models are in
the consideration. Assuming no prior preference for

5 https://github.com/williamjameshandley/anesthetic
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TABLE IV. Difference in x3;4p. evaluated at the maximum a posteriori point in parameter space, between DMDR and ACDM for different
dataset combinations.

DES-Y1 3x2pt Planck2018-CMB Planck2018-lensing Pantheon 6dFGS BOSS DR12 MGS Total

DES AxZap —0.6
EXT Axiiap 0.0
DES+EXT Ax3iap 0.7 —0.4

0.0
—-0.4

—0.6
0.1 0.1 0.7 -0.1 0.8
-0.0 0.0 0.3 —-0.1 0.1

either DMDR or ACDM, namely P(DMDR|I) =
P(ACDM|I), the ratio of DMDR and ACDM proba-
bilities is equal to the ratio of their respective evidences
Z. These, in turn, are reported by the Polychord
sampler; their ratio is

Z(DMDR)

K= Z Ao

=0.31 DES-only

=0.03  External-only
= 0.09 DES+External.

(29)

We interpret the Bayesian evidence ratio in terms of the
Jeffreys’ scale (making this also consistent with DES-
Y1 paper [22]). Assuming an equal prior on ACDM and
DMDR model, 0.31 < K < 1.0 would indicate no con-
clusive preference for either model, 0.1 < K < 0.31
would imply substantial evidence favouring ACDM,
0.031 < K < 0.1 would imply strong evidence favour-
ing ACDM, and K < 0.031 would imply very strong
evidence favouring ACDM [115] [116].

Under Jeffreys’ scale, our results therefore indicate
that the DES-Y1-only dataset does not prefer either
DMDR or ACDM, while the External-only dataset very
strongly disfavors the DMDR model. Finally the com-
bination of all datasets strongly disfavors DMDR.

Suspiciousness. This tension statistic [111]] has the
merit of being less affected by the choice of the priors
than Bayesian evidence. Suspiciousness S is defined in
terms of the Bayesian evidence ratio R and information
ratio I:

logS =log R —log1, (30)
where
_ ZaB
R = I a3n
logl =Dy +Dp —Dap (32)
_ P(0)
D= /P(G) log () de, (33)

where D is the Kullback—Leibler divergence of the pos-
terior against prior, quantifying the information gained
by the data. The calculation of suspiciousness requires
our knowledge of the posterior P, prior II, and evidence
Z from MCMC chains. Here A and B stand for the
DES-Y1 and External datasets that we are comparing,

and AB for their combination. We report the log S cal-
culated by Anesthetic [113]:

log S = —2.21,
logS = —2.93,

p=0.08
p=0.04

DMDR

4
ACDM 34

where each p-value is interpreted as the probability that
datasets A and B can be both described by the param-
eters of the model. We therefore find that DMDR re-
duces the tension between DES and the external data,
as indicated by a higher p-value, at the expense of two
new parameters.

Hubble and Ss tensions. We now specifically inves-
tigate the impact of the new freedom in DMDR to two
widely discussed tensions in ACDM: the 4-5¢0 tension
in the (scaled) Hubble constant h between CMB and
local measurements, and the 2-3¢ tension in Sg be-
tween CMB and weak lensing plus clustering. We take
the probability distribution of the parameter difference
Ah = ha — hp or, alternatively, ASg = Sg 4 — Ss.B,
from the 1D marginalized probability distribution ob-
tained by different datasets. Here A and B are the two
datasets between which we want to estimate the tension
(in either h or Sg). For a cosmological parameter of in-
terest 6, we integrate over the interval bounded by the
Af values that have the equal posterior, and one of the
boundaries is A# = 0. Thus we get the tension proba-
bility p:

eq—post
p= / P(AG =04 —0p)dAS. (3%)
AO=0
We then interpret p into z — o tension using
z
=erf| — ). 36
p=et(3) o

For the tension in the Hubble parameter, the dataset A
is the full DES+CMB+Supernovae+BAO data, while
dataset B is the Gaussian-distributed constraint on h
from the distance-ladder measurement [[117]. For the
ASg tension, our A dataset is the DES-Y1 3x2pt only
data, while B is the CMB+Supernovae+BAO External
dataset. The zoomed-in constraints on €2,,, Sg, og and
h are illustrated in figure [0 over-plotted with the dis-
tance ladder measurement of H from [117]. We find
that:

— When comparing the DES+External datasets with
local Hubble measurement in [117], A = 0.7403+
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FIG. 9. Left panel: Cosmological parameters (,, Sg, 0s, h constraints in DMDR model, reported for DES, External, and DES+External
datasets, together with the local Hubble measurement [117] in pink. Right panel: same plot in the ACDM cosmology. By comparing
the panels involving os, Ss on both sides, we can see how DMDR reduced the tension in the matter density fields between DES and the

CMB+Supernovae+BAOs.

0.0142, the tension in h assuming either DMDR
or ACDM is 3.80.

— When comparing DES-Y1 dataset with External
dataset, the tension in Sg is 1.90 for DMDR
model, slightly reduced from 2.30 for ACDM
model.

Hence our DMDR model does not substantially allevi-
ate the Hubble tension, but does help in reducing the Sg
tension.

V.  CONCLUSIONS

In this work, we test a late-time dark matter to dark radi-
ation conversion model, dubbed the DMDR model, against
cosmological data. Our model is specified by two new param-
eters defined in equations (T)) and (2): the fraction of dark mat-
ter that has converted (, and the rate of its conversion (to dark
radiation) k. We work out the perturbation equations in this
model, and incorporate them in the Einstein—Boltzmann code
CAMB [82]. Our analysis pipeline is modified for the DMDR
model in the following respects. 1) we scale-dependently cor-
rect the shear and intrinsic alignment terms in the two-point
correlation functions to account for the non-trivial relation be-
tween gravitational field and matter density perturbation field,
and 2) we adopt conservative scale cuts to protect the analysis
against systematic errors due to the modeling of clustering on
nonlinear scales. In our analysis, we principally consider the
DES-Y1 "3x2pt" (weak lensing and galaxy clustering) data.

We also study the impact of adding external datasets: Planck-
2018 CMB power spectra (TT, TE, EE, and lensing spectrum);
Pantheon compilation of type Ia supernovae data; and com-
pressed BAO measurements from BOSS-DR12, MGS and
6dFGS surveys.

The constraint on the fraction of the converted dark matter
obtained from all data combined is { < 0.037. We find no
constraint on the conversion rate parameter ~ as expected in
the limit when ( — 0. We further find that the evidence-ratio
test applied with the full combined data does not favor the
DMDR model compared to ACDM. DMDR does however re-
duce the suspiciousness tension metric between DES-Y1 and
the combination of CMB, Supernovae and BAO data, rais-
ing the probability that DES and external data are concordant
from 4% to 8%. Finally, DMDR does not help in alleviating
the Hubble tension, but does reduce the tension in the DES
and external-data measurements of Sg = og+/€2, /0.3, mak-
ing it go from 2.3¢ (in ACDM) to 1.90 (in DMDR).

We stress that the above conclusions are drawn for the late-
universe dark matter-dark radiation conversion model intro-
duced in section[[TA] Further generalizations of this catalogue
[311 1321 134-48], for example where dark matter is a composi-
tion of some fraction of interacting dark matter and cold dark
matter, or where the transition time is short, or the transition
occurs in the early universe, were not considered in this work.
These variants could in principle better fit the background evo-
lution of the universe than the model we studied, and are thus
a promising target for further investigations.

There are several other directions in which our analysis
could be extended. One possibility is to model the nonlinear



matter power spectrum in real and redshift space in DMDR
models [96, [118| [119]. This could be particularly helpful
for DES year-3 and year-6 data which have more statistical
power and where pushing to smaller, nonlinear scales could
improve the constraints. Another future direction is to enable
the use of the uncompressed BAO data (that is, the broadband
galaxy and quasar power spectra). This would benefit not only
the DMDR model but also other beyond-ACDM models, and
could become an important analysis tool for future surveys
such as those to be undertaken by DESI, the Rubin Observa-
tory (LSST), Euclid, and the Roman Space Telescope.

Our investigation also has limitations on the observational
probes that we used. As we are assembling this paper, sev-
eral higher-precision new data release are already available
from different surveys. Further more, the high-redshift obser-
vations, for example the Lyman-o BAO measurements from
high-z quasars, and the 21-cm signal background plus spec-
trum, could be very helpful for constraining such beyond-
ACDM models like DMDR. In this kind of models slow tran-
sitions are proposed to happen in the unknown era between
current time z < 1 and the recombination.

In summary, many forthcoming researches are waiting to
be done on the theoretical, analytical, and the observational
side for the beyond-ACDM cosmology.
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Appendix A: Pipeline Comparison on ACDM

We want to make sure that, any cosmological parame-
ters constraints that are found different from the DES-Y1
3x2pt Key paper [22] ones are physical, namely caused by
the DMDR model, but not due to the pipeline choices vari-
ance. Hence we run full multinest MCMC chains on
the same ACDM simulated data vector, using DES-Y1 anal-
ysis pipeline and our DMDR analysis pipeline with ¢ = 0.0,
k = 1.0 fixed (ACDM subspace, so  value is irrelevant).
The results are shown in figures|10]and [l 1| for DES only and
DES+External Data. In both cases, except for the parameters
that are not effectively constrained like h, 0, h? and ng for
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DES only data, the posteriors from two pipelines agree with
each other at < 0.10 level.

Appendix B: Dark Radiation Hierarchy equations

In B18, perturbation equations were derived from the per-
turbation expansion of the energy—momentum tensor for dark
matter and dark radiation,

TO = pam (1 + Sam)u ug™ (B1)
T 4 —= T T ﬁdr(l + 5dr) T
T = Shar(l+ Sar)ulud 4 e g, + e
(B2)

where in synchronous gauge u™ = a(1,0), ud* = a(1, 7).
The continuity equations and Einstein equations thus write:

VYT = —VTh = —Qui™  (B3)
1 8nG
R;w - §Rg;w + Ag;u/ = CTZ}“/ (B4)

where u9™ is the proper velocity of the dark matter. Note

that the right-hand side of the continuity equation has a colli-
sion term instead of zero for CDM. In B18 the dark radiation
is only expanded up to dqy, fa, = O;v%, and one anisotropy
shear IS} = (9;0; — 50,5 V?)II"", which is sufficient when
dark radiation self-interacts or continues to interact with dark
matter after produced so the higher ¢ terms damp out. Here,
we assume dark radiation to be a completely free-streaming
relativistic species and write down the full phase space per-
turbation hierarchy equations for it, which differs from the
massless neutrino ones by a collision term. The phase space
dynamics of the dark radiation with collision terms are [83|:

OF (kA7) S 2. 4. -
— +ikuFa(k,n,7) = —gh(k, T) — §<h(k’ T)
7 7 OF, r Ev A7
+ 69(F, 7)) Palh ) + (”af‘))

C
(BS)

The phenomenology of the microphysics of the dark matter to
dark radiation conversion process is mostly demonstrated in
the collision term

(BO)
especially its perturbation part §Q which depends on the de-
tails of the interacting physical quantities like particle momen-
tum. However, from several case studies in B18 on Sommer-
feld enhancement and single-body decay processes, it seems
that the precision of the current generation of cosmological
observations is not sufficient to discriminate between the spe-
cific forms of §Q. Hence we assume the simplest form of the
collision perturbation 6Q = Qdq,,, without dependence on
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FIG. 10. Comparison of the constraints using DES-Y1 analysis pipeline (blue) and our DMDR analysis pipeline with new parameters fixed
(¢ = 0.0, k = 1.0; red contours). We use a simulated ACDM data vector on which we apply the multinest MCMC chains for both runs.

polarization or momentum anisotropy:
(= Fae(k, 71, 7) + Sam (K, 7))

<6Fdr(E7ﬁ,7)> Q(a)a
c
(B7)

or par(a)
Expanding Fy, in equation (B7) into harmonics, we get

Far(kyi,m) = (=) (20 + 1) Faul(k, 7) Py(k - 7). (BS)
=1

Noticing that only Fy(k,7,7) itself needs expansion while
other terms in equation (B7) are constant to the orientation
variable k - 71, we get the hierarchy equation [83] [871):
k

(J) = m[”zdh — Bl + 1)J]
a@

(B9)
8 4

—kobdyg — —kZo;9 —
+ 5 0012 3 10 e

I

where Jgr = 5dr9 Jiir qdar = %edr/k, Jéir Tdr
9 /pq, in CAMB convention, &9, ;2 are Dirac delta-
functions. Equations | = 0,! = 1 agree with the Eqgs. (14)

and (15) in B18.
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FIG. 11. Same as figure[T0] but for DES-Y 1+External simulated data.
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